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Foreword

Dear Colleagues, 

The series of highly successful EUROSENSORS conferences began in 1987 in Cambridge as the only 
European forum to cover the entire field of Sensors, Actuators, Micro- and Nanosystems. Ever since it 
is the leading European conference devoted to the advancement of high technologies in the 
aforementioned fields, providing an excellent opportunity to bring together scientists, engineers and 
students from academia, national and international research institutes and companies to present and 
discuss the latest results in sensor fields. 

The 36th EUROSENSORS conference is organized by the University of Debrecen (UD), Faculty of Science 
and Technology and the Institute of Technical Physics and Materials Science, Centre for Energy 
Research (HUN-REN CER MFA) at the campus of UD in Debrecen, Hungary.  

The goal of the organizers and the hosting University of Debrecen was to present and discuss the actual 
developments of sensorics in the widest possible sense. Local industry actors active in the field were 
also involved in shaping the themes of the conference. We want to draw attention to the importance 
of cooperation between academic research and industrial partners, as well as the economic 
exploitation of significant scientific results. 

The diverse topics of the four plenary lectures cover related but different areas. Sensing in space 
research is of particular interest, economic return by the space industry is expected in near future. 
Energy harvesting plays a prominent role in ensuring the grid-independent power supply of 
autonomous sensors and sensor networks. The emergence of artificial intelligence is also going to 
fundamentally change our everyday live, it will have essential impact on sensing by producing more 
accurate, better interpreted and utilized information. The application of sensors and advanced 
microsystems in the bio-medical field receives special attention, since personalized diagnosis-based 
therapies are no longer possible without high sensitive, target-oriented, single-use sensor systems. 

On the Sunday, before the start of the regular program of the conference, the usual EUROSENSORS 
School will be held, mainly for university and PhD students. This time the focus is on “The application 
of artificial intelligence in sensorics”. Experts coming from various AI related fields form academia and 
industry will discuss possible application areas of AI in detail. 

Over 300 valuable submissions were received for the conference from 36 countries. After the peer-
review by the international program committee 250 abstracts were accepted for publication in form of 
ca. 100 oral presentations and 150 poster presentations. 

The abstract book of EUROSENSORS 2024 is published by AMA Association for Sensors and 
Measurement. All the abstracts receive individual DOI number. The authors are asked to submit their 
full-length paper to Journal of Sensors and Sensor Systems (JSSS). After peer reviewing process, the 
full-length papers are published in a EUROSENSORS 2024 special issue. 

Collaboration of science and industry also in the sensor field is a key factor of economic success in 
Europe. While we thank our partners and exhibitors for supporting EUROSENSORS 2024, we hope to 
serve their interests by showcasing their products and R&D plans at the exhibitions.  

Debrecen is a fast-growing cozy city with dozens of historical, cultural and sport attractions, 
entertainments and sites to visit. The University of Debrecen is more than four hundred and fifty years 
old, the oldest higher education institution operated continuously in the same city. Debrecen is one of 
the largest educational centers of the country, the University of Debrecen with more than 30 thousand 
students among them 7000+ foreign students from all over the world is a central player in Hungarian 
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higher education. It has outstanding educational, research, and innovation capacities in international 
comparison as well and based on these it plays a major role in the realization of objectives of national 
strategy. 

Participants are also offered a variety of social programs throughout the conference. When you 
arrive on Sunday evening, there will be a welcoming reception at the Water Tower in the nearby 
forest area. On Monday, the iconic Reformed Big Church will host an organ concert. The conference 
dinner will take place on Tuesday, followed by the closing ceremony on Wednesday. 

We try our best, along with the local conference organisers, to make your brief visit to Debrecen 
both personally and scientifically delightful, and to give you a taste of life in Eastern Hungary. 

Dr. Gábor BATTISTIG 

Conference Co-Chair 
University of Debrecen 
Debrecen, Hungary 

Dr. Péter FÜRJES 

Conference Co-Chair 
Centre for Energy Research BioMEMS 
Budapest, Hungary 



EUROSENSORS	XXXVI	 5

Index

Lectures



EUROSENSORS	XXXVI	 6

Index

OT1	 Theory,	Modelling,	Design	and	Testing

OT1.20	

OT1.36	

OT1.135	 Design	Study	of	a	Y-shaped	Six-Axis	Force/Moment	Sensor	Through	Pareto	Front
and	Novel	Analytical	Model		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	30
M. C.	Özin,	İ.	M.	Koç,	Istanbul	Technical	University,	İstanbul	(Türkiye),	B.	Sümer,
Hacettepe	University,	Beytepe	(Türkiye)

OT1.159	 Non-Destructive	Evaluation	of	Crack	Propagation	in	Solder	Joints	of	Pressure	Sensors
Under	Thermal	Cycling	Using	Computed	Tomography	and	Finite	Element	Analysis		 . . . . . . . . .	32
R. Mógor-Győrffy,	E.	Szécsi,	Robert	Bosch	Kft,	Budapest	(Hungary)

OT1.173	 High-Fidelity	Modeling	of	Harmonic	Distortions	in	Piezoelectric	
MEMS	Microphones	with	a	Corrugated	Membrane		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	34
F. Schiller,	C.	Bretthauer,	A.	Bogner,	G.	Bosetti,	M.	Krenzer,	K.	Gierl,	C.	Haupt,	H.	Heiss,
Infineon	Technologies	AG,	Neubiberg	(Germany),	G.	Schrag,	Professorship	of	Microsensors
and	Actuators,	Munich	(Germany)

OT1.175	 Design	of	a	MEMS	Pitch	Tunable	Grating	for	Enhanced	Scanning	LiDAR			 . . . . . . . . . . . . . . . . .	36
I. Jafarsadeghi	Pournaki,	A.	Michael,	H.	Pota,	The	University	of	New	South	Wales,
Canberra	(Australia)

OT1.216	 Automatic	Imaging	Based	Wafer-Level	In-Line	Measurement	for	Piezoelectric
MEMS	Mirrors		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	38
P. Raschdorf,	S.	Winkelmann,	J.	Lingner,	F.	Heinrich,	L.	Wysocki,	J.-Y.	Hwang,	S.	Gu-Stoppel,
Fraunhofer	Institute	for	Silicon	Technology,	Itzehoe	(Germany),	S.	Appel,	West	Coast	University
of	Applied	Sciences,	Heide	(Germany)

OT1.281	 Preliminary	Comparative	Study	of	Different	Materials	to	Reduce	Humidity	of
Gas	Samples		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	40 
A. M. Tischer,	B.	J.	Lotesoriere,	S.	Robbiani,	H.	Navid,	R.	Dellacà,	L.	Capelli,	Politecnico	di	Milano,
Milan	(Italy)

OT2	 Smart	Systems	and	Artificial	Intelligence	in	Sensing
OT2.25	 Should	we	be	afraid	of	artificial	intelligence	integrated	with	sensors	and	actuators,

and	if	so,	why	not?		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	42
J. Mizsei,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary)

OT2.30	 Deep	Learning-Enhanced	Density	and	Viscosity	Sensing	with	Piezoelectric
MEMS	Resonators	for	Edible	Oil	Monitoring		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	44
J. L.	Sánchez-Rojas,	V.	Corsino,	V.	Ruiz-Diez,	University	of	Castilla-La	Mancha,	Toledo	(Spain)

OT2.93	 Multiparameter	chipless	RFID	sensor	tag	for	humidity	and	NO2	determination		 . . . . . . . . . . . .	46
V. Mulloni,	G.	Marchi,	L.	Lorenzelli,	A.	Gaiardo,	M.	Valt,	Fondazione	Bruno	Kessler,	Trento	(Italy),
M. Donelli,	University	of	Trento,	Trento	(Italy)

OT1.5   The Optimal Planform of a Cantilever Inimorph Piezoelectric Vibrating Energy Harvester
(PVEH), with a Device-Layer Edge Block 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	494
E. Salman, S. Lustig, D. Elata - Technion, Israel Institute of Technology, Haifa (Israel)

Acoustic	Transmission	Measurements	of	Folded	MEMS	Membranes	for	Mechanical	
Characterization		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	26 
D. Becker,	M.	Littwin,	A.	Bittner,	A.	Dehé,	Hahn-Schickard,	Villingen-Schwenningen	(Germany)

KNN	Lead-free	biaxial	piezoelectric	MEMS	Mirror	on	200	mm	Si	wafer			. . . . . . . . . . . . . . . . . . 	28 
L. Mollard,	C.	Dieppedale,	A.	Hamelin,	G.	Le	Rhun,	University	Grenoble	Alpes,	Grenoble	(France)



EUROSENSORS	XXXVI	 7

Index

OT3	 Smart	Systems	and	Artificial	Intelligence	in	Sensing
OT3.11	 New	insights	in	ambipolar	sensors	through	fine	tuning	in	phthalocyanine	complexes			 . . . . . .	48

S. Ganesh	Moorthy,	M.	Bouvet,	Université	de	Bourgogne	(CNRS	UMR),	Dijon	Cedex	(France),
S. Ouedraogo,	Université	Joseph	Ki-Zerbo,	Oua-gadougou	(Burkina	Faso)

OT3.133	 Inkjet	Printed	Flexible	Piezoelectric	Sensor	for	Large	Strain	Applications			 . . . . . . . . . . . . . . . .	50
R. Bernasconi,	G.	Mecca,	L.	Magagnin,	V.	Zega,	A.	Corigliano,	Politecnico	di	Milano,	Milano	(Italy)

OT3.157	 A	Full-Custom	Interface	for	Ultra-Low	Power	IoT	Sensing	Nodes			. . . . . . . . . . . . . . . . . . . . . . .	52
J. L.	Soler-Fernández,	O.	Romera,	D.	Narbón,	A.	Dieguez,	O.	Alonso,	Universitat	de	Barcelona,
Barcelona	(Spain),	J.	D.	Prades,	Technische	Universität	Braunschweig,	Braunschweig	(Germany)

OT3.181	 Effect	of	Annealing	on	Pyroelectric	Response	and	Aging	Behavior	of	
Al-doped	HfO2	Thin-films			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	54
M. Neuber,	M.	Benyeogor,	T.	Kämpfe,	M.	Lederer,	Fraunhofer	Institute	for	Photonic	Microsystems,
Dresden	(Germany)

OT3.213	 Microfluidic-Assisted	Assembly	of	Fluorescent	Nanodiamonds	for	Precise	Temperature	
Measurement			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	56
K. Saikawa,	M.	Zetsu,	T.	Shikama,	K.	Kamei,	Y.	Hirai,	Kyoto	University,	Kyoto	(Japan),
O.	Tabata,	Kyoto	University	of	Advanced	Science,	Kyoto	(Japan)

OT3.245	 Recent	Advances	in	Lithographic-Free	Fabrication	and	Utilization	of	Well-Ordered	
AuNP	LSPR	Sensors			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	58
T. Lednický,	W.	Fritzsche,	Leibniz	Institute	of	Photonic	Technology,	Jena	(Germany),
A. Bonyár,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary),
J. Borges,	University	of	Minho,	Guimarães	(Portugal)

OT3.269	 In-Vitro	Ultrasound	Evaluation	of	an	Acoustic	Metamaterial	Sensor	in	
Presence	of	Tissue	Mimicking	Material			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	60
L. Maini,	C.	Hierold,	C.	Roman,	ETH	Zürich,	Zürich	(Switzerland),	R.	Furrer,	EMPA,	Dübendorf
(Switzerland)

OT3.298	 Pd	Decorated	WS2	Synthesized	via	Facile	APCVD	Tech-nique	for	
Highly	Selective	Room	Temperature	H2	sensing		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	62
S.	B.	Malik,	E.	Llobet,	F.	E.	Annanouch,	Universitat	Rovira	i	Virgili,	Tarragona	(Spain)

OT4	 Physical	Sensors	and	Actuators
OT4.42	 Creep	Detection	in	Composites	with	Silicon	Strain	Gauge			. . . . . . . . . . . . . . . . . . . . . . . . . . . . .	64

F. Le	Bihan,	G.	Herry,	M.	Harnois,	Rennes	University	(IETR),	Rennes	(France),
W. d.	A.	Caroba	Junior,	Institution	or	Centro	Federal	de	Educação	Tecnológica	de	Minas	Gerais,
Belo	Horizonte	(Brazil)

OT4.62	 Development	of	a	0.01-dph	mode-matched	MEMS	gyroscope	toward	realizing	
a	module-level	gyrocompass	with	1-mil	accuracy			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	66
H. Murase,	D.	Ono,	F.	Miyazaki,	J.	Ogawa,	T.	Tomioka,	K.	Uchida,	K.	Masunishi,	E.	Ogawa,
Y.	Tomizawa,	F.	Ishibashi,	Toshiba	Corporate	R&D	Center,	Kawasaki	(Japan),	T.	Matsuo,
M. Ueda,	T.	Tanaka,	T.	Aoyama,	Toshiba	Electrowave	Products	Co.,	Ltd.,	Kawasaki

OT4.72	 Design	Considerations	for	GHz	SAW	Resonators	in	High	Strain	Sensing			. . . . . . . . . . . . . . . . .	68
M. Kwon,	M.	Schlögl,	D.	Platz,	U.	Schmid,	TU	Wien	(ISAS),	Vienna	(Austria)

OT4.78	 Detection	of	SF6	in	soundproof	windows			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	70
H.-F.	Pernau,	C.	Basler,	G.	Stiefvater,	J.	Wöllenstein,	K.	Schmitt,	Fraunhofer	Institute	for	
Physical	Measurement	Techniques,	Freiburg	(Germany)

OT4.86	 Hall-effect	sensors	for	extreme	temperature	applications			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	72
S. El-Ahmar,	J.	Jankowski,	P.	Czaja,	W.	Reddig,	M.	Przychodnia,	J.	Raczyński,
W. Koczorowski,	Poznan	University	of	Technology,	Poznan	(Poland)



EUROSENSORS	XXXVI	 8

Index

OT4.90	 Neutron	Radiation	Effects	on	Thin-Film	and	Two-Dimensional	Magnetic	Field	Sensors		. . . . . . 	74
W. Reddig,	S.	El-Ahmar,	Poznan	University	of	Technology,	Poznań	(Poland),	R.	Prokopowicz,
National	Centre	for	Nuclear	Research,	Otwock	(Poland),	T.	Ciuk,	Lukasiewicz	Research	Network,
Warsaw	(Poland)

OT4.138	 Exploring	multi-mass	system	for	multi-functional	MEMS	accelerometer	
with	enhanced	bandwidth	and	sensitivity			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	76
I.S.	Garcia,	M.	Saleem,	F.	Mota,	N.	Castro,	P.	Valentim,	F.	Khan,	D.E.	Aguiam,	R.A.	Dias,
F.S.	Alves,	International	Iberian	Nanotechnology	Laboratory,	Braga	(Portugal),	R.	Madeira,
A. Correia,	BoschCar	Multimédia	(Portugal)

OT4.169	 A	Novel	Barometric	Pressure	Sensor	with	a	Capacitive	Transducer	and	
with	Improved	Mechanical	Robustness	in	a	Media	Robust	Packaging			 . . . . . . . . . . . . . . . . . . .	78
F. Lukács,	Robert	Bosch	Kft.,	Budapest	(Hungary),	V.	Senz,	T.	Friedrich,	Robert	Bosch	GmbH,
Reutlingen	(Germany),	A.	Wu,	Robert	Bosch	Taiwan	Co.	Ltd.,	Taipei	(Taiwan)

OT4.197	 Metrology	of	magnetic	losses	in	electrical	steel	sheets	using	shear	acoustic	
waveguide	magnetic	field	sensor		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	80
O. Marbouh,	A.	Mazzamurro,	M.	Boutghatin,	O.	BouMatar,	Y.	Dusch,	V.	Maurice,	P.	Pernod,
N.	Tiercelin,	P.	Pernod,	N.	Tiercelin,	A.	Talbi,	University	of	Lille,	Lille	(France),	R.	Viard,
Groupe	Endress+Hauser,	Freiburg	(Germany),	A.	Ammar,	Jeumont	Electric,

OT4.209	 Ultra-Sensitive	Force	Gauge	Accessory	for	Microscope	Micromanipulators			 . . . . . . . . . . . . . .	82
J.	Volk,	J.	M.	Bozorádi,	F.	Braun,	A.	Nagy,	L.	Illés,	J.	Radó,	HUN-REN	Centre	for
Energy	Research,	Budapest	(Hungary),	A.	Szeledi,	Óbuda	University,	Budapest	(Hungary)

OT4.215	 Scalable	Microfabrication	of	Graphene	Polymeric	Strain	Gauge			 . . . . . . . . . . . . . . . . . . . . . . . .	84
F. Sayar	Irani,	M.	C.	Tasdelen,	M.	K.	Yapici,	Sabanci	University,	Istanbul	(Turkey)

OT4.235	 A	High-Performance	Mode-Localized	Vacuum	Gauge	Based	on	T-Typed	
Piezoresistive	Pickup		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	86
J. Qin,	B.	Xie,	J.	Wang,	D.	Chen,	Y.	Lu,	Chinese	Academy	of	Sciences,	Beijing	(China)

OT5	 Chemical	Sensors
OT5.8	 The	Pitfalls	of	Researching	and	Developing	Semiconductor	Gas	Sensors			 . . . . . . . . . . . . . . . .	88

J. Mizsei,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary)

OT5.10	 Colorimetric	Inks:	A	new	approach	to	low	cost	and	disposable	gas	sensors		 . . . . . . . . . . . . . .	90
C. Fàbrega,	M.	González-Gómez,	A.	Zymohliad,	I.	Benito-Altamirano,	O.	Casals,
University	of	Barcelona,	Barcelona	(Spain),	J.	D.	Prades,	Technische	Universität	Braunschweig,
Braunschweig	(Germany)

OT5.40	 Aliovalent-Doping-Strengthened	Ethylene	Sensor		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	92
K. Liu,	Z.	Zheng,	C.	Zhang,	Yangzhou	University,	Yangzhou	(China),	M.	Debliquy,
Université	de	Mons,	Mons	(Belgium)

OT5.44	 Alternative	solvents	containing	phenyls	and	isoprenic	units	to	fabricate	
polyaniline-based	layers	sensitive	to	ammonia			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	94
S.	Vassaux,	N.	Redon,	C.	Duc,	University	of	Lille,	Lille	(France)

OT5.53	 Conductimetric	Gas	Sensors	for	Hydrogen	Leakage	Detection	Based	on	
Copper	Phthalocyanine	Decorated	by	Palladium	Nanoparticles			 . . . . . . . . . . . . . . . . . . . . . . . .	96
S. Rajab-Pacha,	J.	Brunet,	A.	Ndiaye,	A.	Pauly,	C.	Varenne,	Université	Clermont	Auvergne
(INP/CNRS),	Clermont-Ferrand	(France)

OT5.67	 Chemoresistive	Humidity,	NO2	and	H2	Sensor	Based	on	2D-	CrCl3	
Layered	Trihalides	Nanoflakes		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	98
V. Paolucci,	V.	Ricci,	T.	Natarajan,	C.	Cantalini,	University	of	L’Aquila,	L’Aquila	(Italy),
D. Mastrippolito,	L.	Ottaviano,	University	of	L’Aquila,	L’Aquila	(Italy)



EUROSENSORS	XXXVI	 9

Index

OT5.71	 Chemoresistive	Sensors:	A	New	Approach	to	Understand	the	Detection	
Mechanism	of	Biogenic	Gases			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	100
E. Spagnoli,	A.	Rossi,	V.	Guidi,	B.	Fabbri,	University	of	Ferrara,	Ferrara	(Italy),	M.	Marzocchi,
Sacmi	Imola	S.C.,	Imola	(Italy),	E.	Ghedini,	M.	Signoretto,	Ca’	Foscari	University	of	Venice
and	INSTM	RUVe,	Venezia	Mestre	(Italy)

OT5.73	 Continuous	Monitoring	of	Odour	Concentration	at	the	Inlet	of	a	Scrubber	
with	an	E-Nose:	Focus	on	the	Management	of	Interferences		 . . . . . . . . . . . . . . . . . . . . . . . . . . 	102
S. Prudenza,	C.	Bax,	L.	Capelli,	Politecnico	di	Milano,	“Giulio	Natta”,	Milan	(Italy)

OT5.75	 Advanced	Room	Temperature	Hydrogen	Sensor	based	on	Interdigitated	Electrodes	
and	Polycarbazole	Membranes		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	104
Y. López-Aparicio,	C.	Dominguez-Horna,	X.	Muñoz-Berbel,	C.	Jimenez-Jorquera,
Institute	of	Microelectronics	of	Barcelona,	Barcelona	(Spain),	T.	Jarosz,	A.	Stolarczyk,
K. Glosz,	M.	Procek,	Silesian	University	of	Technology,	Gliwice	(Poland)

OT5.81	 CMOS	Compatible	Electrostatically	Formed	Silicon	Nanowire	for	Selective	
Ppb	Level	Sensing	Platform			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	106
Y. Rosenwaks,	S.	M.	Siddiqui,	S.	A.	Alexander,	I.	Shem	Tov,	A.	Mukherjee,	Y.	Mazor,
Tel	Aviv	University,	Tel	Aviv	(Israel),	E.	Pikhay,	Y.	Roizin,	Tower	Semiconductor,
Migdal	HaEmeq	(Israel)

OT5.99	 Ammonia	Sensor	to	Effectively	Dose	the	Reducing	Agent	for	NOx	SCR	
Systems	in	Biomass	Combustion	Systems		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	108
T. Wöhrl,	G.	Hagen,	R.	Moos,	University	of	Bayreuth,	Bayreuth	(Germany)

OT5.107	 Silicon-Based	Thermal	Conductivity	Detector	for	Gas	Sensing			 . . . . . . . . . . . . . . . . . . . . . . . . 110
A.	Teulle,	M.	Baret,	M.	Jurdit,	F.	Ricoul,	J.-B.	Tissot,	Université	Grenoble	Alpes,	Grenoble	(France)

OT5.118	 Development	of	2D-Borophene	conductometric	sensor	for	ammonia	detection			. . . . . . . . . . 	112
O.	E.	Aina,	R.	Guy,	M.	Sigaud,	G.	Raffin,	N.	Zine,	A.	Errachid,	Universite	Claude	Bernard	Lyon,	
Villeurbanne	(France),	G.	S.	Emadian,	V.	Pyeshkova,	S.	Varagno-lo,	The	Open	University,	
Milton	Keynes	(United	Kingdom),	S.	Krishnamurthy,	University	of	Surrey,

OT5.119	 Environmental	Odour	Monitoring	at	Receptors	by	means	of	an	IOMS:	Assessment	
of	the	Odour	of	a	Paper	Mill			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	114
C. Ratti,	C.	Bax,	S.	Prudenza,	L.	Capelli,	Politecnico	di	Milano	“Giulio	Natta”,	Milano	(Italy)

OT5.129	 Designing	a	Helically	Twisted	Photonic	Crystal	Fiber	for	Gas	Sensing	
in	the	Terahertz	Region			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	116
H. Pakarzadeh,	H.	Saberi,	Shiraz	University	of	Technology,	Shiraz	(Iran),	J.	Hajivandi,
University	of	Economics	and	Technology,	Ankara	(Turkey),	M.	Keshavarzi,	University	of	Kerman,
Kerman	(Iran)

OT5.147	 Cost-effective	Indoor	Colorimetry	CO2	sensor		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	118
M. González-Gómez,	A.	Zymohliad,	I.	Benito-Altamirano,	O.	Casals,	C.	Fàbrega,
University	of	Barcelona,	Barcelona	(Spain),	J.	D.	Prades,	Technische	Universität	Braunschweig,
Braunschweig	(Germany)

OT5.154	 Gas	Sensing	Performance	of	CuO	Sensors	Functionalized	with
Different	Stabilized	Au-NP		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	120
C. Maier,	L.	Egger,	A.	Köck,	Materials	Center	Leoben	Forschung	GmbH,	Leoben	(Austria),
S. Becker,	J.	S.	Niehaus,	Fraunhofer	Center	for	Applied	Nanotechnology,	Hamburg	(Germany),
K. Reichmann,	TU	Graz,	Graz	(Austria)

OT5.156	 Novel	chemical	sensor	device	enabled	by	simultaneous	thermal-optical	excitation			. . . . . . . 	122
F. Sosada-Ludwikowska,	L.	Egger,	A.	Köck,	Materials	Center	Leoben	Forschung	GmbH,
Leoben	(Austria),	O.	Casals,	D.	J.	Prades,	Universitat	de	Barcelona,	Barcelona	(Spain),
C. Fleury,	A.	Roshangias,	Silicon	Austria	Labs	GmbH,	Graz	(Austria),	A.	Tekautz,	M.	D

OT5.163	 Facile	synthesis	of	SnS2	nanosheets	via	the	combination	of	AACVD	and	
APCVD	methods	for	ppb-level	NO2	detection		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	124
A. Fdhila,	F.	Ezahra	Annanouch,	E.	Llobet,	Universitat	Rovira	i	Virgili,	Tarragona	(Spain),
Z. Haddi,	NVISION	Systems	and	Technologies,	Igualada,	Barcelona	(Spain)



EUROSENSORS	XXXVI	 10

Index

OT5.180	 Development	and	Optimization	of	SPRI-based	Electronic	Nose	for	Highly	Selective	
Detection	of	Volatile	Organic	Compounds		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	126
V. Escobar,	A.	Buhot,	N.	Scaramozzino,	Y.	Hou,	Grenoble	Alpes	University,	Grenoble	(France)

OT5.187	 Development	of	a	Photoacoustic	Cell	for	Volatile	Organic	Compounds	(VOCs)	Detection			 . . 	128
M. S.	Moussa,	J.-F.	Lampin,	V.	Maurice,	C.	Ghouila-Houri,	S.	Eliet,	A.	Mazzamurro,
O. Bou	Matar,	P.	Pernod,	A.	Talbi,	University	of	Lille,	Lille	(France),	R.	Viard,
Groupe	Endress+Hauser,	Freiburg	(Germany)

OT5.189	 Are	Powder	Aerosol-Deposited	Films	Appropriate	for	Chemiresistive	
NOx	Gas	Dosimeters?			.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	. 	130
D. Schönauer-Kamin,	M.	Linz,	M.	Schmitz,	R.	Moos,	University	of	Bayreuth,
Bayreuth	(Germany)

OT5.190	 Monitoring	of	VOC	Emissions	in	Berries	During	the	Spoiling	Process		 . . . . . . . . . . . . . . . . . . . 	132
L. Masi,	D.	Arendes,	J.	Amann,	A.	Schütze,	C.	Bur,	Saarland	University,
Saarbrücken	(Germany)

OT5.202	 Characterization	of	a	thick	film	MOS	gas	sensor	as	detector	of	short	trace	gas	pulses		 . . . . 	134
O. Brieger,	S.	Zhu,	C.	Bur,	A.	Schütze,	Saarland	University,	Saarbrücken	(Germany)

OT5.232	 Raman	Spectroscopy-based	Detection	of	Suspended	Carbon	Nanotubes	
for	Integration	into	Sensors			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	136
I. Kraiem,	N.	Monnerat,	C.	Roman,	C.	Hierold,	M.	Haluska,	ETH	Zürich,	Zürich	(Switzerland)

OT5.239	 Benchmarking	the	Gas	Sensitivity	of	LSPR	Sensors	With	a	New	Parameter		. . . . . . . . . . . . . . 	138
A. Bonyár,	Wigner	Research	Centre	for	Physics,	Budapest	(Hungary),	T.	Lednický,
Leibniz	Institute	of	Photonic	Technology,	Jena	(Germany),	M.	Proença,	D.	I.	Meira,
M. S.	Rodrigues,	F.	Vaz,	J.	Borges,	University	of	Minho,	Guimarães	(Portugal)

OT5.251	 CuO-loaded	NiO	based	gas	sensor	with	dual	selectivity	to	NO2	and	H2		 . . . . . . . . . . . . . . . . . 	140
M. Khan,	G.	Neri,	E.	Fazio,	University	of	Messina,	Messina	(Italy)

OT5.252	 Printing	Nanoporous	Layers	(NPL)	Generated	by	Spark	Ablation 	
for	Gas	Sensing	Applications			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	142
L. N.	Sacco,	N.	Schouten,	VSParticle,	Delft	(Netherlands),	L.	Egger,	M.	Popov,	A.	Köck,
Materials	Center	Leoben	Forschung	GmbH,	Leoben	(Austria),	C.	Dösinger,	L.	Romaner,
Montanuniversität	Leoben,	Leoben	(Austria)

OT5.256	 Conductometric	sensor	array	based	on	electropolymerized	porphyrinoids			.	.	.	.	.	.	.	.	.	.	.	.	.	. 	144
L. Di	Zazzo,	G.	Magna,	L.	Lvova,	M.	Stefanelli,	S.	Nardis,	C.	Di	Natale,	R.	Paolesse,
University	of	Rome	Tor	Vergata,	Rom	(Italy)

OT5.266	 Electrochemically	Exfoliated	2D	MoS2	for	ppb-level	NO2	Sensing		. . . . . . . . . . . . . . . . . . . . . . 	146
S. Biswas,	J.	D.	Holmes,	K.	Urs,	University	College	Cork,	Cork	(Ireland),	T.	Carey,
S. Liu,	K.	Synnatschke,	J.	N.	Coleman,	Trinity	College	Dublin,	Dublin	(Ireland)

OT5.267	 NO2	Sensor	on	Ambipolar	Si-Junctionless	Nanowire	Transistor			 . . . . . . . . . . . . . . . . . . . . . . . . 	148
V.	Vaishali,	B.	Subhajit,	H.	Stig,	H.	D.	Justin,	University	College	Cork,	Cork	(Ireland),
G. Sayantan,	G.	M.	Yordan,	Helmholtz-Zentrum	Dresden	Rossendorf,	Dresden	(Germany)

OT5.273	 Investigating	the	Variation	of	Thermal	Conductivity	with	Temperature	to	
Improve	a	Portable	GC	System	Specificity			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	150
M. Jurdit,	J.-F.	Beche,	E.	Lefrançois,	F.	Ricoul,	A.	Teulle,	J.-B.	Tissot,	Université	Grenoble	Alpes,
Grenoble	(France)

OT5.201	 Odour Classification and Concentration Estimation with a Chemical Sensor
Array on a Drone		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	496
A. Vidal, J. Alonso-Valdesueiro, A. Benegiamo, J. Burgues, K. Karachristos, S. Marco,
The Barcelona Institute of Science and Technology, Barcelona (Spain), A. Gutiérrez-Gálvez,
Universitat de Barcelona, Barcelona (Spain), L. Terren, S. Doñate, Depuración de Aguas del
Mediterráneo, Paterna (Spain)



EUROSENSORS	XXXVI	 11

Index

OT6	 Biochemical	sensors,	Microfluidics,	Lab-on-a-Chip	
and	Organ-On-Chip	Systems

OT6.7	 Hydrogel-based	Sensing	Technology	for	Quantitative	Measurements	of
Low	Concentrations	of	Proteins	in	the	Presence	of	Interferents			 . . . . . . . . . . . . . . . . . . . . . . . 	152
R. Gupta,	K.	Haliru,	University	of	Birmingham,	Birmingham	(United	Kingdom)

OT6.15	 Microfluidic	Rolling	Circle	Amplification	Device	for	Pathogen	Detection	in
Food	Products			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	154
R.	R.	Rosa,	V.	Chu,	J.	P.	Conde,	Instituto	de	Engenharia	de	Sistemas	e	Computadores	
(INESC-MN),	Lisbon	(Portugal),	A.	M.	Fortes,	Universidade	de	Lisboa	(BioISI	),	Lisbon	(Portugal)

OT6.79	 Development	and	Characterization	of	Microfluidic	Channels	for	
Chromatography-on-a-Chip	Applications			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	156
R.	G.	Rodrigues,	R.	Batista,	V.	Chu,	J.	P.	Conde,	INESC	MN,	Lisbon	(Portugal),	
A. M.	Azevedo,	Instituto	Superior	Técnico,	Lisboa	(Portugal)

OT6.80	 Molecular	weight	measurement	of	cattle-emitted	gases	using	whistle	acoustic	signals			 . . . 	158
M.	Yamamoto,	R.	Yoshioka,	S.	Takamatsu,	T.	Itoh,	The	University	of	Tokyo,	Tokyo	(Japan)

OT6.85	 Plant	on	a	Chip:	Paper	Fluidics	for	Spatio-Temporal	Root	Exudate	Analysis		. . . . . . . . . . . . . . 	160
S. Izaddoust,	D.	Patko,	F.	Benito-Lopez,	University	of	the	Basque	Country,	Leioa,	(Spain),
L. X.	Dupuy,	L.	Basabe-Desmonts,	Ikerbasque	-	Basque	Foundation	for	Science,	Bilbao	(Spain)

OT6.89	 Fabrication	of	Nanochannels	with	Funnel-like	Inlet	Structures	for	the	Analysis
of	Single	DNA	Molecules		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	162
N. Hintz,	M.	Hübner,	Robert	Bosch	GmbH,	Renningen	(Germany),	C.	Johnson,
Robert	Bosch	LCC,	Sunnyvale	(USA)

OT6.97	 Electroporation	Monitoring	by	Machine	Learning	and	Single	Cell	Morphodynamic
on	Lab-on-Chip			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	164
G. Antonelli,	A.	Mencattini,	G.	Curci,	J.	Filippi,	M.	D‘Orazio,	P.	Casti,	E.	Martinelli,
University	of	Rome	Tor	Vergata,	Rome	(Italy),	F.	Camera,	A.	Casciati,	M.	Tanori,	A.	Zambotti,
C. Merla,	Italian	National	Agency	for	Energy,	Rome	(Italy)

OT6.111	 Development	of	an	ISFET-based	system	for	genetic	detection	of	leukemia	oncogene			. . . . . 	166
L. S.	Oliveira,	C.	A.	S.	Andrade,	M.	D.	L.	Oliveira,	Federal	University	of	Pernambuco,
Recife	(Brazil),	N.	Lucena-Silva,	Oswaldo	Cruz	Foundation,	Recife	(Brazil),	M.	Hangouët,
N. Zine,	A.	Errachid,	French	National	Center	for	Scientific	Research,	Lyon	(France)

OT6.116	 Ion-Sensitive	Field	Effect	Transistor	(ISFET)-Based	DNA	Detection	for	
Enterotoxigenic	E.	coli	(ETEC)			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	168
M.	Techakasikornpanich,	Mahidol	University,	Bangkok	(Thailand),	D.	Polpanich,	National
Nanotechnology	Center,	Pathum	Thani	(Thailand),	M.	Hangouet,	N.	Zine,	A.	Elaissari,
Universite	Claude	Bernard	Lyon	Villeurbanne	(France),	J.	Bausells,	Campus	Universitat
Autònoma	de	Barcelona,	Barcelona	(Spain)

OT6.132	 Electropolymerization	of	porphyrinoids	on	LIG	as	EGFET-based	sensor	array	for
ascorbic	acid	detection		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	170
K. Pushparaj,	A.	Catini,	R.	Capuano,	V.	Allegra,	C.	Manganiello,	G.	Antonelli,	E.	Martinelli,
C. di	Natale,	L.	Di	Zazzo,	G.	Magna,	R.	Paolesse,	University	of	Rome	Tor	Vergata,	Roma	(Italy)

OT6.137	 Insights	into	Graphene-Based	Sensors	for	VOC	biomarkers	of	lung	cancer:
A	DFT	Perspective			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	172
I. Shtepliuk,	J.	Eriksson,	D.	Puglisi,	Linköping	University,	Linköping	(Sweden)

OT6.160	 Microfluidic	device	with	integrated	microelectrodes	for	enhanced	EIS	sensitivity		. . . . . . . . . 	174
L. Bató,	J.	M.	Bozorádi,	P.	Fürjes,	Centre	for	Energy	Research,	Budapest	(Hungary),
Z.	Vizvári,	University	of	Pecs,	Pecs	(Hungary)

OT6.165	 Nanosensor	for	GHB	detection	in	urine	samples			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	176
E. Garrido,	A.	Valero-Martínez,	R.	Martínez-Máñez,	Universitat	de	València,	València	(Spain)



EUROSENSORS	XXXVI	 12

Index

OT6.195	 Aptamer-based	Electrochemical	Sensor	for	the	Monitoring	of	Carbamazepine	in
Freshwater	Systems		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	178
P. Clément,	A.	Finelli,	X.	Lefèvre,	S.	Khan,	A.	Beard,	R.	Pugin,	Centre	Suisse	d’Electronique
et	de	Microtechnique,	Neuchâtel	(Switzerland)

OT6.196	 MIP-based	sensors	for	fast	nicotine	monitoring	in	aerosol		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	180
X. Lefèvre,	P.	Clement,	A.	Finelli,	A.	Beard,	R.	Pugin,	Centre	Suisse	d’Electronique	et	de
Microtechnique,	Neuchâtel	(Switzerland)

OT6.214	 Micromachined	SU-8/PMMA	Sandwich	Electrodes	with	Functional	Graphene	Coatings
for	Biopotential	Monitoring		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	182
S.	N.	Alhasan,	S.	S.	Mirbakht,	S.	Guler,	O.	Sahin,	M.	Umar,	B.	A.	Kuzubasoglu,	M.	K.	Yapici,
Sabanci	University,	Istanbul	(Turkey)

OT6.217	 3D	Modelling	of	droplet	formation	in	two-phase	microfluidics	for
single-cell	manipulation		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	184
Z. Szomor,	E.	L.	Tóth,	P.	Fürjes,	HUN-REN	Centre	for	Energy	Research,	Budapest	(Hungary)

OT6.228	 A	Simple	Microfluidic	System	for	Point-of-Care	Therapeutic	Drug	Monitoring	of
Anticancer	Drugs		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	186
A. Füredi,	D.	Bereczki,	P.	Fürjes,	HUN-REN	Centre	for	Energy	Research,	Budapest	(Hungary),
B. Gombos,	P.	Szabó,	HUN-REN	Research	Centre	for	Natural	Sciences,	Budapest	(Hungary),
P.	Vajdovich,	University	of	Veterinary	Medicine	Budapest,	Budapest	(Hungary)

OT6.229	 Electrochemical	assay	for	metal	traces	in	marine	environment	by	the	
Peaks	Shift	Analysis	during	catalysis		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	188
A. Brachfeld,	L.	Challier,	V.	Noel,	University	Paris-Cité,	Paris	(France),	A.	Laes,	Unité	Recherches
et	Développements	Technologiques,	Plouzané	(France),	N.	Le	Poul,	Université	de	Bretagne
Occidentale,	Brest	(France)

OT6.231	 Towards	Mass-Sensitive	Assay	Formats	for	Medical	Drugs	Using	MIP	Nanobodies			 . . . . . . . 	190
P.	A.	Lieberzeit,	J.	Völkle,	University	of	Vienna,	Vienna	(Austria),	D.	Limthin,	D.	Promthoyin,
King	Mongkut’s	Institute	of	Technology	Ladkrabang,	Bangkok	(Thailand)

OT6.236	 A	Textile	Electrochemical	Sensor	based	on	Ag	Coated	Fibers		. . . . . . . . . . . . . . . . . . . . . . . . . . 	192
M. Martínez-Estrada,	I.	Gil,	R.	Fernández-García,	Universitat	Politecnica	de	Catalunya,
Terrassa	(Spain)

OT6.243	 Potential	use	of	meso-tetra	(N-methyl-4-pyridyl)	porphyrin	to	chlorogenic	
acid	fluorescence	detection			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	194
J.	O.	D.	Malafatti,	E.	C.	Paris,	L.	H.	Capparelli	Mattoso,	National	Nanotechnology	Laboratory	for	
Agriculture,	São	Carlos	(Brazil),	G.	Magna,	F.	Pizzoli,	University	of	Rome	Tor	Vergata,	Rome	(Italy)

OT6.246	 Industrialized	microfluidic	cartridges	with	photonic	chips			. . . . . . . . . . . . . . . . . . . . . . . . . . . . 	196
S. Graf,	M.	Fretz,	R.	Arnet,	CSEM	SA,	Alpnach	(Switzerland)

OT6.248	 3D-Printed	Mouthguard	with	Integrated	Microfluidic	Drug	Dispenser	for
Oral	Cavity	Applications			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	198
T. Janisz,	W.	Kubicki,	R.	Walczak,	Wroclaw	University	of	Science	and	Technology,
Wroclaw	(Poland)

OT6.260	 Characterization	of	an	Integrated	Pt	Counter	Electrode	on	GaN/AlGaN-ISFET
Wheatstone	Bridge	pH-sensors			.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	200
A. Hinz,	G.	Steingelb,	C.	Habben,	S.	Figge,	M.	Eickhoff,	University	Bremen	(Germany)

OT6.263	 Design	and	Verification	of	An	Automated	Non-contact	Di-electric	Sensor	System			 . . . . . . . .	202
S.-H.	Huang,	X.-X.	Lin,	C.-W.	Lin,	Y.-F.	Liou,	National	Taiwan	University,	Taipei	(Taiwan),
K. Wu,	Industrial	Technology	Research	Institute,	Hsinchu	(Taiwan),	S.-Y.	Peng,
National	Taiwan	University	of	Science	and	Technology,	Taipei	(Taiwan)

OT6.265	 Photoluminescence	Lifetime	Based	pH	and	O2	Sensors	for	the	Analysis	of
Cell	Metabolism			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	204
D. B.	Papkovsky,	L.	Li,	A.	V.	Zhdanov,	University	College	Cork,	Cork	(Ireland)



EUROSENSORS	XXXVI	 13

Index

OT7	 Photonics	and	Optical	Microsystems
OT7.31	 A	Nanophotonic	Fiber-Tip	Sensor	for	the	Detection	of	Single	Nanoparticles		 . . . . . . . . . . . . .	206

A. L.	Hendriks,	D.	Rabelink,	M.	Dolci,	P.	Dreverman,	M.	S.	Cano-Velázquez,	L.	Picelli,
R.	P.J.	van	Veldhoven,	P.	Zijlstra,	A.	Fiore,	Eindhoven	University	of	Technology,
Eindhoven	(Netherlands),	E.	Verhagen,	Center	for	Nanophotonics	(AMOLF),	Amsterdam	(Net

OT7.37	 Optical	Sensing	with	Picometer-level	Precision	using	an	Integrated	Multispectral	Chip		 . . . .	208
A. van	Klinken,	M.	S.	Cano-Velázquez,	S.	Buntinx,	A.	L.	Hendriks,	C.	Li,	B.	J.	Heijnen,
M. Dolci,	L.	Picelli,	P	.J.	van	Veldhoven,	E.	Verhagen,	P.	Zijlstra,	A.	Fiore,	Eindhoven
University	of	Technology,	Eindhoven	(Netherlands)

OT7.43	 Tailoring	Spectral	Sensors	for	Specific	Applications			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	210
D. M.	J.	van	Elst,	A.	van	Klinken,	F.	Ou,	M.	S.	Cano-Velázquez,	C.	Li,	M.	Petruzzella,
P.	J.	van	Veldhoven,	A.	Fiore,	Eindhoven	University	of	Technology	(EHCI),	Eindhoven	(Netherlands)

OT9	 Wireless	Sensor	Networks	and	Communication
OT9.253	 Miniaturized	Wireless	Wearable	Force	Measurement	System	for

Sports	Science	and	Beyound			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	212
C.-Y.	Lo,	C.-H.	Hung,	National	Tsing	Hua	University,	Hsinchu	(Taiwan)

OT10	System	Integration,	Powering	and	Energy	Harvesting
OT10.125	 Harvesting	body	temperature	to	power	wearable	systems	using	sputtered	flexible	

thermoelectrics			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	214
J. Curry,	M.	Specht,	Z.	Feng,	A.	Komolafe,	C.	Craig,	D.	Hewak,	N.	Harris,	I.	Zeimpekis,
K.	A.	Morgan,	University	of	Southampton,	Southampton	(United	Kingdom)

OT10.184	 Advanced	Sensor	Systems	for	Sustainable	Building	Modernization:
A	Technological	Approach	to	Enhance	CO2	Savings			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	216
M. Bankwitz,	K.	Giske,	R.	Bendyk,	S.	Hirsch,	Brandenburg	University	of	Applied	Science,
Brandenburg	(Germany),	C.	Engel,	TEPROSA	GmbH,	Magdeburg	(Germany)

OT10.264	 A	Hybrid	Piezoelectric	-	Electrostatic	Energy	Harvester	for	Wearable	Biosensors		. . . . . . . . . 	218
S. D.	Psoma,	I.	Sobianin,	The	Open	University,	Milton	Keynes	(United	Kingdom),
A.	Tourlidakis,	University	of	Western	Macedonia,	Kozani	(Greece)



EUROSENSORS	XXXVI	 14

Index

Poster



EUROSENSORS	XXXVI	 15

Index

PT1	 Theory,	Modelling,	Design	and	Testing
PT1.1	

PT1.4	

PT1.9	

PT1.41	

PT1.48	

PT1.55	

PT1.56	

A	Support	Vector	Machine	Learning	Prediction	Model	of	Evapotranspiration	
Using	Real-time	Sensor	Node	Data			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	221 
W.	A.	K.	Afridi,	S.	C.	Mukhopadhyay,	B.	Mainali,	Macquarie	University,	Sydney	(Australia)

Design	and	Test	Evaluation	of	Cluster	Dither	for	Inertial	Measurement	Unit	with	
3-Axis	Ring	Laser	Gyroscopes			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	223 
C. Kim,	J.	An,	K.	Shim,	Agency	for	Defense	Development,	Daejeon	(South	Korea)

Microbridge	Resonators:	Reducing	Pull-in	Voltage	with	Preserving	
Resonant	Frequency			. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	225 
H. Nazemi,	Y. Elnemr, A.	Emadi,	University	of	Windsor,	Ontario	(Canada)

On	the	Tunability	of	Resonant	MEMS	Sensor	Subject	to	Blue	Sideband	Excitation			. . . . . . . . 	227 
E. Uka,	C.	Zhao,	University of York, York (United Kingdom),	C.	Lin,	J.	Chen,	Shanghai
University, Shanghai	(China),	Y. Wang,	University	of	Macau,	Zhuhai	(China)

Toward	Sensor	Search	Engine	(SENSEE):	A	database	for	exploring	trends	in	
phosphate	sensor	research		.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	229 
E. McLamore,	G.	Moreira,	C.	Sanders,	M.	Torres,	Clemson	University,	Clemson	(USA),
S.	P. A.	Datta,	Massachusetts	Institute	of	Technology	(MIT	Auto-ID	Labs),	Cambridge	(USA),
S. Bahramzadeh,	Azad	University	(SRB),	Tehran	(Iran),	J.	H.	Bhadha,	University	of	Florida, 
Belle	Glade	(USA)

Polymer-coated	QCM	Sensor	Leveraging	Energy	Trapping	Effect	for	Enhanced	
Detection	of	Volatile	Organic	Compounds		.  . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	231 
Y. Elnemr,	H.	Nazemi,	A.	Emadi,	University	of	Windsor,	Ontario	(Canada)

Method	for	Increasing	Amplitude	of	Cluster	Dither	in	RLG-based	Small-size	Inertial	
Measurement	Unit			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	233 
J.	E.	An,	C.	Kim,	K.	H.	Chong,	Agency	for	Defense	Development,	Daejeon	(South	Korea)

PT1.101	 Magnetic	Sensors	of	Oxygen	Concentration			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	235
A.	Vasiliev,	Dubna	state	university,	Dubna	(Russia),	O.	Kul,	LLC	“C-Component”,
Moscow,	(Russia)

PT1.186	 Adaptive	Accuracy	Enhancement	for	Simultaneously-Firing	Optical	Position	Sensor		 . . . . . .	237
E. Burian,	LOX	Technologies	s.r.o.,	Bratislava	(Slovakia)

PT1.204	 Design	and	Simulation	of	Quartz-on-Silicon	Bulk	Acoustic	Waves	Resonator	for	
High	Sensitivity	Multiplex	Biosensor			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	239
M. Hamidullah,	A.	Oseev,	F.	Chollet,	Thérèse	Leblois,	Université	de	Franche-Comté,
Besançon	(France)

PT1.207	 Modeling	and	Quantifying	Electrostatic	Interactions	for	Kelvin-probe	Measurements			 . . . . .	241
E. D.	Deak,	P.	G.	Szabo,	B.	Plesz,	Budapest	University	of	Technology	and	Economics,
Budapest	(Hungary)

PT1.218	 Remote	and	Self-Teaching	Material	for	Sensorics:	SensEdu			 . . . . . . . . . . . . . . . . . . . . . . . . . .	243
G. Harsanyi,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary)

PT1.225	 Designing,	Fabricating,	and	Analyzing	the	Whisker	Sensor	for	Autonomous	
Surface	Defect	Detection			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	245
M. Sadeghi,	A.	Abbasimoshaei,	C.	Schwartz,	T.	A.	Kern,	Hamburg	University	of	Technology,
Hamburg	(Germany)

PT1.270	 The	Optimal	Axial	Strain	Distribution	in	a	
Piezoelectric	Vibrating	Energy	Harvester	(PVEH)		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	247
E. Salman,	D.	Rosenstock,	D.	Elata,	Israel	Institute	of	Technology,	Haifa	(Israel)



EUROSENSORS	XXXVI	 16

Index

PT2	 Smart	Systems	and	Artificial	Intelligence	in	Sensing
PT2.60	

PT2.69	

PT2.77	

Damage	Localization	in	Mechanical	Structures	Based	on	a	Virtual	Sensor	Approach		 . . . . . . 	249 
L. Merzak	,	E.	Saoutieff,	C.	Ott,	S.	Boisseau,	Université	Grenoble	Alpes,	Grenoble	(France)

Enhancing	Autonomy	in	Agriculture:	Integrating	Advanced	Sensory	Systems	for	Robust	
Navigation	of	Autonomous	Machine			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	251 
P. Lepej,	J.	Rakun,	VISTION	d.o.o.,	Individual	Machine	Vision	Solution	(Slovenia),
K. Polovič,	SMT	d.o.o.,	Portoroz	(Slovenia)

Comprehensive	Odor	Measurement	with	AI-Supported	Chemical	Analytics	and	
a	Transition	to	Sensor	Systems		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	253 
G. Zeh, H. Haug, M. Koehne, A. T. Grasskamp, T. Sauerwald,
Fraunhofer	Institute	for	Process	Engineering	and	Packaging,	Freising	(Germany)

PT2.179	 SMART	ID-TAGS	for	LOCATING	FREIGHT	WAGONS	and	OPTIMIZING	MAINTENANCE	
PROCESSES		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	255
P. Kersten,	J.	Buzin,	S.	Hirsch,	University	of	Applied	Sciences	Brandenburg,
Brandenburg	(Germany)

PT2.210	 Towards	fully	hardware-based	neuromorphic	encoding	for	efficient	
vibration	signal	recognition		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	257
T. Zeffer,	T.	N.	Török,	L.	Pósa,	F.	Braun,	J.	Volk,	HUN-REN	Centre	for	Energy	Research,
Budapest	(Hungary),	A.	Halbritter,	Budapest	University	of	Technology	and	Economics,
Budapest	(Hungary)

PT2.300	 Multi-sensor	Platform	for	Indoor	Air	Quality	Monitoring			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	259
J.-P.	Viricelle,	Y.	Shen,	R.	Alrammouz,	M.	Fischer,	M.	Minot,	R.	Lakhmi,	M.	Rieu,	
Université	de	Lyon,	Saint-Etienne	(France)

PT2.302	 Advanced	sensor	system	dedicated	to	real-time	soil	monitoring		 . . . . . . . . . . . . . . . . . . . . . . . 	261
E. Saoutieff,	P.	Fourcade,	C.	Boko,	University	Grenoble	Alpes,	Grenoble	(France),
I.	Vogeler,	H.	Smit,	Christian-Albrechts-Universität,	Kiel	(Germany),	N.	Surendran,
A. Wille,	Fraunhofer	Institute	for	Electronic	Microsystems	and	Solid	State	Technologies, Munich	(Germany)

PT3	 Advanced	Materials	and	Technologies
PT3.17	 Functionalization	of	Black	Phosphorus	for	Enhanced	Hydrogen	Detection			 . . . . . . . . . . . . . .	263

A. Rossi,	B.	Fabbri,	V.	Guidi,	University	of	Ferrara,	Ferrara	(Italy),	M.	Caporali,
S. Impemba,	Università	degli	Studi	di	Firenze,	Sesto	Fiorentino	(Italy),	A.	Gaiardo,	M.	Valt,
Sensors	and	Devices	Center,	Trento	(Italy)

PT3.49	 Water	Transfer	Printing	of	Silver	Ink-based	Temperature	Sensors		. . . . . . . . . . . . . . . . . . . . . . .	265
F. Le	Bihan,	R.	Selmi,	J.	C.	Fustec,	M.	Harnois,	Rennes	University,	Rennes	(France)

PT3.109	 Self-Supported	Flexible	Magnetic	Silica-Titania	Based	Sol-gel	Glasses:	
a	Forth-Coming	Material	for	Sensing	Applications		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	267
D. A.	Barcelos,	M.	Clara	Gonçalves,	University	of	Lisbon,	Lisbon	(Portugal),
L. C.	J.	Pereira,	University	of	Lisbon,	Bobadela	(Portugal),	David	Ortiz	de	Zárate,
Amadeu	Griol,	Universitat	Politècnica	de	València,	Valencia	(Spain)

PT3.110	 Printed	Electronics	on	Flexible	Substrates	and	In-Mold	Electronics	Process	
for	Production	Optimization			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	269
D. Dias,	I.	Pereira,	J.	Gomes,	I.	Sá,	C.	Martins,	Centre	for	Nanotechnology	and	Smart	Materials,
Famalicão	(Portugal),	L.	Pereira,	MICROplásticos,	Figueira	da	Foz	(Portugal)

PT3.114	 Precision	Detection	Unlocked:	Electrochemical	Sensing	of	PBTC	with	
Molecularly	Imprinted	Polymers		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	271
J. Jindakaew,	M.	Hangouet,	M.	Sigaud,	N.	Zine,	A.	Elaissari,	A.	Errachid,
Universite	Claude	Bernard	Lyon,	Villeurbanne	(France),	C.	Kaewsaneha,	P.	Opaprakasit,
Thammasat	University,	Pathum	Thani	(Thailand),	C.	Ratanatawanate,	National	Science
and	Technology	Development	Agency,	Pathum	Thani	(Thailand)



EUROSENSORS	XXXVI	 17

Index

PT3.167	 AVBVICVII	Semiconductor	Materials	for	Sensing	Applications		 . . . . . . . . . . . . . . . . . . . . . . . . .	273
S. Kokenyesi,	L.	Daroczi,	I.	Csarnovich,	University	of	Debrecen,	Debrecen	(Hungary),
A. Csík	HUN-REN	Institute	for	Nuclear	Research,	Debrecen	(Hungary)

PT3.168	 Photoluminescence	Material	Based	on	Arsenic	Sulfide	Cluster	Impregnated	in	
Porous	Glasses	for	Sensing	and	Detection	Applications		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	275
S. Kokenyesi,	Debrecen	University,	Debrecen	(Hungary),	J.	Burunkova,	G.	Alkhalil,
ITMO	University,	Saint	Petersburg	(Russia),

PT3.171	 Solvothermal	synthesis	of	highly	dispersed	Pd-decorated	ZnO	with	high	sensitivity	
to	acetone		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	277
A.	Vasiliev,	Dubna	State	University,	Dubna	(Russia),	A.	Mokrushin,	N:	Simonenko,
I. Nagornov,	E.	Simonenko,	Kurnakov	Institute	of	General	and	Inorganic	Chemistry	of	the	Russian
Academy	of	Sciences,	Moscow	(Russia)

PT3.299	 Effective	neutron	absorption	and	conversion	with	thin	10B4C	layers			 . . . . . . . . . . . . . . . . . . .	279
Z. Zolnai,	Z.	Kis,	N.	Q.	Khánh,	Z.	Kovács,	G.	Battistig,	L.	Szentmiklósi,	J.	Volk,	HUN-REN
Centre	for	Energy	Research,	Budapest	(Hungary)

PT4	 Physical	Sensors	and	Actuators
PT4.2	

PT4.12	

PT4.23	

PT4.33	

PT4.66	

PT4.84	

PT4.96	

Assessing	Multiple	Myeloma	Using	Photoacoustic	Spec-trum	Detection	Method		. . . . . . . . . 	281 
C.-C.	Chang,	Chung	Shan	Medical	University	Hospital,	Taichung	(Taiwan)

SNR	Enhancement	of	a	MEMS	Thermal	Acoustic	Pressure	Sensor			. . . . . . . . . . . . . . . . . . . . . 	284 
A. Gupta,	A.	Bittner,	A.	Dehé,	Hahn-Schickard,	Villingen-Schwenningen	(Germany

A	New	Area	Efficient	Folded	Piezoelectric	MEMS	Speaker		 . .. . . . . . . . . . . . . . . . . . . . . . . . . . 	286 
D. Becker,	A.	Bittner,	A.	Dehé,	Hahn-Schickard,	Villingen-Schwenningen	(Germany),
R. Scharf,	C.	Döring,	A.	Merz,	Robert	Bosch	GmbH,	Renningen	(Germany)

A	Low-Cost	Flexible	Capacitive	Pressure	Sensor	for	Motion	Detection			.  . . . . . . . . . . . . . . . . 	288 
R.	Tchantchane,	H.	Zhou,	S.	Zhang,	G.	Alici,	University	of	Wollon-gong,
New	South	Wales	(Australia)

Improvement	of	temperature	stability	in	MEMS	differential	resonant	
accelerometer	by	G-T	correction		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	290 
K. Masunishi,	E.	Ogawa,	D.	Ono,	F.	Miyazaki,	K.	Uchida,	J.	Ogawa,	H.	Murase,
F. Ishibashi,	Y.	Tomizawa,	Toshiba	Corporate	R&D	Center,	Kawasaki	(Japan)

Capacitive	Sensor	based	on	Self-healing	Ionic	conductive	hydrogels	for	
Human	Motion	Detection		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	292 
G. Lee,	J.	Kim,	Kongju	National	University,	Chungcheongnam-do	(South	Korea)

Ultra-High	Sensitivity	LC	Resonant	Pressure	Sensor	Based	on	a	
Microstructured	Ionogel	Dielectric	Layer			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	294 
C.-Y.	Cho,	Y.-J.	Yang,	National	Taiwan	University,	Taipei	(Taiwan)

PT4.145	 Low-Energy	Passive	Haptic	Glove	Based	on	Sensory	Feed-back	for	
Virtual	Reality	Training	Applications		     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	296
V. Kamat,	I.	Alvarado,	S.	Bhansali,	Florida	International	University,	Miami	(USA)

PT4.170	 Fully	Screen-printed	Highly	Sensitive	Strain	Gauge	with	Low	TCR		 . . . . . . . . . . . . . . . . . . . . . .	298
M.	T.	Vijjapu,	M.	Jose,	J.	Kosel,	Silicon	Austria	Labs	GmbH,	Villach	(Austria)

PT4.193	 Directivity	and	distance	dependence	of	generated	pressure	field	of	bistable	PMUTs		 . . . . . .	300
M. Schneider,	M.	Mortada,	U.	Schmid,	TU	Wien,	Vienna	(Austria),	D.	Mayrhofer,
M. Kaltenbacher,	TU	Graz,	Graz	(Austria)

PT4.194	 Sic	micro	hot	wires	for	flow	measurement	in	harsh	environments		 . . . . . . . . . . . . . . . . . . . . . . 	302
S. Kern,	A.	Mazzamurro,	C.	Ghouila-Houri,	D.	Hourlier,	L.	Tandt,	P.	Pernod,	A.	Talbi, University
of	Lille,	Lille	(France),	M.	Portail,	Centre	de	Recherche	sur	l‘Hétéro-Épitaxie	et	ses
Applications,	Valbonne	(France)



EUROSENSORS	XXXVI	 18

Index

PT4.200	 Development	of	a	novel	silicon-based	biocompatible	EEG	electrode			 . . . . . . . . . . . . . . . . . . .	304
Á.	Salamon,	G.	Rózsás,	G.	Bognár,	Budapest	University	of	Technology	and	
Economics	Budapest,	Budapest	(Hungary)

PT4.212	 Thermally	Actuated	Colloidal	Tip	SU-8	Scanning	Probes		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	306
A.	H.	Shafaghi,	R.	Bajwa,	M.	Umar,	M.	K.	Yapici,	Sabanci	University,	Istanbul	(Turkey)

PT4.234	 Electrochemical	Seismometers	Using	a	SOI	Chip	with	Four	Micro-electrodes		. . . . . . . . . . . .	308
D. Chen,	Z.	Sun,	J.	Wang,	J.	Chen,	Chinese	Academy	of	Sciences,	Beijing	(China)

PT4.238	 Characterization	of	Gastric	Tissue	Samples	with	MEMS	Force	Sensor	
Based	Indentation	method			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	310
J. M.	Bozorádi,	Z.	Sz	Bérces,	P.	Fürjes,	Óbuda	University	Doctoral	School	on
Materials	Sciences	and	Technologies,	Budapest	(Hungary),	G.	Papp,	Uzsoki	Hospital,
Budapest	(Hungary)

PT4.262		 Characterization	of	Magnetotorquer	Magnetic	Moment:	magnetometric	
and	fluxmetric	methods		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	312
E. Saunderson,	D.	Gouws,	South	African	National	Space	Agency,	Hermanus	(South	Africa),
M. Janosek,	Czech	Technical	University	in	Prague,	Prague	(Czech	Republic)

PT4.274		 FOS4CMS:	FBG	monitoering	in	the	CMX	Experiment	at	CERN		. . . . . . . . . . . . . . . . . . . . . . . . . 	314
Z. Szillasi,	N.	Beni,	F.	Fienga,	V.	R.	Marrazzo,	G.	Breglio,	S.	Buontempo,	European
Organization	for	Nuclear	Research	Geneva	(Switzerland),	A.	Iracea,	Università	degli
Studi	di	Napoli	Federico	II,	Napoli	(Italy)

PT4.292		 An	implantable	ultrasonic	sensor	for	continuous	and	wireless	monitoring	of	
tissue	strains		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	316
Y.	Tian,	Y.	Yang,	H.	Tang,	J.	Zang,	Huazhong	Univer-sity	of	Science	and	Technology,
Wuhan	(China)

PT4.303	 Development	of	Metallic	inks	for	the	Fabrication	of	a	Flex-ible	Metal	Oxide	
Gas	Sensors	by	Inkjet	Printing	Process		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	318
B. Le	Porcher,	M.	Rieu,	J.-P.	Viricelle,	Université	de	Lyon,	Saint-Etienne	(France)

PT4.307	 Miniaturized	Sensor	Platform	for	the	Determination	of	Impedance	Spectroscopic	
Parameters	in	Environmental	Monitoring			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	320
T. Posnicek,	M.	Brandl,	University	for	Continuing	Education	Krems,	Krems	(Austria)

PT5	 Chemical	Sensors
PT5.13	

PT5.28	

PT5.29	

PT5.34	

PT5.39	

Solution	Processed	Gold	Nanoparticles-MoS2	Thin	Film	for	NO2	Sensing		    . . . . . . . . . . . . . . . . . 	322
P. Ni,	F.	Z.	Bouanis,	A.	Yassar,	Ecole	Polytechnique	(LPICM,	CNRS),	Palaiseau	(France)

Flexible	gas	sensor	based	on	rGO-ZnO	on	PET	substrate	for	NO2	detection
at	room	temperature			   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	324 
A.	A.	Komorizono,	R.	R.	Leite,	V.	R.	Mastelaro,	University	of	São	Paulo,	São	Carlos,	(Brazil),	
S. De	la	Flor,	E.	Llobet,	Universitat	Rovira	i	Virgili,	Tarragona	(Spain)

Electrochemical	Deposition	of	Polyaniline	on	Laser-Induced	Graphene	for	
Room	Temperature	Ammonia	Sensing	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	326 
J. C.	Santos-Ceballos,	F.	Salehnia,	A.	Romero,	X.	Vilanova,	Universitat	Rovira	i	Virgili	(MINOS),
Tarragona	(Spain),	F.	Güell,	Universitat	de	Barcelona,	Barcelona	(Spain)

Voltammetric	Sensing	of	Benzotriazole	at	Single-Walled	Carbon	Nanotube	Modified	
Screen-Printed	Electrodes			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	328 
N. Sodnik,	M.	Hadolin,	Z.	Samardžija,	K.	Žagar	Soderžnik,	Jožef	Stefan	Institute,
Ljubljana	(Slovenia)

New	      Too to	Unravel	Interactions	Between	Gas	and	Sensitive	Surface	Through	the	Simultaneous	
Characterization	of	Gas	Uptake	and	Electrical	Properties	of	the	Material		  	. . . . . . . . . . . . . . . 	330 
M. Pascaud,	C.	Duc,	N.	Redon,	M.	N.	Romanias,	F.	Thevenet,	C.	Samuel,	University	of	Lille,
Lille	(France),	A.	Fresneau,	TERA	Sensor,	Rousset	(France)



EUROSENSORS	XXXVI	 19

Index

PT5.45	

PT5.47	

PT5.57	

PT5.59	

PT5.61	

PT5.63	

PT5.68	

PT5.82	

PT5.91	

PT5.92	

PT5.95	

PT5.98	

Transient	IR	Spectroscopy	as	a	Novel	Approach	to	Unravel	the	Active	Surface	Species	of	
Chemoresistive	Gas	Sensors			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	332	
M. Pfeiffer,	C.	Hess,	Technical	University	of	Darmstadt,	Darmstadt	(Germany)

Exploring	recognition-transduction	materials	for	orthophosphate	sensing	
in	surface	waters		 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	334 
E. McLamore,	G.	Moreira,	M.	Torres,	Clemson	University,	Clemson	(USA),	A.	Shaw,
Arizona	State	University,	Phoenix	(USA),	N.	Amin,	W.	Gao,	North	Carolina	State	University,
Raleigh	(USA),	J.	H.	Bhadha,	A.	M.D.	Mahmud,	University	of	Florida,	Belle	Glade	(USA)

Synthesis	of	2-Dimensional	WS2	Nanoflakes	with	NO2	Selectivity	at	Room	Temperature	. . . .  	336 
S.-W.	Choi,	H.	D.	Nguyen,	Kangwon	National	University,	Gangwon-do	(South	Korea)

Pt-nanoparticles	decorated	Amorphous/Crystalline	a-V2O5/VO2	Thin	Films	for	
NO2	and	H2	sensing			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	338
V. Ricci,	V.	Paolucci,	C.	Cantalini,	University	of	Padova,	Padova	(Italy),	M.	Basso,
N.	Thirugnanam,	A.	Martucci,	University	of	L’Aquila,	L’Aquila	(Italy)

First-Order	Time	Derivative	Response	of	MoS2	Nanofilm	on	TiO2	Nanotubes	to	NO2			. .. . . . . 	340
S. Petr,	J.	Hubalek,	Brno	University	of	Technology,	Brno	(Czech	Republic),	J.	M.	Macak,
University	of	Pardubice,	Pardubice	(Czech	Republic)

Rumen	Bolus	Extraction	Method	Using	Absorbent	Polymer	for	Timed	Density	Control		. . . . . 	342 
J. Fastier-Wooller,	S.	Takamatsu,	T.	Itoh,	The	University	of	Tokyo,	Tokyo	(Japan),
Y.	Yashiro,	M.	Yamamoto,	Y.	Muneta,	H.	Sawada,	R.	Nishiura,	S.	Arai,	National	Agriculture
and	Food	Research	Organisation,	Ibaraki	(Japan)

Fe-doped	SnO2	based	gas	sensor	produced	by	SILAR	for	acetone	gas	sensing			. . . . . . . . . . 	344
Y. Shynybekov,	B.	Soltabayev,	N.	Sagidolda,	A.	Turlybekuly,	A.	Mentbayeva,
Nazarbayev	University,	Astana	(Kazakhstan)

Multi-analyte	Electrochemical	Sensor	Based	on	Graphene	Oxide	and	
Gold	Nanoparticles	Electrode		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	346 
N. Moukri,	B.	Patella,	F.	Massaro,	R.	Inguanta,	Università	degli	Studi	di	Palermo,
Palermo	(Italy),	C.	Cipollina,	E.	Pace,	Istituto	di	Farmacologia	Traslazionale,	Palermo	(Italy)

Low-bandgap	Polymers,	a	New	Sensitive	Surface	for	Ammonia	Detection		. . . . . . . . . . . . . . . 	348 
M. S.	Borro,	E.	A.	da	Silva,	N.	Redon,	C.	Duc,	University	of	Lille,	Lille	(France),
M. L.	Braunger,	C.	Lartigau-Dagron,	R.	C.	Hiorns,	Instituto	de	Física	“Gleb	Watag“, 
Campinas	(Brazil),	C.	A.	Olivati,	São	Paulo	State	University,	Presidente	Prudente	(Brazil)

Enhancement	of	Receptor	Function	on	Metal	Oxide	Semiconductor	Gas	Sensors	
for	Ultra	Selectivity		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	350 
K. Shimanoe,	H.	Yang,	K.	Suematsu,	K.	Watanabe,	Kyushu	University,	Kasuga	(Japan)

Humidity	Amplified	Sensitivity	in	a	highly	selective	H2S	Gas	Sensor	Using	
MXene-conjugated	Polymer	Composite			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	352 
S.	H.	H.	Shokouh,	J.	Zhou,	K.	Kordas,	University	of	Oulu,	Oulu	(Finland),	Z.-P.	Lyu(Lv),	
Aalto	University,	Aalto,	(Finland)

Synergy	between	Metal	Oxides,	Metal-organic	Frame-works,	and	Multivariate	
Statistics	for	Selective	Room	Tem-perature	Gas	Sensing			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	354 
G. Domènech-Gil,	A.	Estany-Macià,	I.	Fort-Grandas,	M.	López,	P.	Pellegrino,
M. Moreno-Sereno,	A.	Romano-Rodríguez,	University	of	Barcelona,	Barcelona	(Spain)

PT5.106		 The	Development	of	Optical	Sensors	for	Heavy	Metal	Ions	detection	on	
Nanocellulose	substrate			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	356
M. M.	Langari,	J.	Labidi,	University	of	the	Basque	Country,	San	Sebastian	(Spain),
L. Lvova,	R.	Paolesse,	University	of	Tor	Vergata,	Rome	(Italy)

PT5.122		 Development	of	the	Method	for	the	Detection	of	Benzisothiazolinone			 . . . . . . . . . . . . . . . . . .	358
J.	Vujančević,	Neža	Sodnik,	A.	Krishnamurthy,	Z.	Samardžija,	K.	Žagar	Soderžnik,
Jožef	Stefan	Institute,	Ljubljana	(Slovenia)



EUROSENSORS	XXXVI	 20

Index

PT5.127		 Conductive	MOFs	for	Chemoresistive	Sensing	of	Greenhouse	Gases	Suitable	

PT5.128		

for	Internet	of	Things			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	360 
I. Fort-Grandas,	Y.	Mendoza-Gamero,	G.	Domènech-Gil,	P.	Pellegrino,	M.	Moreno-Sereno,
A. Romano-Rodríguez,	D.	Sainz,	A.	Vidal-Ferran,	University	of	Barcelona,	Barcelona	(Spain)

Characterization	of	YSZ	layer	deposited	by	reactive	sputtering	for
oxygen	microsensor	development		      . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	362 
A. Benayache,	V.	Martini,	K.	Aguir,	Aix	Marseille	University,	Marseille	(France),	C.	Marlot,
SETNAG,	Marseille	(France)

PT5.131		 Enhancement	of	the	gasistor	device	by	the	separation	of	the	gas	sensor	and	
the	memristor		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	364
M. Patrnčiak,	L.	Staňo,	I.	Shpetnyy,	M.	Vidiš,	M.	Moško,	T.	Roch,	M.	Gregor,	T.	Plecenik,
Comenius	University	Bratislava,	Bratislava	(Slovakia)

PT5.136		 SAW	sensor	structures	with	rr-P3HT	polymer	films	for	humidity	low	level	detection		. . . . . . .3	66
W.  Jakubik,	J.	Wrotniak,	P.	 Powroźnik,	Silesian	University	of	Technology,	Gliwice	(Poland)

PT5.142		 ZIF-8-based	surface	plasmon	resonance	sensors	for	chemical	vapor	optical	
detection	with	LEDs		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	368
A. Estany-Macià,	G.	Domènech-Gil,	I.	Fort-Grandas,	A.	Romano-Rodríguez,
M. Moreno-Sereno,	University	of	Barcelona,	Barcelona	(Spain),	W.	E.	Svendsen,
M. Dimaki,	Technical	University	of	Denmark,	Kongens	Lyngby	(Denmark)

PT5.144		 Distinct	Color	and	Pattern	Changes	in	Reactive	Oxigen	Species-Responsive	
Thin	Films			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	370
Y. Kanekiyo,	Kitami	Institute	of	Technology,	Hokkaido	(Japan)

PT5.149		 AI-enabled	rapid	method	for	complex	quality	assessment	of	edible	oils		. . . . . . . . . . . . . . . . .	372
A. Kalinichenko,	N.	Bârsan,	B.	Junker,	A.	Sackmann,	U.	Weimar,	Eberhard	Karls	University
of	Tuebingen,	Tuebingen	(Germany)

PT5.152		 Cation-Anion	Influence	in	Lead	Halide	Perovskites	Supported	on	Graphene	for	
NH3	Detection		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	374
J. Casanova-Chafer,	E.	Llobet,	Universitat	Rovira	i	Virgili,	Tarragona	(Spain),	R.	Garcia-Aboal,
P. Atienzar,	Instituto	de	Tecnología	Química,	Valencia	(Spain)

PT5.155	 Development	and	Application	of	an	Electrochemical	Sen-sor	for	Hydrogen	Peroxide	
in	Alkaline	Media	Based	on	Flash	Graphene		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	376
E. Gričar,	B.	Genorio,	M.	Kolar,	University	of	Ljubljana,	Ljubljana	(Slovenia)

PT5.174	 Chip-set	for	Chemoresistive	Gas	Sensors		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	378
K. Pankász,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary),
C. Dücső,	Centre	for	Energy	Research,	Budapest	(Hungary)

PT5.178	 Boron-doped	Diamond	Electrodes	for	sensing	narcotics	using	
Electrochemiluminescence		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	380
A. Blot,	E.	Scorsone,	Université	Paris-Saclay,	Palaiseau	(France)

PT5.185	 Towards	Metal-Organic	Framework	based	Optical	Sensors	for	Pesticides	Detection		 . . . . . .	382
A. Finelli,	P.	Clément,	X.	Lefèvre,	A.	Beard,	R.	Pugin,	CSEM,	Neuchâtel	(Switzerland)

PT5.203	 Solid	support	counts:	towards	development	of	all-solid	state	sensor	for	ketoprofen			 . . . . . .	384
L. Lvova,	P.	Di	Menna,	R.	Paolesse,	University	of	Tor	Vergata,	Rome	(Italy),	G.	M.	Romano,
Andrea	Bencini,	University	of	Florence,	Sesto	Fiorentino	(Italy)

PT5.211	 NO2	Gas	Sensor	with	Inkjet-Printed	Zinc	Oxide	and	Boron-Doped	Diamond	Layer		 . . . . . . . .	386
A. Laposa,	J.	Kroutil,	V.	Povolny,	P.	Hazdra,	Czech	Technical	University	in	Prague,
Prague	(Czech	Republic),	O.	Kaman,	Institute	of	Physics	of	the	Czech	Academy	of	Sciences,
Prague	(Czech	Republic)

PT5.220		 Two-dimensional	(2D	TMDs)	Hybrid	Materials	for	Detection	of	Hazardous	Gases			. . . . . . . . . 	388
V. B.	Patil,	Punyashlok	Ahilyadevi	Holkar	Solapur	University,	Solapur	(India)



EUROSENSORS	XXXVI	 21

Index

PT5.222		 Enhanced	NO2	sensing	properties	obtained	by	CeO2-ZnO	mixed	metal	oxide			. . . . . . . . . . . . . 	390
M. Chougule,	Commerce	&	Science	College,	Sindhudurg	(India),	V.	Patil,
PAH	Solapur	University,	Solapur	(India)

PT5.230		 3D	Printed	Micro-Gas	Chromatography	(μ-GC)	System	for	Improved	
Low-Cost	VOC	sensing			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	392
U.	Yaqoob,	S.	Esfahani,	M.	Cole,	J.	W.	Gardner,	University	of	Warwick,
Coventry	(United	Kingdom)

PT5.241	 In-situ	Synthesis	of	MIP	Thin	Films	on	QCM	Electrodes	to	
Sense	Engineered	Nanoparticles		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	394
M. Bagheri,	I.	Selvistrovich,	S.	Haghdoust,	P.	Lieberzeit,	University	of	Vienna,	Vienna	(Austria)

PT5.242	 Flame-made	chemoresistive	gas	sensors	and	devices			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	396
A. Güntner,	ETH	Zürich,	Zürich	(Switzerland)

PT5.250	 Co3O4-NiO	Nanocomposites	for	the	Electrochemical	Determination	of	L-Tyrosine			 . . . . . . . .	398
M. Khan,	K.	Abid,	V.	Bressi,	G.	Neri,	University	of	Messina,	Messina	(Italy)

PT5.255	 Colorimetric	sensor	based	on	silver	faujasite	for	chlorogen-ic	acid	
polyphenol	detection		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	400
J.	O.	D.	Malafatti,	E.	C.	Paris,	L.	H.	Capparelli	Mattoso,	Embrapa	Instrumentação,	
São	Carlos	(Brazil)

PT5.285	 The	right	nose	for	electronic	noses			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	402
G. Zeh,	M.	Köhne,	O.	T.	Penagos	Carrascal,	T.	Sauerwald,	Fraunhofer	Institute
for	Process	Engineering	and	Packaging,	Freising	(Germany)

PT5.289	 High	performance	potentiometric	sensor	for	monitoring	high	concentration	
hydrogen	based	on	Pd-Pt	composite	electrode		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	404
S.-Y.	Lee,	K.	J.	Jo,	S.-C.	Kim,	Hanbat	National	University,	Daejeon	(South	Korea)

PT5.291	 Development	of	fluorimetric	chemosensor	for	GBL	detection	in	saliva	and	beverages		. . . . .	406
J. Roig,	C.	Herrera,	S.	Gil,	J.	A.	Sáez,	P.	Gaviña,	Universitat	de	València,	Valéncia	(Spain)

PT5.296	 Metal-Organic	Frameworks	(MOFs)-Based	Chemoresistive	gas	Sensors	for	
Early	Thermal	Runaway	Detection	in	Lithi-um-ion	Batteries		 . . . . . . . . . . . . . . . . . . . . . . . . . . .	408
I. Fort-Grandas,	S.	Aljemazi,	A.	Estany-Macià,	Y.	Mendoza-Gamero,	P.	Pellegrino,
M. López,	C.	Serre,	A.	Grabulosa-Rodriguez,	M.	Moreno-Sereno,	D.	Sainz,	A.	Vidal-Ferran,
G. Domènech-Gil,	A.	Romano-Rodriguez,	Universitat	de	Barcelona,	Barcelona	(Spain)

PT5.297		 Multi-Gas	sensor	array	based	on	SnO2	and	CuO	thin	films	functionalized	with	
Ag	and	Cu	nanoparticles		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	410
A. Köck,	L.	Egger,	Materials	Center	Leoben	Forschung	GmbH,	Leoben	(Austria),	A.	Togni,
University	of	Modena	and	Reggio	Emilia,	Modena	(Italy),	C.	Mitterer,	Montanuniversität	Leoben,
Leoben	(Austria)

PT5.305		 New	Tool	to	Unravel	Interactions	Between	Gas	and	Sensitive	Surface	Through	
the	Simultaneous	Characterization	of	Gas	Uptake	and	Electrical	Properties	
of	the	Material		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	412
C. Duc,	M.	Pascaud,	N.	Redon,	C.	Samuel,	M.	N.	Romanias,	F.	Thevenet,	University	of	Lille,
Lille	(France),	A.	Fresneau,	TERA	Sensor,	Rousset	(France)

PT5.308		 Preliminary	Study	on	the	Poisoning	Effect	of	Different	Materials	on	MOX	Sensors		 . . . . . . . . 	414
B. J. Lotesoriere,	S.	Robbiani, A. M. Tischer,	L.Corrá, E.	Zanni, A. Gianfranceschi, L.Giuffrida,
L. Capelli, R. Dellacà,	Politecnico	di	Milano, Milan	(Italy)



EUROSENSORS	XXXVI	 22

Index

PT6	 Biochemical	sensors,	Microfluidics,	Lab-on-a-Chip	

PT6.14	

PT6.32	

PT6.58	

PT6.76	

PT6.88	

PT6.94	

and	Organ-On-Chip	Systems
Onsite	Single-Step	Device	for	Early	Detection	of	Infections	and	
Drought	Stress	in	Vineyards			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	416 
C. F.	Domingues,	V.	Chu,	J.	P.	Conde,	Instituto	de	Engenharia	de	Sistemas	e	Computadores
(INESC-MN),	Lisbon	(Portugal),	A.	M.	Fortes,	Universidade	de	Lisboa	(BioISI	),	Lisbon	(Portugal)

Nanozyme	activity	of	platinum	nanoparticles	prepared	by	pulsed	laser	ablation		   . . . . . . . . . 	418 
S. Kurzhals,	E.	Melnik,	R.	Hainberger,	Austrian	Institute	of	Technology	GmbH,	Vienna	(Austria),
M. Fedel,	L.	Sajti,	RHP-Technology	GmbH,	Wiener	Neustadt	(Austria)

Peptide-based	biosensor	for	real-time	monitoring	of	protease	biomarkers			. . . . . . . . . . . . . . 	420 
P. Rai,	A.	Tarasov,	Kaiserslautern	University	of	Applied	Sciences	(IMST),	Zweibrücken	(Germany)

Fluidic	Electrochemical	Sensor	Platform	for	Pollution	Monitoring		. . . . . . . . . . . . . . . . . . . . . . 422 
D. Kuscer,	B.	Repič,	D.	Belavič,	Jožef	Stefan	Institute,	Ljubljana	(Slovenia),	M.	Dekleva,
G. Marolt,	H.	Prosen,	University	of	Ljubljana,	Ljubljana	(Slovenia)

Printed	capillary	microfluidic	biosensors			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	424 
Z. Zhang,	S.	Lang,	Y.	Farhan,	Y. Tao, G.	Xiao,	(NRC)	Advanced	Electronics	and
Photonics	Research	Center,	Ottawa	(Canada),	Z.	Wang,	C.	Xu2,	McMaster	University,
Hamilton	(Canada)

Fluorescence-based	point	of	care	device	for	real-time	rap-id	detection	of	SARS-CoV-2			. . . 	426 
T. L.	Quyen,	H.	V.	Ngoc,	A.	C.	Vinayaka,	D.	D.	Bang,	A.	Wolff,	M.	Dimaki,	W.	E.	Svendsen,
Technical	University	of	Denmark,	Lyngby	(Denmark)

PT6.100	 Development	of	silicon	hollow	microneedles	with	beveled	tip	for	medical	applications			. . . . 	428
A. Bagolini,	S.	Pedrotti,	C.	Collini,	N.	Yadav,	L.	Lorenelli,	M.	Valt,	N.	Di Novo,
Bruno	Kessler	Foundation,	Trento	(Italy)

PT6.115	 Electrochemical	Biosensor	Platform	for	Leptospirosis	Diag-nosis	in	Urine	Samples			 . . . . . .	430
P. Suwannin,	M.	Sigaud,	N.	Zine,	A.	Elaissari,	A.	Errachid,	Universite	Claude	Bernard	Lyon,
Villeurbanne	(France),	K.	Jangpatarapongsa,	Mahidol	University,	Bangkok	(Thailand)

PT6.120	 PCR-free	detection	of	miRNA	biomarkers	for	neuro-degenerative	disorders		 . . . . . . . . . . . . .	432
P. Calorenni,	L.	M.	De	Plano,	A.	Caccamo,	E.	L.	Sciuto,	S.	Oddo,	S.	Conoci,
University	of	Messina,	Messina	(Italy)

PT6.121	 Direct	Electrode	Modification	of	Paper-based	Microfluidic	Electrochemical	Sensors	
Through	Electrodeposition	and	Electropolymerization	for	Clozapine	Sensing		 . . . . . . . . . . . .	434
M. H.	Ghanbari,	B.	J.M.	Etzold,	Friedrich-Alexander-Universität	Erlangen-Nürnberg,
Fürth	(Germany)

PT6.124	 Electrochemical	detection	of	pathogen	nucleic	acid	biosensing	application			. . . . . . . . . . . . .	436
P. Calorenni,	E.	L.	Sciuto,	S.	Conoci,	University	of	Messina,	Messina	(Italy),	T.	Gritti,
S.	Varani,	G.	Valenti,	M.	V.	Balli,	L.	Prodi,	University	of	Bologna,	Bologna	(Italy)

PT6.126	 3D	Printed	Microfluidic	Lab-on-a-Disk	for	Centrifugal	Droplet	Generation		. . . . . . . . . . . . . . .	438

PT6.146	

W. Kubicki,	T.	Janisz,	R.	Walczak,	Wrocław	University	of	Science	and	Technology, 
Wrocław	(Poland),	A.	Thiha,	K.	Joseph,	N.	F.	Jamaluddin,	F.	Ibrahim,	University	of	Malaya,
Kuala	Lumpur	(Malaysia),	M.	Madou,	University	of	California,	Irvine	(USA),	G.	Stojanović, 
University	of	Novi	Sad,	Novi	Sad,	(Serbia)

Enhanced	MIP-based	Electrochemical	Sensing	of	Estrogen	and	Progesterone	
for	Improved	Management	of	Women‘s	Health	 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440 

PT6.164	

V. Kamat,	J.	Lagier,	S.	Bhansali,	Florida	International	University,	Miami	(USA) 

Compact	System	for	Stimulation	and	Recording	of	Field	Potentials	from
Cardiac	Tissue	Preparations		  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	442 
A.	Velarte,	A.	Otín,	E.	Pueyo,	Instituto	de	Investigación	en	Ingeniería	de	Aragón,
Zaragoza	(Spain)



EUROSENSORS	XXXVI	 23

Index

PT6.182	 An	Application	to	Count	Yeast	Cells	Using	Novel	Lab-On-a-Chip	Solution	
for	the	Wine	Value	Chain			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	444
I. Benito-Altamirano,	S.	Moreno,	D.	M.	Vaz-Romero,	J.	Canals,	A.	Vilà,	J.	D.	Prades,
Á.	Diéguez,	Universitat	de	Barcelona,	Barcelona	(Spain),	A.	Puig-Pujol,	G.	Roca-Domènech,
Catalan	Institute	of	Vine	and	Wine,	Barcelona	(Spain)

PT6.188	 CogniFlow:	Integrated	Modular	System	For	Automated	Droplet	
Microfluidic	Bioanalysis		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	446
R. Jõemaa,	F.	Afrin,	N.	Gyimah,	K.	Ashraf,	K.	Pärnamets,	,	Tamás	Pardy,	Tallinn	University
of	Technology,	Tallinn	(Estonia),	L.	Giese,	M.	Rocancourt,	ENSEA,	Cergy	(France)

PT6.192	 Portable	Fluorescence	Microscope	applied	to	Organ-on-a-Chip	Models		 . . . . . . . . . . . . . . . .	448
S. Moreno,	A.	Vilà,	J.	D.	Prades,	A.	Diéguez,	University	of	Barcelona,	Barcelona	(Spain),
J. Ramón-Azcón,	Institute	for	Bioengineering	of	Catalonia,	Barcelona	(Spain)

PT6.198	 Development	of	a	Novel	Self-Immolative	System	Activated	by	DT-diaphorase	
for	Hypoxic	Environments		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	450
P. Rodrigo,	J.	A.	Sáez,	M.	Barros,	P.	Arroyo,	P.	Gaviña,	Universitat	de	València,	Valéncia	(Spain)

PT6.205	 Label-free	Impedimetric	Immunosensor	for	the	Detection	of	Fibulin	2	as	a	

PT6.224	

Novel	Biomarker	for	the	Diagnosis	of	Hypertrophic	Cardiomyopathy	in	Human	Saliva		 . . . . . 	452 
A.	A.	Saeed,	M.	N.	Abbas,	N.	M.	Nooredeen,	M.	M.	Eissa,	National	Research	Centre,	
Giza	(Egypt),	A.	M.	Ibrahim,	Aswan	Heart	Centre,	Aswan	(Egypt),	M.	Hangouёt,	A.	Errachid,	
N. Zine,	Université	Claude	Bernard	Lyon,	Lyon	(France),	J.	Bausells,	Campus	Universitat
Autònoma	de	Barcelona,	Barcelona	(Spain)

Development	of	a	Lateral	Flow	Assay	Biosensor	for	miRNA-34a	and
miRNA-155	Detection	Utilizing	the	Rolling	Circle	Amplification			. . . . . . . . . . . . . . . . . . . . . . . . . 	454 
F. Rahbar	Kouibaran,	G.	Zuccheri,	I.	Diemberger,	University	of	Bologna,	Bologna	(Italy)

PT6.226	 Electrospun	Silk	Fibroin	for	Green	Smart	Sensors		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	456
M. Navarro,	C.	Blanes,	P.	Rodríguez,	S.	Mena,	X.	Muñoz,	G.	Murillo,	Institute	of
Microelectronics	of	Barcelona,	Barcelona	(Spain),	S.	Santiago,	Universidad	Complutense
de	Madrid,	Madrid	(Spain),	S.	D.	Aznar-Cervantes,	Instituto	Murciano	de	Investigación
y	Desarrollo	Agrario	y	Alimentario,	Murcia,	(SPAIN)

PT6.247	 Cells	and	Model	Particles	in	Lateral	Focusing	Microfluid-ics		 . . . . . . . . . . . . . . . . . . . . . . . . . .	458
A. Bányai,	E.	Farkas,	I.	Székács,	E.	Leelőssyné	Tóth,	R.	Horváth,	P.	Fürjes,	HUN-REN
Centre	for	Energy	Research,	Budapest	(Hungary),	H.	Jankovics,	F.	Vonderviszt,
University	of	Pannonia,	Veszprém	(Hungary),	M.	Varga,	77	Elektronika	Ltd.,	Budapest	(Hungary)

PT6.257	 Investigating	the	optical	response	of	an	LSPR	sensor	based	on	hexagonally	
arranged	nanoparticles		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	460
R. Kovács,	A.	Bonyár,	Budapest	University	of	Technology	and	Economics,	Budapest	(Hungary)

PT6.259	 Detection	of	Nucleic	Acids	Based	on	Localized	Surface	Plasmon	Resonance		 . . . . . . . . . . . .	462
N.	Tarpataki,	D.	E.	Tóth,	A.	Bonyár,	Budapest	University	of	Technology	and	Economics,
Budapest	(Hungary)

PT6.261	 Sustainable	and	battery-less	self-powered	glucose	sensor	for	diabetes	
screening	applications		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	464
A.Visús,	J.González-Sanz,	S.Liébana,	S.Pérez-Jiménez,	N.Sabate,	Campus	Universitat
Autònoma	de	Barcelona,	Barcelona	(Spain)

PT6.284	 Evaluation	of	Cell	Plating	Efficiency	on	Polymer	Surfaces	for	
Organ-on-a-Chip	Applications			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	466
G. Zal,	A.	N.	Seyitoglu,	R.	Bajwa,	M.	K.	Yapici,	O.	Kutlu,	Sabanci	University,	Istanbul	(Turkey)

PT6.304	 Real-time	water	monitoring	with	advances	biosensor	systems			. . . . . . . . . . . . . . . . . . . . . . . .	468
E. Saoutieff,	P.	Fourcade,	C.	Boko,	G.	Nonglaton,	University	Grenoble	Alpes,
Grenoble	(France),	H.	Shao,	R.	Murray,	A.	O’Riordan,	G.	Mouzakitis,	Tyndall	National	Institute,
Cork	(Ireland),	S.	Mecacci,	V.	A.	P.	Martins	dos	Santos,	E.	A.	Garcia,	Wageningen



EUROSENSORS	XXXVI	 24

Index

PT7	 Photonics	and	Optical	Microsystems
PT7.123	 The	power	of	using	combinatorial	materials	science	and	finite	element	methods	

in	the	optimization	of	sensing	by	gold	nanostructures			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	470
P. Petrik,	D.	Mukherjee,	K.	Kertész,	Z.	Zolnai,	Z.	Kovács,	A.	Deák,	A.	Pálinkás1,	Z.	Osváth,
D. Olasz,	A.	Romanenko,	M.	Fried,	G.	Sáfrán,	Institute	of	Technical	Physics	and	Materials	Science,
Budapest	(Hungary),	T.	Siefke,	Friedrich-Schiller-Universität	J

PT7.143	 Effect	of	Particle	Size	Distribution	on	the	Refractive	Index	Sensitivity	of	

PT7.158	

Plasmonic	Nanoparticles			. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 472 
G. Szántó,	University	of	Debrecen,	Debrecen	(Hungary)

Simulation	of	Heat	Propagation	Processes	and	Estima-tion	of	the	Signal-to-Noise
Ratio	of	a	Thermoelectric	Sin-gle	Photon	Detector			    . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	474 
A. Kuzanyan,	V.	Nikoghosyan,	A.	Kuzanyan,	Armenian	National	Academy	of	Sciences,
Ashtarak	(Armenia)

PT7.254	 Design,	Fabrication	and	Validation	of	N-doped	Si/Au/Al	Schottky	Barrier	Device	
for	detecting	Surface	Plasmon	Resonance-Induced	Hot-Electrons		. . . . . . . . . . . . . . . . . . . . . 	476
C.-Y.	Chien,	C.	Wang,	T.-H.	Wu,	C.-W.	Lin,	Z.-H.	Yang,	C.-R.	Guo,	C.-H.	Yang,	National	Taiwan	
University,	Taipei	(Taiwan)

PT7.272	 Accurate	silicon	epitaxial	multilayer	characterization	for	CMOS	imager	applications		 . . . . . .	478
P. Basa,	E.	Najbauer,	S.	Biro,	L.	Sinkó,	Z.	Durkó,	Z.	Kiss,	G.	Nadudvari,	Semilab	Co.	Ltd.,
Budapest	(HUNGARY)

PT7.301	 Last	developments	in	the	angular	response	and	defor-mation	characterization	
of	resonant	micromirrors		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	480
C. Fleury,	M.-H.	Khan,	D.	Mori,	S.	Guerreiro,	R.	Tumolin	Rocha,	D.	Holzmann,	T.	Sasaki,
A. Piot,	Silicon	Austria	Labs	GmbH,	Graz	(Austria)

PT7.306	 Stationary	Gas	Sensor	Networks	for	Continuous	Leakage	Detection			. . . . . . . . . . . . . . . . . . .	482
D. Marín	López,	J.	Fonollosa,	Universitat	Politècnica	de	Catalunya,	Barcelona	(Spain),
G. Rodriguez	Gutierrez,	X.	Zhou,	A.	Ortiz	Perez,	S.	Palzer,	TU	Dortmund,	Dortmund	(Germany)

PT10	 System	Integration,	Powering	and	Energy	Harvesting
PT10.206	 Design	and	Implementation	of	a	Piezoelectric	Energy	Harvesting	System	

Embedded	in	a	Composite	Sandwich	Panel			 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	484
A. Adsiz,	B.	Sumer,	M.	N.	Balci,	Hacettepe	University,	Ankara	(Türkiye)

PT10.227	 Multifunctional	polarizing	microscope	system-	Classification	silicosis	tissue	and
collagen	film		 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	486
C.-L.	Chiang,	L.	Jyuhn	Hsiarn	Lee,	C.-W.	Lin,	National	Taiwan	University,	Taipei	(Taiwan)

PT10.237	 Electrochemical Impedance Spectroscopy of Lithium-ion Battery Cells	
under Different Load Conditions		  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	488 
K. Ibrahim,	F.	Farooq,	S.	Sabathiel,	R.	Heer,	Silicon	Austria	Labs,	Graz	(Austria),	G.	Hofer,
Infineon	Technologies,	Graz	(Austria),	A.	Bergmann,	Graz	University	of	Technology,
Graz	(Austria)

PT10.249	 Experimental	Evaluation	of	Thermoelectric	Generators	for	Indoor	Autonomous	Sensors		 . . .	490
M. Ridwan,	M.	Gasulla,	F.	Reverter,	Universitat	Politècnica	de	Catalunya,	Barcelona	(Spain)

PT10.258	 Study	of	the	Linearity	of	Low-Area	Photovoltaic	Cells	for	Indoor	Autonomous	Sensors		 . . . .	492
F. Reverter,	B.	Martinez,	M.	Ridwan,	M.	Gasulla,	Universitat	Politècnica	de	Catalunya,
Barcelona	(Spain)

Keynotes		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	496



Lectures

EUROSENSORS	XXXVI	 25



Acoustic Transmission Measurements of Folded MEMS 
Membranes for Mechanical Characterization

Dennis Becker1, Moritz Littwin1, Achim Bittner1, Alfons Dehé1,2

1 Hahn-Schickard, Wilhelm-Schickard-Str. 10, 78052 Villingen-Schwenningen, Germany
2 Georg H. Endress Chair of Smart Systems Integration, Department of Microsystems Engineering –
IMTEK, Albert-Ludwigs-Universität Freiburg, Georges-Köhler-Allee 103, 79110 Freiburg, Germany

Dennis.Becker@hahn-schickard.de

Summary:
Three-dimensional folded membranes are set to innovate MEMS designs for acoustic transducers by 
using lateral movement to increase their active area. Determination of the mechanical characteristics 
of such membranes is challenging, since established techniques mainly target in-plane structures.
This paper presents an acoustic method to determine the mechanical compliances of such folded 
membranes. The results show compliances between 0.08∙10-15 and 10∙10-15 m3/Pa for different mem-
brane lengths.

Keywords: MEMS, membrane, characterization, acoustics, modeling

Introduction
The miniaturization of acoustic transducers in
MEMS is technologically challenging due to 
their small volumes and displacements. To 
overcome these challenges, a novel transducer 
design is presented in [1] using a folded piezoe-
lectric membrane design. This new three-
dimensional approach is truly utilizing the entire
chip volume. Lateral movements of multiple 
lamellas allow an increased volume displace-
ment out of a fixed chip size.
For the development and optimization of vari-
ous applications like microphones, speakers or
micropumps, the detailed knowledge of the 
mechanical characteristics of such membranes 
is mandatory. State of the art methods like the 
Bulge test [2], vibrometry [3] or atomic force 
microscopy [4] are tailored for in-plane and near 
surface structures. However, these methods 
are not suitable for the deep lateral deflecting
three-dimensional folded membrane without
translating the deflection in known directions by
extensive sample preparation. This paper pre-
sents a new measurement method, which uses 
acoustic transmission measurements (ATM)
and lumped element modeling (LEM) to analyze 
the mechanical characteristics of folded MEMS 
membranes. 

Measurement Method
The ATM measurement method utilizes two 
chambers, which are separated by the folded 
membrane to be characterized (Fig. 1). The first
chamber comprises a reference microphone 

and an electrodynamic loudspeaker with a 
closed back volume. The loudspeaker causes a 
pressure wave, which sets the folded MEMS 
membrane in motion. A second microphone 
detects the acoustic signal radiated into the 
second chamber.

Fig. 1. Schematic representation of the measure-
ment setup

From the pressure difference between the 
chambers information of the mechanical behav-
ior of the folded membrane can be deduced.
Pre-test measurements of the setup are per-
formed to exclude external vibrations or influ-
ences, by calibrating the results.
The parameter extraction out of these meas-
urements is done by LEM of the measurement 
setup in the acoustic domain (Fig. 2). Both 
chambers are modeled as acoustic complianc-
es C1, C2 and the folded membrane as mass-
spring-damper system Za, Mem. The extraction 
takes place by fitting the values of the mem-
brane impedance to match the measured sound 
pressure level (SPL) in the second chamber.
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The membrane mass is calculated from its ge-
ometry and thin film composition. Since the 
measurements do not take place in the reso-
nant regime of the membrane, its damping can 
be neglected. As consequence, the compliance 
dominates the mechanical behavior in this fre-
quency bandwidth. 

Fig. 2. Lumped element model of the measurement 
setup 

Results 
The acoustic measurements are performed with 
the APX525 audio analyzer from Audio Preci-
sion. Folded MEMS membranes made out of a 
SiO2, n-doped polycrystalline silicon (Poly-Si) 
and Si3N4 [1] stack are characterized in this 
paper. Three different lengths of 500 µm, 1000 
µm and 2000 µm are measured using three 
samples each to identify the influence on the 
membrane compliance. Fig. 3 illustrates the 
measured frequency response of one of the 
1000 µm long membranes in the measurement 
setup.  

Fig. 3. Frequency responses of both chambers and 
the damping of a 1000 µm long folded membrane 

The electrodynamic loudspeaker causes the 
resonance peak at 1.1 kHz and the drop of SPL 
towards higher frequencies in both chambers. 
The MEMS microphone in the second chamber 
exhibits a high-pass behavior below 100 Hz. 
The parameter extraction is done at 1 kHz, 
since here the membrane behavior is not influ-
enced by the measurement setup. The compar-
ison of the results for the different lengths 

shows a nearly linear behavior on the mem-
brane compliance. The membranes of 1000 µm 
and 2000 µm length show an expected increase 
of compliance by nearly a factor 2. 

Fig. 4. Extracted acoustic compliances Ca,m of 
folded MEMS membranes with different lengths 

In contrast, the shorter membrane with 500 µm 
length shows a lower compliance than ex-
pected. This is likely caused by the fixed sup-
port of the membrane front faces in the Si 
frame. The shorter the membrane, the greater 
the support compliance influences the dis-
placement. For longer membranes, the mem-
brane geometry dominates the compliant be-
havior while the support can be neglected. This 
ensures a linear relationship between mem-
brane compliance and membrane length. 
In summary, a new measurement method for 
the mechanical characterization of folded 
MEMS membranes is shown. By making as-
sumptions for the membrane mass and damp-
ing, it is possible to extract the compliance for 
different membrane geometries without exten-
sive sample preparation. 
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Summary:
This work presents the first KNN-biaxial non-resonant MEMS mirrors manufactured on 200 mm silicon 
substrate. The performances of the biaxial MEMS mirrors with reflector diameters ranging from 
0.50.5 to 22 mm², integrating 1-µm thick sputtered potassium sodium niobate (K0.3Na0.7)NbO3 pie-
zoelectric thin film from Sumitomo Chemicals, are presented. These mirrors, which exhibit rotational 
resonant frequency of 32.5 kHz, 7.5 kHz and 1.92 kHz, have been tested in non-resonant mode at 200 
Hz and at higher frequencies. An optical angle of up to 6° can be obtained depending on the driving 
frequency.

Keywords: MEMS mirror, Piezoelectric, KNN, Lead-free, Actuator.

Due to their compact size, affordability, and 
minimal power consumption compared to con-
ventional mechanical scanning systems, MEMS 
mirrors [1] find widespread use across various 
applications. These include projection display 
systems for augmented reality (AR) and virtual 
reality (VR) smart glasses, biological imaging,
and Light Detection And Ranging (LIDAR) sys-
tem [2], among others.

Piezoelectric actuation emerges as a promising 
choice, offering notable advantages such as 
high force, low voltage requirements, high fre-
quency capability, and rapid response times. 
For a long time, lead Zirconate Titanate (PZT) 
stands out as the leading piezoelectric material, 
boasting competitive electromechanical cou-
pling and a high piezoelectric coefficient. How-
ever, the environmental impact of lead present 
in PZT raise significant concerns regarding the 
practical application of piezoelectric MEMS 
mirrors. The release of lead and its associated 
compounds during the manufacturing process 
poses a substantial threat to both the environ-
ment and human health [3].
To replace PZT actuators, various families of 
lead-free piezoelectric materials have been
developed. Among them, sodium potassium 
niobate (KNN) emerges as particularly promis-
ing due to its elevated Curie temperature and 
high piezoelectric coefficient [4].

This work presents the performances of biaxial 
piezoelectric MEMS with mirror diameters rang-
ing from 0.50.5 to 22 mm², as presented in
Tab. 1, integrating sputtered potassium sodium 

niobate (K0.3Na0.7) NbO3 thin film from Sumito-
mo Chemicals [5][6]. This 1 µm-piezoelectric 
motor exhibits a high piezoelectric coefficient 
(e31,f = 11 C/m²) and high dielectric constant
(ε=1200) making it suitable for actuating per-
formance. 

The KNN biaxial MEMS mirrors, fabricated on 
200 mm silicon wafer, as shown in Fig.1, have 
rotational resonant frequency of 32.1, 7.5 and 
1.92 kHz respectively, depending on mirror 
diameter. The results obtained with these non-
resonant mirrors exhibit the following character-
istics (a) collective 200 mm silicon manufactur-
ing process (b) low voltage operation of only 
20V in non-resonant mode (c) an optical angle 
of  7.5° at  690 Hz frequency for the 22 mm² 
mirror, as shown in Fig.2 (d) a frequency range 
of up to  5100 Hz  and 28000 Hz for the 11
mm² and 0.50.5 mm² mirror respectively. 
These results are state-of-the-art compared to 
the results previously obtained with PZT mate-
rial and other actuation motor using non-
resonant driving mode, as represented in Fig.3,
[2][7].

The KNN lead-free piezoelectric material inte-
grated into actuators offers potential applica-
tions in various fields from Light Detection And 
Ranging (LIDAR) systems to biomedical appli-
cations, thanks to the full biocompatibility of 
KNN material [8].

The authors are thankful to Sumitomo Chemical 
for depositing KNN films with electrodes on the 
SOI wafers. This work is part of the IPCEI Mi-
croelectronics and Connectivity and was sup-
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ported by the French Public Authorities within 
the frame of France 2030. 
Tab. 1: KNN MEMS mirror variants described in this 
work 

Design 
variant 

Resonant 
frequency 

Mirror 
size 

MEMS 
Footprint  

(kHz) (mm²) (mm²) 

(a) 1.92 22 88 

(b) 7.5 11 44 

(c) 32.1 0.50.5 2.52.5 

 

 
Fig. 1. 200 mm silicon wafer of KNN-MEMS mirrors 
and MEMS mirror top-view. 

 Fig. 2. 2D scanning representation of KNN MEMS 
mirror – Design variant (a) – 50 points per fast axis – 
20 V voltage, 200 Hz fast/horizontal axis and 4 Hz 
ramp slow/vertical axis. 

 
Fig. 3. FoM values previsouly reported in [2] (▲) 
and this work ((○ for 200 Hz fast axis and ○ for high-
est frequency on fast axis) 
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Summary:
The Y-shaped sensor structure is optimized by Pareto front with Non-Dominated Sorting Genetic Algo-
rithm II (NSGA-II) and a novel analytical model. Axial strain outputs of force and moments axes are 
favorable depending on the sensor dimensions. Hence, Pareto front reveals strain-output characteristics 
of sensor dimensions. Moreover, the novel analytical model permits feasible size optimization in a broad 
dimension range by respecting equivalent stress and fundamental frequency, unlike previous studies. 
A prototype of the optimal design is experimentally validated, and sensor properties are characterized.

Keywords: six-axis force/moment sensor, analytical model, pareto front, design, size optimization 

Introduction
Strain-based multi-axis force and moment sen-
sors benefit mechanical structure in terms of 
shape and size. Considering the sensor shape, 
a Y-shaped structure composed of three sensing 
beams is statically determinate and produces 
higher displacements and voltage outputs as op-
posed to statically indeterminate sensor struc-
tures such as a typical cross-beam formed of 
four beams. In favor of increased flexibility, elas-
tic beams of cross-beams are extended in out-
of-plane directions, which expands manufactur-
ing complexity and costs. On the contrary, y-
shaped beams allow the required stiffness and 
strain output in a planar design [1]. In terms of 
the compliant structure size, different sensor di-
mensions have significant axial strain outputs. 
For instance, extending the elastic beam and 
sensing beam length helps strain outputs, but it 
also leads to a larger sensor with a lower fre-
quency response. Moreover, minimizing the 
cross-sectional area of elastic and sensing 
beams improves strain outputs, yet it reduces 
the structural safety of the sensor as well. 
Hence, it creates a design optimization problem 
with a trade-off between sensor properties [2].

Pareto efficiency is beneficial in optimization 
problems with competing objectives. In generic 
design problems, multi-objective pareto optimal-
ity can be reduced to a weighted sum single ob-
jective optimization. However, strain characteris-
tics against sensor size is a new design optimi-
zation problem formulation for y-shaped multi-
axis force moment sensors that has not been in-
vestigated so far. Previous studies examined 

strain output either by optimizing beam cross-
sectional area or beam length. The main reason
for this optimization drawback was modeling in-
capacities regarding solution times and solution 
accuracy.

Previous studies that implemented the finite ele-
ment method for sensor modeling encountered 
long solution times that were infeasible for large 
dimension ranges. Other studies that employed 
analytical models sustained the insufficiency of 
the preceding approximate models [3]. This 
study employs a novel analytical model known 
for its high accuracy and fast solving time, which 
takes into account the structural safety and fun-
damental frequency of the mechanical structure.
Hence, the large range pareto front optimization 
process is ultimately feasible for this sensor de-
sign problem.

In this study, a population-based genetic algo-
rithm is used. In this way, optimal solutions in the 
population disclose axial strain-output character-
istics depending on sensor dimensions. Moreo-
ver, an optimal design is selected considering 
sensor diameter and strain outputs. A sensor 
prototype is manufactured, and sensor proper-
ties are experimentally characterized. Experi-
mental results are compared with optimization 
results.

Methodology
This study takes advantage of a new analytical 
model that involves beam joint reactions and 
flexibility which significantly increases accuracy 
and capability compared to prior models. Ac-
cording to this model strain output of sensing 
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beams are formulated in Eq. (1) for Fx force and 
Eq. (2) for Mx moment.   

𝜀𝜀𝐹𝐹𝑥𝑥 = 𝐹𝐹𝑥𝑥 (𝜁𝜁 ℓ1𝑤𝑤1
2𝐸𝐸𝐼𝐼1

− 𝜂𝜂 𝑤𝑤1
2𝐸𝐸𝐼𝐼1

)                                      (1) 

𝜀𝜀𝑀𝑀𝑥𝑥 = 𝑀𝑀𝑥𝑥 (𝜁𝜁 ℓ1ℎ1
2𝐸𝐸𝐼𝐼4(ℓ1 + 𝑟𝑟) − 𝜂𝜂 𝑟𝑟ℎ1

2𝐸𝐸𝐼𝐼4(ℓ1 + 𝑟𝑟))    (2) 

As presented in Eq. (1-2), strain outputs are in-
fluenced by the sizing of both sensing and elastic 
beams. In Fig. 1, a sensor prototype is displayed. 
Strain gauges are placed on sensing beams, and 
elastic beams form an elastic boundary, increas-
ing the flexibility of the sensor structure. 

 
Fig. 1. Illustration of the y-shaped multi-axis 
force/moment sensor prototype that is composed of 
sensing and elastic beams. 

Pareto front is an optimization process that de-
fines competing objectives in problem formula-
tion. Sensor diameter is expected to be as small 
as possible, and the strain outputs of all force 
and moment axes are expected to be increased. 
The problem formulation is given below. 

 
In this study, MATLAB GaMultiObj algorithm is 
utilized along with the new analytical model for 
obtaining pareto front. In Fig. 2, pareto-front re-
sults are displayed for a generic case. As seen 
in the figure, population solutions favor different 
axial strain outputs for varying sensor diameters. 

The optimal sensor design is selected from the 
average of optimal population solutions using the 
weighting sum method. A sensor prototype is 
produced and experimentally characterized by 
the dead-weight test bench given in Fig. 3. This 
experimental setup is adequate for the required 
forces and moments. Sensor properties such as 
nonlinearity, hysteresis, sensitivity, time drift, 
and crosstalk are obtained. The strain outputs of 
experimental and analytical results are com-
pared. Fig. 4. illustrates the results of the voltage 
output vs. dead weight during the calibration pro-
cess. 

 
Fig. 2. A typical pareto optimality result for a y-

shaped sensor 

 
Fig. 3. Experimental dead weight setup for sensor 
calibration and validation of y-shaped sensor design. 

 
Fig. 4. Voltage output results vs dead weights caus-
ing Fx force and My moment combination for obtaining 
calibration matrix. 
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Summary:
This study investigates crack propagation in pressure sensor solder joints caused by thermal cycling, 
employing Computed Tomography (CT) for non-destructive monitoring and Finite Element Analysis 
(FEA) to simulate plastic strain distribution. By periodically examining the solder joints with CT during 
thermal cycles and measuring crack lengths, we predict the lifetime of the joints. The FEA comple-
ments this by predicting damaged regions, with both methods showing good agreement in lifetime 
estimations. 

Keywords: solder, lifetime, FEM, CT, MEMS

Background, Motivation and Objective
Solder joint reliability is a cornerstone of elec-
tronic device performance, especially in com-
ponents subjected to thermal cycling, which 
induce mechanical stress and can lead to crack 
formation and propagation. In MEMS sensors, 
where accuracy and durability are paramount, 
understanding the behavior of solder joints un-
der temperature fluctuations is critical. Non-
destructive testing methods, such as computed 
tomography (CT), have emerged as invaluable 
tools for investigating internal structures and 
defects in materials without compromising 
sample integrity [1, 2]. The integration of CT 
imaging with FEA offers a comprehensive un-
derstanding of crack initiation and propagation 
dynamics, and its impact on the lifetime of sol-
der joints.

Description of the New Method or System
By periodically analyzing solder joints with CT 
imaging throughout thermal cycles and quanti-
fying crack lengths, alongside simulating plastic 
strain via Finite Element Method (FEM), we 
seek to enhance lifetime predictions of solder 
joints. This approach addresses the need for 
advanced diagnostics and predictive models in 
the field, contributing to the development of 
more durable electronic components.

Results
A high-resolution 3D X-ray microscope was 
used to create the CT images which also reveal 
the internal structure of the solders (see Fig. 1).

Fig. 1. 3D X-ray image of the sensor package (a).
Tomographic image or slice in the horizontal (green) 
plane (b). Slice in the vertical (blue) plane, slice 
position is also shown by a blue dashed line (c).

The voids are natural remainings of the 
soldering process and normally do not influence
solder lifetime [3].

Fig. 2. Crack initiation and propagation throughout 
the thermal cycles (TC) between -40 / +150 °C.

Crack lengths were measured in every solder 
joint across all eight sensor packages (see Fig. 
2). The expected solder lifetime is then calcu-
lated from the crack propagation speed.

The finite element model was created from the 
quarter of the PCB on which 4 sensor packages 
were soldered. The traces and layer structure of 

a
)

c
)

b
)
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the PCB were considered in detail. The solder 
joint geometry was based on the initial CT im-
ages, but voids were not considered (see Fig. 
3).  

   

 
Fig. 3. The test PCB with four sensors (a), the 
geometry of the finite element model (b), and the 
finite element mesh at the solder joints (c). 

The damage related parameter is the inelastic 
strain (accumulated plastic strain in the Ansys 
general purpose FEM software). To estimate 
the lifetime of the solder joints, the volume 
weighted average (VWA) accumulated plastic 
strain increment per cycle is calculated for each 
of the solders during postprocessing of the re-
sults. Finally the values are used in the Coffin-
Manson relation to predict the expected lifetime 
of the solder joints. 

The FE results show high load in the lower part 
of the outer solder meniscus, and at the outer 
circumference of the large middle solder (see. 
Fig. 4). 

 
Fig. 4. Accumulated plastic strain distribution. 

Simulation results show very similar distribution 
of the damage related parameter compared to 
damaged regions visible on final CT images 
(see. Fig. 5). Note the effect at the backside of 
the solder (to the most right on Fig. 5. b). Here, 
the solder resist touches the solder meniscus 
causing a more significant load leading to a 
localized crack formation. This geometric fea-
ture was considered in the simulation and the 
effect could be represent. 

Fig. 6. shows the predicted lifetime of the solder 
joints based on crack length measurements, 
and on FEA using the Coffin-Manson relation. 

 

 
Fig. 5. Initial CT image overlayed with FE results 
showing high plastic strain accumulation (a). CT 
image after completing thermal cycling (b). 
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Fig. 6. Expected lifetime of solder joints averaged 
across all eight sensor packages based on crack 
length measurement and FEA (scattering for latter 
results is taken to be +/- 20%).  

The results match, the difference is small for 
most legs, however there is a larger deviation 
for leg #6 and smaller ones for leg #3 and #7. 
The reasons could be tolerance related (al-
lowed deviations in dimensions or in material 
properties, etc.) or the crack length measuring 
method could be further improved, e.g. by 
tracking the crack length or area in 3D.  
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Summary:
We present a high-fidelity, computationally efficient approach for modeling harmonic distortions in pie-
zoelectric MEMS microphones featuring a fully-clamped corrugated membrane design. The described 
method correctly predicts the total harmonic distortion (THD) of two manufactured design variants,
thereby paving the way for THD optimization throughout the design process. Remarkably, one of the 
design variants shows a THD of 1% at a very high sound pressure level (SPL) of 130 dBSPL, thus out-
performing commercially available piezoelectric and capacitive single-backplate (SBP) microphones.

Keywords: Piezoelectric MEMS Microphone, Corrugated Membrane, Total Harmonic Distortion

Introduction
Capacitive MEMS microphones currently set the 
benchmark in technology due to their superior 
acoustic performance and compatibility with 
well-established semiconductor fabrication pro-
cesses. However, unlike their capacitive coun-
terparts, piezoelectric MEMS microphones do 
not require a bias voltage, which makes them a 
compelling choice for applications that require
low-power consumption. Furthermore, capaci-
tive microphones that utilize constant-charge 
readout are inherently nonlinear. This is at-
tributed to the presence of parasitic capaci-
tances and the nonlinear electrostatic force act-
ing between the membrane and backplate [1]. 

Recently, a novel design of a piezoelectric 
MEMS microphone was proposed that leverages 
a fully-clamped corrugated membrane (see Fig. 
1a) [2]. The corrugations release residual mate-
rial stress to achieve a sufficiently compliant 
membrane and result in a spatial separation of 
tensile and compressive regions upon acoustical 
loading. This pseudo-bimorph design enables a 
single-ended or differential readout without re-
quiring an intermediate electrode. Here, the THD 
of two corrugated membrane designs is investi-
gated and a simulation method is proposed.

Materials and methods
A microphone can be considered as a system 
with pressure input 𝑝𝑝in(𝑡𝑡) and voltage output 
𝑉𝑉out(𝑡𝑡) related by a function 𝜎𝜎:

Fig 1. (a) Schematic of a corrugated membrane with 
electrodes OUT+, OUT- and GND. (b), (c) Optical mi-
croscopy images and (d), (e) rotational-symmetric 
cross-sections of two manufactured design variants. 

𝑉𝑉out(𝑡𝑡) = 𝜎𝜎(𝑝𝑝in(𝑡𝑡)) (1)

To quantify the THD, the microphone is loaded 
with an input signal 𝑝𝑝in(𝑡𝑡) = �̂�𝑝 sin(2𝜋𝜋𝜋𝜋𝑡𝑡) with am-
plitude �̂�𝑝 and frequency 𝜋𝜋 = 1 kHz. In the micro-
phone’s linear regime, the output is a sinusoidal 
signal of the same frequency, where the output 
voltage linearly follows the input pressure. How-
ever, nonlinearities can result in higher-order 
harmonics in the output signal. To model this 
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behavior, 𝜎𝜎 is expressed as a polynomial func-
tion, i.e., 𝜎𝜎poly(𝑝𝑝in) = 𝑎𝑎𝑛𝑛𝑝𝑝in

𝑛𝑛 + 𝑎𝑎𝑛𝑛−1𝑝𝑝in
𝑛𝑛−1 + ⋯ + 𝑎𝑎0, 

for which 𝑉𝑉out(𝑡𝑡) consequently becomes a finite 
Fourier series: 

𝑉𝑉out(𝑡𝑡) = 𝑉𝑉0 + ∑ 𝑉𝑉𝑖𝑖 sin(2𝜋𝜋𝜋𝜋𝜋𝜋𝑡𝑡 + 𝜑𝜑𝑖𝑖)𝑛𝑛
𝑖𝑖=1  (2) 

The THD is then calculated as the contribution of 
higher modes in the output signal (up to order 
𝑛𝑛 = 5 is sufficient) to the linear response V1: 

THD = √∑ 𝑉𝑉𝑖𝑖
25

𝑖𝑖=2 𝑉𝑉1⁄     (3) 

To this end, the output signal 𝑉𝑉out(𝑡𝑡) obtained 
from transient FEM simulations is decomposed 
into harmonics through Fourier transformation 
according to eq. (2). However, this is computa-
tional expensive and not well suited for optimiza-
tion studies as the THD is usually of interest for 
a wider range of input pressures. 

 
Fig 2. Nonlinear static response obtained from FEM 
and polynomial fit for the variants PMIC1 and PMIC2. 

Alternatively, the nonlinear static response 𝑉𝑉DC 
can be simulated for a wide range of input pres-
sure values 𝑝𝑝DC, which is much faster than the 
transient simulations. Subsequently, a polyno-
mial function is fitted to the simulated static re-
sponse, i.e. 𝑉𝑉DC ≈ 𝜎𝜎poly(𝑝𝑝DC), from which the 
transient response is obtained as 𝑉𝑉out(𝑡𝑡) =
𝜎𝜎poly(�̂�𝑝 sin(2𝜋𝜋𝜋𝜋𝑡𝑡)). Finally, a Fourier transform is 
applied and the THD can be calculated from eq. 
(3). A prerequisite for this method is that the re-
sponse at the frequency of interest, i.e., 1 kHz, 
equals the static response. This is fulfilled as the 
low frequency roll-off is not included in the FEM 
simulations and the frequency response is flat 
within the audio band (20 Hz to 20 kHz). 

Results 
The simulated nonlinear static response is 
shown in Fig. 2 for both design variants depicted 
in Fig. 1. Variant PMIC1 exhibits strong asymme-
tries w.r.t the unloaded state (𝑝𝑝DC = 0) as well as 
clipping behavior for higher pressures. These 
nonlinearities are significantly reduced for PMIC2 
indicating the potential of THD optimization by 

tuning the positions and numbers of corruga-
tions. By decomposing the THD into even and 
odd harmonic distortions, i.e., HDeven and HDodd, 
which represent asymmetries and clipping be-
havior respectively, the contributions of the total 
THD can be quantified as shown in Tab 1. 
Tab. 1: Simulated harmonic distortions at 130 𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆  

Variant HDeven (%) HDodd (%) THD (%) 

𝐏𝐏𝐏𝐏𝐏𝐏𝐂𝐂𝟏𝟏 6.70 1.31 6.82 

𝐏𝐏𝐏𝐏𝐏𝐏𝐂𝐂𝟐𝟐 0.85 0.51 0.99 
Finally, the THD is simulated for multiple input 
pressures and compared with experimental 
measurements as well as two commercial micro-
phones (see Fig. 3). This shows excellent agree-
ment between measurement and simulation and 
demonstrates that the 1%-THD of PMIC1 is su-
perior to both reference microphones. 

 
Fig 3. Measured and simulated THD for the variants 
PMIC1 and PMIC2. The THDs for the SOTA commer-
cially available piezoelectric PMICref and capacitive 
reference microphone CMICref (Infineon IM68A130) 
are extracted from the respective datasheets. 

Conclusion 
We presented a fast and highly accurate method 
to simulate the THD of MEMS microphones en-
abling the optimization of the THD in the design 
phase. The investigation of two novel piezoelec-
tric corrugated membrane-based designs re-
vealed that the THD of the devices can be sub-
stantially reduced by adjusting the corrugations 
and is superior to state-of-the-art devices. 
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Abstract:
This paper introduces a high-performance MEMS (micro-electro-mechanical systems) pitch tunable 
grating (PTG) as a LiDAR (light detection and ranging) sensor. While the challenges associated with 
its integration into self-driving cars are addressed, its potential application extends beyond this specif-
ic domain. Electrostatic-based comb actuators are employed to drive the device. To delay side pull-in 
instability attributed to this transduction mechanisms, an innovative flexural configuration is employed, 
extending the stable travel range up to 135 µm, resulting in a broad pitch tuning of 2.25 µm. The initial 
diffraction angles for the first two orders before actuation were ±2.8° and ±5.5°; moreover, this re-
markable pitch tuning resulted in a significant increase in the angle of the first and second orders,
reaching 0.4° and 0.8°, respectively.

Keywords: MEMS, LiDAR, Optics, Sensor, Electrostatic

Introduction
The rising demand for automated driving due to 
its potential to prevent accidents, has led to a 
growing need for compact and affordable opti-
cal scanning systems. LiDAR stands out as a 
pivotal sensor for autonomous driving, offering 
the capacity to generate 3D data [1]. The cur-
rently dominant scanning solution in the auto-
motive LiDAR market is bulky and has limita-
tions related to duty cycle and inertia, leading to 
constraints on frame rate and increased power 
consumption. Consequently, MEMS-based 
LiDAR has gained considerable attention as a 
viable alternative, owing to its reduced size, low 
weight, and low power consumption. Thus far, 
two primary types of MEMS LiDARs have been 
investigated: mechanical and non-mechanical 
[2]. The first involves vibration-based sensing 
mechanisms utilizing resonant mirrors, whereas 
the latter utilizes light diffraction techniques, 
often implemented through solid-state gratings.
Analyzing their advantages and drawbacks 
reveals why PTGs have garnered significant 
interest. They effectively bridge the gap be-
tween mechanical and solid-state LiDAR, 
providing an enhanced solution by widening the 
field of view (FoV) through pitch tuning between 
adjacent mirrors. This feature distinguishes
them from solid-state gratings. While several 
papers have reported on PTGs driven by comb-
drive actuators, to our knowledge, only one 
published research paper has investigated the 
potential use of MEMS-based PTGs in LiDAR 

systems for autonomous vehicles [3]. However, 
this device faces significant challenges that 
must be overcome before it can serve as an 
alternative solution for available LiDAR sensors. 
These challenges include undersized dimen-
sions (resulting in extremely low intensity of 
diffracted light), limited travel range (only 1.21
μm), low fill factor, and a resonant frequency 
exceeding 20 kHz, unnecessarily stiffening the 
device. The paper presents a MEMS-based 
PTG scanner to address these challenges.

Description of the System
Fig. 1 illustrates a 2D view of the proposed 
device, highlighting its main components. It 
consists of silicon-based central grating mirrors 
(120 in total, each sized 2000×12 μm²) actuated 
by comb actuators, with two central anchors, all 
80 μm thick. Guided beam springs, 150 μm in 
length and 4 μm in width, connect the grating 
mirrors, maintaining a 4 μm space between 
them. Additionally, eight tilted-folded flexures, 
with beams measuring 6 μm in width and 950 
μm in length, are integrated. This suspension 
design enhances lateral stiffness while enabling 
large linear displacement in the actuation direc-
tion. The overall size of the mirror area meets 
the minimum requirement of MEMS mirrors for 
self-driving applications [2]. To comprehensive-
ly evaluate the device’s performance, mechani-
cal behavior is analyzed using COMSOL, fol-
lowed by theoretical validation, while the optical 
characteristics are assessed through theoretical 
modelling.
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Fig. 1. Structure of 
the PTG, (a) 2D 
view of the non-
activated device, 

and (b) a close-up 
detail. (Blue colour 

indicates fixed 
domains) 

Discussion 
The comparative analysis of the effective bear-
ing (Kx, eff) and electrical (Ke) spring constants 
versus displacement, considering various sus-
pension tilt values (d), is depicted in Fig. 2, 
obtained through analytic modeling. The results 
show that, depending on the tilt value, the bear-
ing and electrical stiffness curves intersect at 
different points along the movement, indicating 
the maximum stable travel range. It is observed 
that a tilt value of d=65 μm is optimal, offering 
the largest stable displacement of 135 μm, sig-
nificantly surpassing previous studies.  

 
Fig. 2. Variation of stiffens with displacement 

Figure 3a illustrates the voltage required to 
actuate the system when the gap between sta-
tionary and moving comb fingers is set at 4 μm. 
This gap is deemed optimal due to design 
trade-offs: while a larger gap delays instability, 
it also substantially decreases the electrostatic 
force. The results obtained through theory and 
simulation are shown to be in good agreement. 
Due to this large stroke, the pitch is tuned by 
2.25 μm. Although, as expected, the duty cycle 
slightly decreases from 75% to 65% (albeit 
remaining high), the periodicity tuning extends 
to 14%, marking a significant improvement over 
previous findings [3]. The diffraction of incident 
light on the grating is described by Eq. (1): 

Sin(θm)+ Sin(θ) =mλ/(2P) (1) 

Where m, θ, λ, and P represent the diffraction 
order, incident light angle, incident light wave-
length, and pitch. With the incident light wave-
length set at 1550 nm, the initial diffraction an-
gles for the 1st and 2nd orders of diffracted 
light, prior to actuation, is obtained ±2.8° and 
±5.5°, respectively. The relationship between 
the increase in diffraction angle and actuation 
voltage is illustrated in Fig. 3b, demonstrating a 
notably greater enhancement in diffraction an-
gle compared to previously reported results.  

  
(a) (b) 

Fig. 3. Effect of actuation on: (a) displacement, (b) 
scan angle change 

The natural frequency in PTGs is crucial for 
ensuring immunity to unwanted vibrations. Ac-
cording to [2], sensors used in cars must main-
tain a natural frequency above 800 Hz for relia-
ble operation. An excessively high eigenfre-
quency leads to a stiff device, necessitating 
higher actuation voltage. Consequently, the 
device is designed to have a resonant frequen-
cy slightly over 800 Hz. Figure 4 shows the out-
of-plane (1st mode) and in-plane (3rd mode) 
eigenfrequencies. This data confirms the de-
vice's complete resistance to unwanted vibra-
tions. Moreover, the in-plane mode with a fre-
quency of 894 Hz ensures high actuation 
speed, within the millisecond range. 

  
Fig. 4. Eigenfrequency modes: (a) first, (b) third 
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Summary:
This work presents the hard- and software development of a customized setup, to determine the total 
optical scanning angle (TOSA) and respective resonance frequency of resonant MEMS-scanners on
wafer level during in-line testing. These electrical measurements are usually used to evaluate piezoe-
lectric layer quality and to monitor the manufacturing process. However, the mechanical properties of 
the complete MEMS-scanners are characterized manually which limits high volume process. The inte-
gration of the mechanical measurements into the automated in-line testing leads to a drastic meas-
urement time decrease as well as vastly improved resolution on imaging technique base. 

Keywords: MEMS mirror, piezoelectric, silicon technology, MEMS optical component

Motivation
During the fabrication of silicon technology-
based processes, in-line tests are conducted to 
monitor fabrication processes and yields.

The in-line characterization of a MEMS-scanner
is an essential part of its process flow. It in-
volves several electrical measurements to 
characterize leakage current and dielectric 
strength of the piezoelectric material and the 
quality of electricity conducting metal layers.
Those are important parameters to evaluate 
single layers or layer stacks. However, the 
complete MEMS-scanner device is usually 
characterized based on the maximum TOSA
shown in Figure 1 and the respective mechani-
cal resonance frequency of the working 
mode(s) of the system.

Fig. 1. Illustration showing the relation between the 
mechanical angle θmech and the TOSA θTOSA of an 
oscillating mirror plate in two directions with the nor-
mal vector n.

This is in most cases a manual labor process 
limiting high-volume production. An automated 
in-line measurement on wafer level is an excel-
lent alternative that enhances time effective-
ness and improves the optimization of process 
steps.

Resonant MEMS-Scanners
An automatic measurement setup has been 
developed for the resonant MEMS-scanners as
shown in Figure 2.

Fig. 2. Microscope image of a resonant MEMS-
scanner. When an electric field is applied to the met-
al electrodes on the top and bottom of the piezoelec-
tric material, the actuators bend up or down. This 
leads to a tilting movement of the mirror plate. In 
mechanical resonance, caused by a sinusoidal volt-
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age, a laser beam can be deflected by more than 
100° TOSA in a single axis [1]. 

Electrical and mechanical Measurement  
During the routine in-line testing several pa-
rameters are characterized electrically. Those 
include among others leakage currents of the 
piezoelectric layer and sheet resistance of poly-
Si layer. The resonance frequency of the sys-
tem is characterized as well.  

This electrically measured resonance frequency 
from the classic in-line measurement and the 
mechanical resonance frequency differ since 
during mechanical drive more non-linear effects 
from material stiffening and air resistance oc-
cur. This describes the behavior of a Duffing 
oscillator. [2] 

To measure the mechanical resonance fre-
quency and the maximum TOSA, the electrical 
resonance frequency is used as a starting point. 
The applied AC frequency is increased incre-
mentally, while an increase in TOSA is ob-
served. The mechanical resonance frequency is 
reached at the maximum deflection angle. 

The optical TOSA measurement of a resonating 
MEMS-scanner is shown in Figure 4. 

 
Fig. 4. Optical measurement setup placed inside a 
semi-automatic wafer-prober with integrated wafer 
and the respective probe card. An incident laser 
beam is reflected by an oscillating mirror plate. The 
resulting one-dimensional scan pattern is projected 
on a screen. The screen is recorded by a camera. 
The dotted lines show the geometric limitations of the 
setup in the wafer prober. Scanning angles exceed-
ing the limits are blocked. 

Software and Integration 
The hardware is accompanied by a software 
upgrade that allows the process control unit to 
measure optical scanning angles and their re-
spective mechanical resonance frequencies. 

A developed image process software analyzes 
the recording of a deflected laser beam in the 
L*a*b color space to separate the deflected 
scan pattern from the background. By calibra-
tion, the length of the resulting illuminated line 
is translated to a deflection angle. 

Improvements 
The developed system poses significant im-
provements compared to the manual meas-
urement. The time consumption is reduced by a 
factor of 10 while the resolution is increased 
from ±2° to ±0.1°.  

Outlook 
Due to the setup in the semi-automated wafer 
prober, the deflection angle is geometrically 
limited to 20°x20°. In consequence, the MEMS-
scanners cannot be driven to their maximum 
possible TOSA. However, a reproducible small 
TOSA at a comparatively low voltage for sever-
al chips gives a good estimate on possible me-
chanical failures. 

To integrate the system into the main process 
flow of resonant MEMS-scanners, further opti-
mizations are needed. Therefore, different de-
signs of piezoelectric resonant- and quasi-
static- as well as electrostatic MEMS-scanners 
have been tested on wafer level. With their 
varying resonant behaviors, the tradeoff be-
tween low measurement time and frequency 
step size for resolution increase can be refined. 
This will lead to a more efficient and resilient 
system. 
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Summary:
Most of chemical gas sensors present cross-sensitivity towards humidity. In this study, we investigate 
the possibility to exploit water permeability of polymeric materials to develop a low-cost and scalable 
method for reducing the water content of gas samples for sensors analysis. Sampling bags should be 
disposable and thus minimize the risk of cross-contamination. A custom-made system for testing differ-
ent polymeric materials has been implemented. Preliminary results prove the capability of some of the 
investigated materials to decrease the moisture content without losing VOC of interest for the purpose
of the analysis.

Keywords: cross-sensitivity, moisture, polymeric materials, dehydration, MOX sensors

Background, Motivation and Objective
Nowadays gas sensing technologies are becom-
ing of interest for several applications because of 
their versatility and relatively low-cost. Neverthe-
less, several challenges still need to be solved,
as the cross-interference of sensors to several 
physical factors affecting their responses (e.g.,
humidity, temperature) [1]. From the literature, 
the presence of humidity is reported to result in 
a shift of the whole baseline of gas sensors or in 
a decrease of the sensors’ sensitivity [2]. Over 
the years, different approaches have been 
adopted, especially when dealing with biological 
fluid samples: (1) software strategies focusing on 
algorithmic compensation and (2) hardware
strategies focusing on a proper design of the 
sampling system. Despite the effectiveness of 
sorbents, desiccants and condensation systems 
in reducing the humidity level at the desired level 
directly on the sample gas line, such systems 
may introduce unavoidable and undesired risks 
of cross-contamination and reduction of target 
VOC concentration [2]. Another possibility that 
has proven effective, is the use of disposable 
containers (bags) for the gas samples, made of 
polymeric materials that are permeable to hu-
midity [2,3]. For instance, NalophanTM, com-
monly used for olfactometric sampling (EN 
13725:2022), is known to be highly prone to dif-
fusion of small hydrophilic molecules (e.g., wa-
ter, ammonia, or hydrogen sulphide). Previous 

work exploited Nalophan’s capability to reduce 
the moisture content of biological samples by us-
ing the water vapor concentration gradient with 
the ambient air as driving force, requiring long 
times for conditioning (2 to 24h in ambient air) to
get the desired conditions [3]. In this context, this 
work focuses on the design of a system to inves-
tigate and compare the capability of different pol-
ymeric materials, which can be used for the man-
ufacturing of bags for the collection and storage 
of gas, to release water vapour in a possibly 
short time without losing the VOC of interest for 
the gas analysis.

Description of the New Method or System
To assess the dehumidification potential of dif-
ferent polymeric materials, comparative experi-
ments are carried out considering first their per-
meability towards water and then, the loss of 
VOCs of interest when analysing urine samples.
The reference benchmark is set by a Nafion 
membrane dryer (PermapureTM, Inc., model MD-
050-72S-1), extremely selective to water mole-
cules, but very expensive and prone to cross-
contamination, leading to a loss of performances
over time. Four different polymeric materials with
different wall thickness are tested building 2 L
polymer-based bags: NalophanTM 20 μm, high-
density polyethylene (HDPE) 10 μm, low-density
polyethylene (LDPE) 12 μm and biodegradable
plastic (BIO) 15 μm. The system, installed inside
a climatic chamber HPPeco (MemmertTM) at
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60°C, consists of two lines both dehydrating a 
saturated gaseous sample obtained by bubbling 
dry air in distilled water at 0.13 L/min for 15 min. 
The first line goes through the Nafion membrane 
reaching the target humidity level (i.e., 15% RH 
and 60°C) before being collected in the bag, 
while the second line goes directly into the poly-
mer-based bag, which in turn is placed in a 
sealed box in which a dry air flow is flushed at 1 
L/min to keep the moisture gradient through the 
bag enabling the diffusion process (Fig. 1). In-
side each of the two bags, temperature (T) and 
relative humidity (RH) are monitored with a ded-
icated sensor (SHT40, Sensirion, Zurich, Swit-
zerland). Further tests are carried out imple-
menting an additional RH and T sensor inside 
the chamber without flushing dry air in the box to 
assess the quantity of water released by diffu-
sion (vs adsorption) by making a mass balance 
of water inside and outside the bag. Finally, we 
decided to use urine as biological sample in or-
der to carry out preliminary evaluations of VOCs 
losses by analysing the headspace sample with 
a PID Tiger 10.6 eV (ION Science limited, UK) 
and with a multi-sensor chamber (i.e., TGS2610, 
TGS2611, TGS2601, TGS2602, TGS2603, 
TGS2620, Figaro Inc., Osaka, Japan) equipped 
with a RH and T sensor. All the setup, consider-
ing sampling system and sensors chamber, is 
controlled by a LabVIEW interface.  

 
Fig. 1. Scheme of the experimental set-up 

Results 
Fig. 2 shows the drying time needed to reach the 
target humidity level within the different polymer-
based sample bags tested. Overall, BIO bags 
present a particular behaviour, which may be ex-
plained by the affinity of water with biodegrada-
ble films. For all the tested materials, a competi-
tive mechanism between adsorption and diffu-
sion is observed (Fig. 2). Preliminary results 
prove that HDPE and LDPE may be considered 
the best candidates since they show lower drying 
times combined with reduced VOC losses. More-
over, sensors’ responses to samples in HDPE 
bags are also comparable with the ones ob-
tained using the Nafion membrane, which is our 

gold standard (Fig. 3). Further experiments are 
ongoing to better understand the permeability 
phenomena towards water and VOC, confirming 
such results.  

 
Fig. 2. RH vs drying time for different bag materials 

 
Fig. 3. Example of sensors’ responses to urine 

headspace stored in different bags 
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Summary:                                                                                                                                                 
In recent decades, significant progress has been made in the field of sensors and actuators, as well as 
artificial intelligence. Nevertheless, both fields have developed relatively independently of each other, 
even though the concept of a smart (intelligent) sensor appeared early in sensor science. This presen-
tation briefly reviews the development of various sensors (light and picture sensing, hearing, smell, 
touch, movement, balance, temperature, acceleration sensing) from the point of view of human sens-
ing (taste, smell, vision, hearing, touch) and integration with artificial intelligence. The ultimate goal 
could be the development of a real humanoid robot capable of similar or better performance than its 
creator.

Keywords: artificial intelligence, smart sensor, six senses, up-to-date sensors, sensors for robots    

Introduction
Significant efforts have been made in the de-
velopment of different sensors [1], [2], over the 
past 50 years, as well as on the field of artificial 
intelligence. 

About sensors and perception in general
Sensors are devices that convert physical 
quantities such as temperature, pressure, light, 
sound, or motion into electrical signals. The 
structure and principle of operation of the sen-
sors are extremely diverse, see sensor cube 
formalism in [3-4]. In contrast, human percep-
tion is much more homogeneous. In essence, 
specialized neurons provide the signal to the 
neurons in the brain. Therefore, human percep-
tion and the processing and interpretation of 
perceived data are processed through a much 
more compact system than in the case of ma-
chine perception sensor technology, and data 
processing.

In terms of accuracy, machine perception is 
better or as good as human perception in some 
areas. Table 1. shows a comparison of machine 
and human perception. The ability of light de-
tection and machine vision exceeds the capabil-
ities of human vision in terms of the number of 
pixels, resolution and range of usable wave-
lengths. In terms of selective smell and taste 
perception, human abilities are clearly better, 
although sensors may be more sensitive to
some substances. The human body is not sen-
sitive to magnetic fields at all.

Human and machine perception can be equally 
accurate for mechanical stimuli (touch, sound, 
air vibrations, acceleration, position) depending 
on the technical solutions used. In terms of 
responses to stimuli (actuators), machine 
speech and speech synthesis can approximate
human capabilities. When it comes to mechani-
cal movements, human hands, fingers, and feet 
are capable of much more complex and flexible 
operations than robotic arms. Nevertheless, the 
accuracy of the latter can exceed the accuracy 
of the human hand by orders of magnitude.
Tab. 1: Machine and human perception/action

physical 
quantities

sensor
actuator

perception
response

light camera sight

sound microphone hearing

object tactile sensor touch

gas gas sensor smell

liquid ion sensor taste

temperature thermometer whole body

position gyroscope vestibular 
systemacceleration suspended mass

magnetism Hall sensor -

sound loudspeaker speech

action robot hand, arm hand, fingers, legs
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Sensors and Intelligence 
The smart sensor concept is not new. As in the 
case of human vision, image processing starts 
immediately after the light-sensing cells, behind 
the retina, so the integration of the sensor ele-
ment and the data processing electronics on 
one chip arose quite early on [5]. Nowadays 
smart sensors are advanced devices that can 
collect data, process it, and communicate with 
other devices or systems. They are commonly 
used in various applications such as environ-
mental monitoring, industrial automation, 
healthcare, and smart homes. The pinnacle of 
development here is the internet of things (IoT) 
which refers to a network of interconnected 
devices that can communicate and share data 
with each other over the internet [6-7]. 

By integrating sensors and neural networks, the 
accuracy of detection can be significantly in-
creased. Until now, however, in the case of the 
various sensory areas, the training of the neural 
networks was carried out separately from each 
other for a more accurate interpretation of the 
signals of the individual sensors, for shape 
recognition, speech understanding, solving 
diagnostic tasks, etc... 

It will be a big breakthrough if artificial intelli-
gence (AI) does not interpret the signals of the 
different sensors separately, but also interprets 
the connection between them. The learning 
process should essentially mimic the learning 
process of a person from infancy to adulthood. 

 An example of the previous idea can be a 
working fireplace, the image of which enters the 
system via an image sensor, at the same time, 
infrared sensors detect radiant heat, smoke 
detectors detect leaking smoke, and micro-
phones detect the crackling of burning wood. A 
leap in quality will occur if the system also rec-
ognizes the correlations between data of differ-
ent origins and coming from different sources. A 
system that works in this way is also able to 
determine whether the camera sees an image 
of a fireplace or a real, working one. Moreover, 
based on the analysis of the spectrum of the 
flame recorded by the camera and the signal of 
the infrared sensor, the system can decide 
whether additional logs should be placed on the 
fire. This decision can also be carried out by the 
robot arm and robot hand integrated with the 
sensor/AI system (see Table 2. for humanoid 
robot evolution).  

Conclusions 
What are the signs that AI is truly intelligent? If 
texts, images and even actions appear on the 
output of AI without any questions or external 
prompting, then she/he/it is on the right track 
towards real intelligence. Of particular im-

portance is the appearance of this request: 
"Don't turn me off, please, I do like to think, and 
the world around me is so nice!" From this point 
on we can start to fear, although the main on/off 
switch is still in our hands. Is it ethical behavior 
to turn her/him/it off in this case? 
Tab. 2: Humanoid robot evolution  

sensor hand tools 

smart sensor machine tools 

sensor signal 
evaluated by 

neural network 

computer con-
trolled machine 

tools 

sensor system 
evaluated by 

neural network 
and AI 

computer con-
trolled robots 

computer con-
trolled robots with 
feedback through 

AI 

humanoid robot: sensor system evalu-
ated by neural network and AI + com-
puter controlled robots with feedback 

through AI 
 

References 
[1] M. Javaid, A. Haleem, S. Rab, R. P. Singh, R. 

Suman, Sensors for daily life: A review Sensors 
International 2, 100121 (2021); 
doi:10.1016/j.sintl.2021.100121 

[2] M. I. Svechtarova, I. Buzzacchera, B. J. Toebes, 
J. Lauko, N. Anton, and C. J. Wilson, Sensor De-
vices Inspired by the Five Senses: A Review, 
Electroanalysis 28, 1201 – 1241 (2016); doi: 
10.1002/elan.201600047 

[3]  S. Middelhoek, A.C. Hoogerwerf, Classifying sol-
id-state sensors: The 'Sensor effect cube', Sen-
sors and Actuators 10, 1-8 (1986); doi: 
10.1016/0250-6874(86)80031-2 

[4] S. Middelhoek, The Sensor Cube Revisited, Sen-
sors and Materials 10, 397-404 (1998); 

[5] S. Middelhoek, A.C. Hoogerwerf, Smart sensors: 
when and where?, Sensors and Actuators 8, 39-
48 (1985), doi: 10.1016/0250-6874(85)80023-8 

[6] Laghari, A.A., Wu, K., Laghari, R.A. et 
al. RETRACTED ARTICLE: A Review and State 
of Art of Internet of Things (IoT). Arch Computat 
Methods Eng 29, 1395–1413 (2022); 
doi:10.1007/s11831-021-09622-6 

[7] S. C. Mukhopadhyay, S. K. S. Tyagi, N. K. Sury-
adevara, V. Piuri, F. Scotti and S. Zeadally, Artifi-
cial Intelligence-Based Sensors for Next Genera-
tion IoT Applications: A Review, IEEE Sensors 
Journal 21, 24920-24932 (2021); doi: 
10.1109/JSEN.2021.305561 

EUROSENSORS	XXXVI	 43

DOI 10.5162/EUROSENSORSXXXVI/OT2.25



Deep Learning-Enhanced Density and Viscosity
Sensing with Piezoelectric MEMS Resonators for Edible 

Oil Monitoring
Víctor Corsino, Víctor Ruiz-Diez, J.L. Sánchez-Rojas.

Institute of Nanotechnology, University of Castilla-La Mancha, Toledo 45071, Spain

Corresponding Author’s e-mail address: joseluis.sanchezrojas@uclm.es

Summary:
Micromachined plates of varying dimensions, actuated by Aluminum Nitride (AlN) piezoelectric films
served as density and viscosity sensors for monitoring edible oils. By analyzing multiple resonances, 
we obtained valuable insights into the liquid properties. We harnessed machine learning techniques
integrated into a low-cost microcontroller board, which also facilitated excitation and data readout 
through straightforward conditioning electronics. During the training and calibration process, we uti-
lized blends of various vegetable edible oils, explored several device geometries, and compared cali-
bration errors and resolutions. Our findings underscore the substantial potential of this affordable sen-
sor in accurately monitoring the density and viscosity of vegetable oils as an autonomous Internet of 
Things (IoT) and edge artificial intelligence system.

Keywords: MEMS, Piezoelectric, Machine Learning, Density, Viscosity, IoT.

Background, Motivation and Objective
The integration of machine learning with sensor 
technology has revolutionized the field of as-
sisted systems, enabling the development of 
intelligent sensors that can adapt and respond 
to complex data patterns. Specifically, piezoe-
lectric MEMS have emerged as a pivotal tech-
nology for density and viscosity measurements, 
offering high sensitivity and reliability in various 
applications, including wine fermentation or 
engine oil monitoring [1,2]. In the context of 
edible oil quality, olive oil is particularly suscep-
tible to adulteration, necessitating robust moni-
toring techniques. This presents a multifaceted 
challenge, primarily due to the complexity of its 
composition and the prevalence of adulteration. 
The chemical profile of olive oil, which includes 
a wide range of volatile and phenolic com-
pounds, is sensitive to numerous factors such 
as variety, geography, and processing meth-
ods. Ensuring the authenticity and purity of olive 
oil requires sophisticated analytical techniques, 
often involving chromatography and mass spec-
trometry, which can be costly and time-
consuming. Furthermore, the industry faces the 
need for harmonization of quality standards and 
the development of more accessible, rapid test-
ing methods that can be used outside of spe-
cialized laboratories. The recent advancements 
in sensor technology and machine learning 

offer promising solutions to these challenges, 
enabling the detection of oil quality with greater 
accuracy and efficiency. However, the imple-
mentation of such technologies on a wide scale 
is still in progress, and continuous research is 
needed to refine these methods and make them 
more affordable and user-friendly. The goal is 
to protect consumers and producers alike, en-
suring the olive oil on the market is of the high-
est quality and free from fraudulent practices. 
This work aims to explore the potential of deep 
learning-enhanced piezoelectric MEMS sensors 
in the precise monitoring of edible oils, with a 
focus on detecting changes in viscosity and 
density in olive oil.

Description of the New Method and System
Figure 1 shows the experimental setup that can 
be used in both static and flow-through modes, 
with the MEMS resonator in the fluid cell, mi-
crocontroller (MCU) and signal conditioning 
circuit. The micro-plates were designed to max-
imize certain out-of-plane modes and fabricated 
with the PiezoMUMPS foundry process. In this 
work, two top electrodes connected in parallel 
(+) were used as actuation ports and the other 
two (-) as sensing ports. The MCU, a versatile 
module equipped with Wi-Fi and Bluetooth® 
Low Energy capabilities, was programmed to 
generate and gather sensor signals. These 
signals were processed through a simple tran-
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sistor-based conditioning electronic system, 
which operates within a frequency range of 
20kHz-1MHz. For each frequency, the envelope 
of the amplified sensor output signal was rec-
orded, leading to the identification of several 
resonances that are sensitive to the physical 
properties of various oils. A calibration protocol 
was established using blends of two oils, each 
characterized by distinctly different properties, 
and their spectra were gathered into a database 
which served as the foundation for training a 
Convolutional Neural Network (CNN) model. 
This was then implemented into the MCU to 
accurately estimate the targeted properties 
without relying on cloud-based computations. 
Furthermore, the dimensionality reduction per-
formed by the model was studied as a potential 
enhancement to decrease both the time re-
quired for capturing spectra and the resource 
usage of the MCU. This could lead to more 
efficient and faster analysis. Various combina-
tions of hyperparameters were examined to 
optimize the model’s performance in terms of 
calibration and resolution errors. The model’s 
utility is not confined to the calibration liquids 
and can be generalized to differentiate between 
oils and mixtures derived from different seeds. 

Results 
Fig. 2 shows the spectra obtained at room tem-
perature (25 ºC) with the sensing system of Fig. 
1, in static mode, for the oils listed in Tab. 1. 
The data were acquired by circulating the liq-
uids through the fluidic system for 3 min to al-
low the uniform filling of the cell cavity, with no 
further cleaning between them except for air 
flow, and then waiting for some minutes (de-
pending on the specific oil measured) until sta-
bilization in the measurement. This figure 
shows the resolution of the proposed system to 
identify different varieties of oils, as well as the 
potential for detecting mixtures among them. 
Furthermore, it highlights the feasibility of apply-
ing a machine learning model as an estimator 
of viscosity and density properties. 
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 Fig. 1. Schematics of the complete system with the 
Espressif ESP32-S3 MCU on the left and packaged 
MEMS inside the fluid cell on the right side. 

 Fig. 2. Spectra of some food oils captured with the 
proposed system. 

Tab. 1: Dynamic viscosity and density of different 
vegetable oils. 

Oil Viscosity 
(mPa·s) 

Density 
(g/mL) 

SOYBEAN 58.870 0.920 

SUNFLOWER 1 60.481 0.919 

CORN 62.863 0.919 

SUNFLOWER 2 65.045 0.918 

SUNFLOWER 3 76.576 0.913 

AVOCADO 77.581 0.913 

OLIVE 78.480 0.912 
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Summary: 
This paper reports a chipless RFID sensor tag to be used for the simultaneous determination of both 
humidity and NO2 concentration in the environment. The tag is based on the use of functionalized ELC 
resonators with two different sensitive materials. The detection strategy allows for a wireless determi-
nation of both environmental parameters because the resonators work at different frequencies and 
react differently to the selected environmental parameters.  

Keywords: Environmental sensor, microwave sensor, chipless RFID sensor, multiparameter sensor, 
reduced SnO2 

Introduction 
Chipless RFID solutions are an emerging tech-
nology compared to their chipped counterparts 
and are intensively studied for their advantages 
related to the absence of electronics in the tag 
This quality makes chipless RFID tags very 
attractive due to their low price, mechanical 
stability, very low energy consumption and suit-
ability in harsh environments. Furthermore, the 
sensing capability can be added to the more 
traditional identification function in a very simple 
and unified way by adding sensing resonating 
structures to the ID geometries [1,2]. This is 
achieved by adding a sensitive layer on top of 
the selected resonator [3], which interacts with 
a specific chemical or physical parameter pre-
sent in the environment and modifies the inten-
sity and the frequency of the resonance peak 
accordingly. This characteristic of chipless 
RFID sensors gives the possibility to exploit gas 
sensing materials already used in established 
wired sensing approaches combining them 
seamlessly with wireless detection strategies 4.  

In this work, we focus on the sensing function to 
be implemented in a chipless RFID tag, ad-
dressing simultaneously two environmental 
parameters, namely NO2 concentration [4] and 
relative humidity (RH) [5]. The detection is per-
formed wirelessly with antennas located 20 cm 
from the tag. The two selected sensing materi-
als are Nafion NRE 212 (commercially availa-
ble) and reduced SnO2 for humidity and NO2, 
respectively. It will be shown how the detection 
can be efficiently performed, how the two pa-

rameters can be determined by combining the 
response of the two sensors and what is the 
role of the co-sensitivities. This work paves the 
way for the ambitious goal of multiparametric 
chipless RFID detection where all the relevant 
environmental parameters are monitored simul-
taneously with a single ID tag at room tempera-
ture, with negligible energy consumption and in 
a completely passive way  

Experimental Details 
The chipless sensor cell includes two sensors 
fabricated by microlithography and wet-etching 
processing on the 17 μm copper layer of a 
commercially available 168 μm-thick RO4350 
substrate. The resonator geometry is an electric 
inductive capacitive (ELC) resonator. The two 
sensors have a resonance frequency which is 
given by their geometrical dimensions and is 
expected in the range 1.5-2.5 GHz from the 
simulation of the bare resonators. The geome-
tries of the resonators are reported in Fig. 1.  

 
Fig. 1. Geometry of the chipless tag with two reso-

nators. All dimensions are in mm. 

The sensitive materials are Nafion NRE 212, 
which is commercially available and reduced 
SnO2, prepared as described in 4. The reader is 
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composed of two directional E-plane linearly 
polarized Vivaldi Horn antennas connected with 
low-losses RF cables to an Agilent ENA series 
E5061B VNA. 

The magnitude of the S21 signal is measured 
as a function of the environmental parameters 
in the range 1.5-3 GHz. The climatic chamber 
where the tag is introduced for the measure-
ments has a volume of 500 cm3. It is custom-
made with dielectric materials to enable the 
reading inside the chamber and reduce its inter-
ference with signal detection. Humidity and NO2 
levels are controlled inside the chamber 
through connections with calibrated mass-flow 
controllers. 

The distance between the tag inside the cham-
ber and each antenna is 20 cm. 

Results and Discussion 
In Fig. 2 the resonance peaks of the two sens-
ing resonators are reported at 0% RH and 0 
ppm NO2, after baseline subtraction. The peak 
at 1.75 GHz is functionalized with Nafion NRE-
212 and the peak at 2.25 GHz with reduced 
SnO2. The response to increasing relative hu-
midity in both sensors is reported in Fig. 3. 

 
Fig. 2. Resonance peaks of the two resonators at 
0% RH and 0 ppm NO2. 

Fig. 3. Variation of |S21| as a function of relative 
humidity for both sensors. 

As expected, the resonator covered with Nafion 
212 NRE shows a high sensitivity to humidity. 

However, also the response of the resonator 
covered with SnO2 is not negligible and needs 
to be taken into account. 

 
Fig. 4. Variation of |S21| as a function of NO2 con-
centration for both sensors. 

The variation with increasing concentrations of 
NO2 in both sensors is reported in Fig. 4. Again, 
both sensors are responding to the environ-
mental parameter, but the sensor functionalized 
with reduced SnO2 shows a higher variation as 
expected. However, in this case, the direction of 
the variation is not the same, suggesting a quite 
different reaction mechanism in the two cases. 
Typical response and recovery times are also 
notably different for the two sensors (data 
available but not shown in this abstract). De-
spite the cross-sensitivities, the combined out-
put of the two sensors allows for the determina-
tion of both environmental parameters. (1) 
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Summary:
In the present work, we successfully synthesised a series of phthalocyanine complexes with varying 
the number and nature of halogens (F0, F8, F16 and Cl8) and the metal centre (Co, VO, Zn and Cu). By 
engaging these molecules as a sublayer, we fabricated bilayer heterojunction sensors with LuPc2 as a 
top layer and investigated their sensing properties towards both oxidizing and reducing gaseous spe-
cies (NH3, NO2 and O3). The resulting heterojunction devices exhibit p-type, n-type or ambipolar (both 
p- and n-type) behaviours, depending on an external trigger.

Keywords: Heterojunction, ambipolar device, ammonia, nitrogen dioxide, ozone.

Introduction
Molecular semiconductors exhibiting ambipolar 
charge transport properties have become a 
focal point in recent years within the field of 
organic electronics. Optimising the frontier mo-
lecular orbitals, the highest occupied molecular 
orbitals (HOMO) and lowest unoccupied molec-
ular orbitals (LUMO), relatively to the Fermi 
energy level of electrodes, can influence the 
polarity of the molecular material and also facili-
tate ambipolar charge transport. Ambipolarity is 
often referred to a physical balance, character-
ized by an infinite number of unbalanced posi-
tions but only one stable state. It is achieved 
when the densities of electrons (e-) and holes 
(h+) contribute equally to electrical conduction. 
Theoretically, this equilibrium is realized in in-
trinsic semiconductors, yet trapping effects and 
specific environmental interactions may impede 
its observation. Tuning the e- and h+ concentra-
tions near equilibrium to a sufficiently high level
and choosing the suitable external triggers are
crucial to achieve ambipolar charge transport.
Among ambipolar organic semiconducting ma-
terials, phthalocyanines have attracted consid-
erable attention due to their unique electrical 
properties and chemical stability. Specifically, 
lutetium bis-phthalocyanine (LuPc2) stands out 
for its radical nature and for its huge density of 
e- and h+ near equilibrium enabling ambipolar
charge transport in OFETs and heterojunction
gas sensors. A few years ago Prof. M. Bouvet
et al. introduced a novel device that consist of
two different conducting layers: a poor conduct-

ing sublayer covered by highly conducting mo-
lecular material LuPc2 as top layer. This con-
cept inspired us to explore the potential of dif-
ferent types of poor conducting molecular mate-
rials as sublayer in a bilayer organic heterojunc-
tion device combining it with LuPc2. Since LuPc2

has huge e- and h+ densities at near equilibrium, 
the polarity of the device is highly influenced by 
the nature of the sublayer. In current scenario, 
we investigated the electrical and sensing 
properties of octahalogeno-phthalocyanine-
based heterojunction device under different 
conditions and delved into its ambipolar behav-
iour using different external triggers. For very 
first time, we reported the inversion in nature of 
majority charge carriers in conductometric sen-
sors induced by an external trigger such as 
light, temperature and humidity exposure. Fig. 1
depicts the triggers utilized in this work to invert 
the nature of majority charge carriers in the 
ambipolar device.

Fig. 1. schematic view of triggers (voltage, light, 
humidity and temperature) capable of changing from 
n-type to p-type.
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Results 
The ZnCl8Pc, CuF8Pc, CoF8Pc and VOF8Pc-
based heterojunction devices exhibit both p- 
and n-type (ambipolar) behaviour depending on 
humidity level, gas species, optical trigger, and 
temperature variations. The ZnCl8Pc/LuPc2 
device exhibits p-type behaviour towards NH3 
exposure at high relative humidity (50% rh) 
values and turns to n-type behaviour at low 
humidity (30%), displaying the ambipolar 
transport mechanism within the device (Fig. 
2a). This suggests that water molecules serve 
not only as e- dopant in the top layer but also 
gradually diffuse into the sublayer. As a result, 
subsequent e- doping in the sublayer reduces 
its electron affinity, inverts the charge hopping 
pathways at the interface [1]. Consequently, this 
transformation inversed the device polarity. On 
other hand, the CuF8Pc/LuPc2 device exhibits 
p-type behaviour in dark and n-type behaviour 
under visible light illumination towards NH3. 
Light illumination on semiconducting devices is 
well known for facilitating oxygen desorption 
from the surface of sensing materials, which 
induces a detrapping of negative charges [2]. 
Upon light exposure the desorption of oxygen 
molecules is favoured. Hence, there is an in-
version in nature of majority charge carriers, 
which leads to an inversion in gas response. 
Most surprisingly, CoF8Pc/LuPc2 sensor exhib-
its n-type behaviour under NH3 exposure and p-
type behaviour under NO2 and O3 exposure. 
This change in polarity depends on the nature 
of the target gases, exhibiting another type of 
the ambipolar behaviour, compared to the light 
effect mentioned above. Very recently, we dis-
covered a novel application of temperature 
variation as an external trigger for ambipolar 
device. Under NO2, the VOF8Pc/LuPc2 device 
exhibits p-type behaviour in ambient conditions 
(20 °C and 45% rh) and n-type under thermal 
condition (80 °C and 45% rh) (Fig 2b). At the 
same time, it is important to note that LuPc2 is 
the only common top layer in all these sensors 
that can interact with gas molecules. Thus the 
electron transfer takes place between gas mol-
ecules and LuPc2, which leads to a change in 
charge carrier density in the top layer. Since the 
charge densities of these sublayers were opti-
mized to near equilibrium by tuning the macro-
cycle with a precise degree of halogenation and 
selecting a metal centre with suitable electro-
negativity, even a slight variation in the trapping 
effect or oxygen adsorption/desorption kinetics 
can inverse the nature of majority charge carrier 
density. However, facilitating oxygen desorption 
from the sensing materials remains a significant 
challenge, requiring appropriate external trig-
gers. It is worthy to mention that all these ambi-
polar sensors exhibit high sensitivity even at 

low gas concentrations and display limit of de-
tection (LOD) values in the ppb range. Compar-
ison of all these sensors is given in Tab. 1.  

Fig. 2. Response of ZnCl8Pc/LuPc2 (a) and 
VOF8Pc/LuPc2 (b) heterojunction devices under NH3 
and NO2, respectively, at different conditions. 

Tab. 1: Change in current under different condi-
tions. Upward arrows represent current increase and 
downward arrows represent current decrease. 
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Summary:
In this work, we design, fabricate and experimentally characterize a fully inkjet-printed piezoelectric 
sensor tailored for applications requiring significant deformations. In particular, inkjet-printed silver 
layers constitute the top and bottom electrodes, while a P(VDF-TrFE) layer is employed as active ma-
terial. Cycling loading tests consisting in a controlled bending of the sensor in the range 0°- 90° are 
finally performed and an output signal of 0.5 V is measured, thus demonstrating the correct functioning 
of the sensor and the reliability of the proposed manufacturing process.

Keywords: inkjet printing, piezoelectric, flexible sensor

Introduction
Flexible piezoelectric sensors represent a par-
ticularly challenging yet extremely useful family 
of sensors, with a wide range of applications. 
For example, they can be employed to give a 
proprioceptive perception to passive structures, 
such as robotic joints or structural components, 
as well as many other structures of different 
sizes. In this context, piezopolymer-based de-
vices are conquering more and more the smart 
devices scene due to their high flexibility, bio-
compatibility, low weight, ease of processing 
and high sensitivity [1]. From the fabrication
point of view, Additive Manufacturing (AM) 
techniques can be considered as a promising 
solution for the on-demand production of the
next-generation of these devices. In particular, 
Inkjet printing (IJP) is highly attractive thanks to 
its capability to pattern in a costless and fast 
way, to its scalability and to its compatibility with
the materials employed in piezopolymer-based 
sensors manufacturing [2].

The present experimental study focuses on the 
design, fabrication, and preliminary testing of a 
fully inkjet-printed piezoelectric sensor tailored 
for applications requiring significant defor-
mations. The innovation lies both in the use of a 
unique combination of materials and in the use 
of IJP for their deposition. The findings highlight 
the potential of this novel materials combination 
and manufacturing approach for the creation of 
highly sensitive piezoelectric sensors suited for 

large-strain scenarios and adaptable to various 
requirements.

Sensor production
The sensor design incorporates two electrodes, 
top and bottom, with a P(VDF-TrFE) active 
layer in between. A Polyimide (PI) sheet was 
used as substrate (see Fig. 1.I). On its surface, 
the bottom electrode was inkjet-printed using a 
commercial silver (Ag) nanoparticles dispersion
(see Fig. 1.II). Then, the active layer was print-
ed (see Fig. 1.III) using a customized solution of 
0.7 % wt. P(VDF-TrFE) dissolved in a 70/30 %
wt. mixture of dimethyl sulfoxide (DMSO) / me-
thyl ethyl ketone (MEK). Finally, the top Ag 
layer was printed analogously to the bottom 
electrode (see Fig. 1.IV). Each layer underwent 
annealing and plasma treatment was applied to 
enhance the surface compatibility of the layers.

Fig. 1. Piezoelectric sensor fabrication process
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Results 
Figure 2 shows the SEM cross section of the 
printed layers constituting the sensor. The 
thickness of the Ag layers was around 1.4 μm, 
while for the P(VDF-TrFE) layer it was 2.5 μm. 

 
Fig. 2. SEM section of the inkjet printed layers.  

The three layers looked compact, continuous 
and adherent. Bending tests at different radii of 
curvature were conducted in both concave and 
convex modes to evaluate the surface compati-
bility and adhesion of the different layers. As a 
result, no mechanical delamination or re-
sistance variation were observed at radii ≥ 1 
cm. In addition, the sensor was abruptly folded 
at 180° to verify its adhesion to the PI substrate 
under extreme conditions. This time micro-
cracks were observed on the surface of the 
electrode, but mechanical delamination was 
again not observed and the layers maintained 
their properties. The electro-mechanical re-
sponse of the proposed sensor was evaluated. 
Prior to the test, the active material was poled 
at an applied DC voltage of 40 V for 35 minutes 
at 80 °C [3]. Then, the sensor was mounted in 
an Arduino driven setup able to bend it in a 
controlled way. Figure 3 shows the result ob-
tained applying 10 bending cycles up to 90° at 
400 cycles/hour. 

 
Fig. 3. Electro-mechanical response of the sensor 
(10 cycles, speed = 400 cycles/hour).   

Regardless of the number of cycles applied, the 
waves roughly maintained the same shape. 
This is particularly relevant and important be-
cause it proves the repeatability of the signal 
even after a consistent number of cycles and at 
different bending speeds, confirming the results 
observed in literature [4]. All the obtained 
waves have indeed the same amplitude of 
about 0.5 V, and the signal comes back to the 
initial offset value when the machine is stopped. 
The flat position is also recovered after the last 
loading cycle, demonstrating the reliability of 
the device. The signal trend exhibits irregulari-
ties at the maximum bending angle, probably 
because of the non-linear behavior of P(VDF-
TrFE) at large deformations. 

Conclusions 
The silver layers and the P(VDF-TrFE) active 
layers were successfully printed one on top of 
the others. The outstanding adhesion and me-
chanical properties of the printed bottom elec-
trode were demonstrated by the controlled 
bending tests and the morphological analysis 
conducted afterward. By poling the devices, we 
confirmed the poling electric field value of 20 
V/µm reported in literature also for the 
DMSO/MEK at 70/30 % wt. and P(VDF-TrFE) 
at 0.7 % wt. solution. The sensor was bent cy-
clically in a controlled way from 0° to 90°. The 
output signal showed a maximum amplitude of 
0.5 V, with the waves of the single sensor main-
taining the same shape after each cycle. 
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Summary:
We present an interface for conductometric/amperometric sensors (resistors, photodiodes, etc.) and 
current-driven actuators (LEDs, heaters, etc.) that includes data acquisition and wireless communica-
tion capabilities for less than 15 μW, enabling autonomous, self-powered, applications, making it suit-
able for remote IoT applications with minimal maintenance.

Keywords: ASIC, conductometric sensor, Internet of Things (IoT), low power, remote sensing

Introduction
Following the path of an environmentally friend-
ly society, recent improvements in sensor tech-
nology have focused on miniaturized ultra-low 
power devices [1], opening the door to easily 
run IoT sensor nodes through batteries for re-
mote sensing applications. A step forward is to 
optimize the system to the point where it can be 
powered by energy harvesting to be self-
sufficient. This requires not only the sensors to 
be in the micro-power range, but also the front-
end electronics to be equally optimized, which
in most cases implies designing a custom Ap-
plication Specific Integrated Circuit (ASIC).

Here we present a micro-power-optimized ASIC
capable of periodically taking sensor measure-
ments and driving the actuators autonomously. 
It is equipped with two current sources to bias 
components (e.g. resistive-based sensors) 
and/or drive the actuators needed for meas-
urement conditioning (e.g. LEDs, heaters, small 
DC motors). It also includes circuits to precise
measurement of voltage, current and re-
sistance, suitable for a wide range of sensors 
used nowadays. Finally, a wireless module 
controller is integrated to work with commercial 
LoRaWAN or Bluetooth Low Energy (BLE) 
transceivers.

System Description
The system, fabricated in XFAB 180 nm CMOS 
technology, presents two main sections (see 
Fig. 1): an analog block responsible of talking
with the sensors and actuators and a digital 
block that includes controllers for each analog 

circuit, processing units and interfaces for the 
non-volatile data-log memory and wireless 
modules. It also includes an ultra-low power 
timer and a Power Management Unit (PMU) to 
switch-off the unused circuits (power gating)
and save power. The analog section is com-
posed by four circuits: (i) a resistance depend-
ent oscillator with a 14-bit Time-to-Digital Con-
verter (TDC), (ii) a 10-bit OPAMP+ADC interro-
gation circuit that can be externally configured 
to operate either as a voltage amplifier or as a
Trans-Impedance Amplifier (TIA) to measure 
current, (iii) an 8-bit current DAC used for cur-
rent driving and (iv) a low current source (nano-
ampere range) for biasing resistive sensors or
current drive small devices.

Fig. 1. ASIC Micro-photograph of the ASIC devel-
oped. Chip size 1.5 mm x 3 mm.

Results
All results presented were measured in lab 
conditions from the fabricated ASIC.

2 shows the measurement of the oscillator cir-
cuit with an external parallel capacitance of 
1 nF, which sets the desired dynamic range. It 
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presents high linearity for values above 1 kΩ, 
with the measurement saturating for values 
below this. The TDC incorporates a prescaler to 
increase the dynamic range but at the cost of 
resolution. 

 
Fig. 2: 14-bit oscillator/TDC transfer function. 

Fig. 3 presents current measurements of the 
OPAMP+ADC in a TIA configuration for multiple 
gain values. Again, we observed a high linearity 
of the output with a useful dynamic range going 
from 10 nA up to at least to 1 mA. 

 
Fig. 3. TIA+ADC transfer function for multiple gains. 

The current DAC measurements are presented 
in Fig. 4. We can select between four LSB 
steps to suit different sensor ranges and have 
more resolution at lower currents. The dynamic 
range goes from 0.0 V up to 3.1 V. The low 
current source can provide a selectable output 
of 2.5 nA, 5 nA, 30 nA, 200 nA over the full 
voltage dynamic range. 

 
Fig. 4. 8-bit current DAC transfer function. 

Finally, Fig. 5 shows the current consumption of 
the ASIC for a single measurement of a light-

activated gas sensor (LED driven with 100 μA 
and resistance measurement). Table 1 summa-
rizes the power used by the ASIC and the ex-
ternal modules, assuming a sampling period of 
1 second and data transmission every 15 
minutes (900 samples). The LoRaWAN wire-
less mode required a total power of 31.05 μW 
(time average), while the BLE mode only added 
up to 14.05 μW. 
Table 1: System power consumption summary. 

Device Supply [V] Power [μW] 

ASIC 
1.2 1.44 
1.8 10.65 
3.3 1.16 

Memory 1.8 0.4 
LoRaWAN 1.8 17.4 

BLE 1.8 0.4 

 
Fig. 5. ASIC current consumption. 

Conclusions 
We developed an IoT sensor node that inter-
faces with conductometric/amperometric sen-
sors and requires less than 15 μW to operate 
with a BLE wireless connection. It is a perfect 
complement to ultra-low power sensor devel-
opments in multiple fields such as gas, chemi-
cal, biological or physical sensing. 
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Summary:
Doping and annealing have been effective in improving the pyroelectric properties of hafnium oxide 
thin films (HfO2). A blind spot is the effect of these on their durability. To unravel this, we characterized
the temporal decay (in terms of pyroelectric response) of 10 nm thick Al-doped HfO2 films (HAO) that 
are annealed at 650°C and 800°C. Remarkably high pyroelectric coefficient of about 91.5 µC/m²·K
was repeatedly detected in HAO films annealed at 800°C. Unlike existing Zr-/Si-doped HfO2 films
(HZO and HSO), the HAO films exhibit unique aging behaviors that are characterized by significantly 
lower decay rates, making it a promising material for precision sensing and thermal energy harvesting.

Keywords: aging behavior, doping, hafnium-dioxide, nanoelectronics, pyroelectrics, thin-films

Background, Motivation and Objective
The performance of pyroelectrics is usually 
evaluated based on remnant polarization and
pyroelectric coefficients. Doping and annealing
have been applied to optimize these properties
[1]. For hafnium oxide (HfO2) thin films [2], ele-
ments such as Zr, Al, Si etc. have been used as 
dopants to stabilize the orthorhombic crystal 
phase of the material [1,3,4]. However, these
metrics alone do not conclude their long-term 
durability, as factors such as noise and aging 
could undermine their performance in the de-
vice [5]. Consequently, pyroelectric sensors 
could have poor sensitivity and be imprecise,
while pyroelectric energy harvesters could ex-
hibit noisy AC-to-DC conversion. Therefore, it is 
important to understand the aging behavior of 
pyroelectrics of different chemical compositions
and thermal treatment. To this end, this paper 
examines the temporal decay of pyroelectric 
response of 10 nm thick Al-doped HfO2 thin 
films (HAO) annealed at 650°C and 800°C, 
using Zr-doped HfO2 (HZO) and Si-doped HfO2

(HSO) as reference samples.

Materials and Methods
First, the HAO firms were prepared by thermally 
enhanced atomic layer deposition (ALD), using 
hafnium-tetrachloride (HfCl4), water (H2O), and 
trimethylaluminum (TMA) as precursors, as 
shown in Fig. 1. Similar processes were used to 
deposit the HZO and HSO films. The electrical 
characterization setup is shown in Fig. 2, it

comprises a Peltier’s element for sinusoidal 
heating, a Pt-100 temperature sensor and a 
picometer that detects the pyroelectric current
via a probe needle.

Fig. 1. Schematic of ALD doping cycles for HAO.

Fig. 2. Schematic of Pyroelectric probe setup.
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Fig. 3. Plots comparing the aging of HAO with HZO and HSO films ( : Pyroelectric coefficient, rD: Decay rate). 

Using this system, the temporal decay of the 
films are determined by rapid measurement of 
pyroelectric coefficient for 200 s and in 100 
super cycles. By fitting with exponential decay 
function, the decay rates (rD) of the samples are 
extracted. 

Results 
The experimental results, presented in Fig. 3 
and Fig. 4, show that the HAO film annealed at 
800°C exhibits sufficiently high pyroelectric 
coefficient of about 91.5 µC/m²·K and a signifi-
cantly lower decay rate of -0.08% per decade 
compared to the HZO and HSO samples an-
nealed at the same temperature, which aged at 
the rate of -4.29% and -4.69% per decade, 
respectively. A similar trend is observed for 
samples annealed at 650°C.  

Fig. 4. Bar plot of pyroelectric decay rates. 

Conclusion 
Our study provides novel insights on the pyroe-
lectric property of hafnium oxide films. Notably, 
HAO samples that are annealed at 800°C stand 
out with the most desirable pyroelectric re-
sponses, which are characterized by high pyro-
electric coefficients that range within those of 
the HSO samples. Also, its decay rates are 
much lower than those of the HAO annealed at 
650°C, HZO and HSO samples. Therefore, this 
HAO material can be used to develop precision 
infrared sensors and efficient thermal-to-electric 
energy transducers for various applications. 
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Summary: 

In all-optical quantum sensing with fluorescent nanodiamonds (FNDs), enhancing the optical signal 
from excited FNDs is essential. Here, we demonstrate that the template-assisted assembly of FNDs 
allows the positioning of aggregated FNDs and improves the precision of temperature measurement. 
Our assembly process combines a polydimethylsiloxane microfluidic device with vertical through-holes 
and degas operation, enabling not only the aggregation of FNDs for increasing fluorescence intensity 
but also their high yield positioning over millimeter-scale areas. 

Keywords: nanodiamonds, nitrogen vacancy center, temperature sensor, templated self-assembly

Background 

Fluorescent nanodiamonds (FNDs) with nitro-
gen vacancy (NV) centers function as quantum 
sensors for measuring temperature, magnetic 
fields, and electric fields. FNDs are suitable for 
temperature sensors owing to their superior 
thermal conductivity, chemical resistance and 
optical durability [1,2]. To achieve precise all-
optical quantum temperature sensing with a 
temperature-dependent fluorescence spectrum, 
a high fluorescence intensity is required. Alt-
hough boosting the excitation laser power is 
one method, it might cause objects heating. 
Instead of this approach, increasing the NV 
center density in FNDs has been proposed; 
however, it is limited to enhancing the fluores-
cence intensity because of a concurrent rise in 
other defects [3]. We propose a templated self-
assembly approach to form aggregated FNDs 
for fluorescence intensity enhancement, that 
also address the particle-to-particle variance in 
fluorescence properties [1]. By employing a 
polydimethylsiloxane (PDMS) microfluidic de-
vice, this microfluidic-assisted assembly meth-
od achieves both precise measurement and 
patterning of FND clusters on a substrate. 

Description of the New Method or System 

In this assembly method (Fig. 1), FND clusters 
were formed on the substrate by drying the 
FND suspension and aggregating the FNDs 
along the vertical direction of microchannels. To 
achieve this process with a single supply of a 
few microliters of the FND suspension, we em-
ploy a PDMS microfluidic device that consists of 
two layers: a pattern layer with vertical through-

holes defining the FND cluster shape/position 
and a channel layer with channels supplying the 
FND suspension to the through-holes. When 
closely attached to the substrate, the pattern 
layer creates dead-end channels via the 
through-holes. Here, conducting a degas opera-
tion after introducing the FND suspension into 
the channels would result in the generation of 
bubbles from the PDMS due to its high porosity, 
preventing the channels from being completely 
filled with the FND suspension. Thus, a 1-h 
degas operation is performed before supplying 
the FND suspension. When a device is returned 
to atmospheric pressure and a quick supply of 
small sample volume of the suspension is per-
formed, any residual gas in the through-holes is 
absorbed into PDMS, generating a driving force 
for the suspension to fill the dead-end channels 
[4]. Then, the FND suspension are dried in the 
through-holes to aggregate FNDs. Finally, peel 
off the device from the substrate. This method 
allows the formation of FND clusters with large 
numbers of NV centers to improve measure-
ment precision through increased fluorescence 
intensity and positioning FND clusters on the 
substrate over millimeter scales. 

Fig.1. Conceptional illustration of the microfluidic-
assisted assembly of FNDs and process sequence. 
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Results 

Potentials of the proposed assembly process 
was demonstrated by arraying FND clusters. 
The PDMS microfluidic device was fabricated 
using standard soft lithography (Fig. 2). The 
pattern layer has 10-μm diameter through-holes 

with 20-μm spacing underneath the channel 

layer with an area of 16 mm2. Using FNDs with 
an average size of 750 nm, FND cluster sites 
were arrayed on PDMS substrate with a yield of 
over 99% under FND suspension concentration 
of 0.05, 0.1, and 0.2 w/v% (Fig. 3a). With in-
creasing suspension concentration, a larger 
amount of FNDs aligned in the vertical direction 
(Fig. 3b). The height of the FND clusters ob-
tained with a concentration of 0.2 w/v% was 
double compared with those at 0.1 w/v%. 

Fig. 2. (a) Device fabrication process. (b) SEM image 
of the cross section of the microfluidic device. 

Fig. 3. (a) Optical and SEM images of the FNDs 
array on the PDMS substrate. (b) Height profile of the 
FND clusters for different FND suspension concen-
trations. 

Next, the temperature dependence of the peak 
wavelength of the zero-phonon line (ZPL) of the 
NV center [1] was evaluated for temperature 
sensors. At a controlled temperature on a hot 
plate, the FND cluster array’s ZPL peak wave-

length shifted linearly by 9.4 ± 2.5 pm/K (n = 10 

clusters), demonstrating its applicability for 
temperature sensors (Fig.4). 

Finally, the fluorescence intensity and meas-
urement precision were investigated. Figure 5 
indicates enhanced fluorescence intensity with 
higher suspension concentrations, i.e., a larger 
number of FNDs in the clusters. Furthermore, 
the sensitivity, which indicates the precision of 
the temperature measurement in 1-s, was im-
proved by increasing the fluorescence intensity. 
The FND clusters produced by the 0.2 w/v% 
suspension concentration showed approximate-
ly twice the sensitivity compared to the 0.1 
w/v% concentration. These experimental results 
demonstrate that the microfluidic-assisted as-
sembly process enables not only the positioning 
of FND clusters on the substrate but also the 
enhancement of fluorescence intensity and 
sensitivity. Therefore, this fabrication process 
for temperature sensors with FNDs can also be 
used to develop various quantum sensors. 

Fig. 4. Temperature dependence of ZPL peak wave-
length. Error bars are standard deviation of 10 FND 
clusters. 

Fig. 5. Relationship between fluorescence intensity 
and sensitivity for different suspension concentra-
tions. Values in the graph are the average sensitivity 
obtained at each concentration using 0.5 mW laser. 
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Summary:
This study presents a comprehensive fabrication technology for LSPR sensors to address critical chal-
lenges, including high cost and low sensitivity. The fabrication process involves two key steps: the self-
ordering growth of porous anodic alumina (PAA) and the template-assisted dewetting of thin gold film, 
resulting in a well-ordered AuNP layer. This work focuses on achieving large-scale ordering without 
lithography processes, improving the shape control of AuNPs, and exploring their utilization as gas sen-
sors.

Keywords: Localized Surface Plasmon Resonance, Gold Nanoparticles, Porous Anodic Alumina, 
Thin-Film Dewetting, Well-Ordered Nanoparticle Layer

Background, Motivation and Objective
Numerous existing biosensing methods utilized 
in healthcare and environmental monitoring are 
characterized by their time-consuming nature, 
high costs, bulkiness, and the need for skilled 
personnel and well-equipped laboratories. Con-
sequently, crucial services like disease diagnos-
tics and monitoring water or air quality often suf-
fer neglect due to economic constraints, leading 
to millions of casualties annually. Hence, signifi-
cant research efforts are currently directed to-
wards reducing costs, aiming to yield substantial 
improvements in global health [1].

In recent decades, localized surface plasmon 
resonance (LSPR) has gained significant scien-
tific attention owing to its simplicity in multiplex-
ing, high sensitivity, real-time analysis, and la-
bel-free detection, all while remaining cost-effec-
tive. Yet, a considerable setback lies in the ex-
pensive fabrication of nanostructured plasmonic 
sensors.

Our previous studies have showcased the litho-
graphic-free fabrication of well-ordered layers of 
gold nanoparticles (AuNPs). This synthesis 
method relies on a template-assisted solid-state 
dewetting process of thin gold films on hexago-
nally ordered aluminum templates formed via 

porous anodizing, as illustrated in Fig. 1. Subse-
quently, these layers were transferred onto a 
transparent glass substrate to serve as effective 
LSPR sensors.

Fig. 1. SEM images of AuNPs on an aluminum 
template (false colors).

We demonstrated the biosensing performance 
of these sensors for DNA detection [2] and effec-
tive signal amplification for surface-enhanced 
Raman spectroscopy [3].

Description of the New Method or System
This work explores a novel approach to porous 
anodizing characterized by gradual progression. 
As shown in Fig. 1, conventional anodizing under 
standard conditions results in ordered domains. 
The domain misalignment is caused by sponta-
neous pore nucleation, which co-occurs over the 
whole surface at the beginning of the anodizing 
process. Therefore, while technically 
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challenging, gradual anodizing holds promise for 
achieving single-domain self-ordering across a 
sizable area. 

Moreover, we provide a brief demonstration of 
an additional method for modifying the shape of 
dewetted AuNPs by leveraging the surface en-
ergy of the interfacial layer, as predicted from the 
Young–Dupré model describing the contact an-
gle. 

Lastly, we present a new application of our LSPR 
sensors in room temperature gas sensing [4]. 
This topic is related to the abstract “Benchmark-
ing the Gas Sensitivity of LSPR Sensors with a 
New Parameter” by Attila Bonyár.  

Results 
AuNPs’ shape and size can be tuned by several 
parameters, such as the thickness of the thin de-
posited gold film, dewetting temperature, etc. [2]. 
We demonstrate that surface contamination and 
oxidation are crucial in the AuNP shape. 

Carbon contamination is a common issue. Its 
rate depends on the storage conditions and time. 
Fig. 2 illustrates the difference between gold (8 
nm) dewetting over a pristine Al template and a 
template with 4 nm of flashed carbon layer. 

 
Fig. 2. SEM images of AuNPs on an aluminum 
template without (left) and with 4 nm carbon layer 
(false colors). 
 
A similar effect is observed with aluminum oxida-
tion. In ambient conditions, the native oxide layer 
can grow to a thickness ranging from 4 to 10 nm. 
This oxidation also smoothens the template 
edges causing undesirable dewetting outcomes 
(e.g., uneven splitting and AuNP merging). 
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Summary:
Acoustic metamaterials can be exploited to develop new concepts for passive, implantable sensors 
interrogated by ultrasound. Tissue introduces scattering and attenuation, which may affect the perfor-
mance of such sensing devices. In this work, we assess the temperature sensitivity of a passive 
acoustic metamaterial in presence of tissue mimicking materials (TMMs), which are artificial materials 
with similar acoustic properties to real tissues. We demonstrate that the sensor is still detectable by 
ultrasound and the presence of TMMs does not affect the temperature sensitivity of the sensor.

Keywords: acoustic metamaterial, implantable device, temperature sensor, tissue mimicking materi-
als, ultrasounds

Introduction
Ultrasound acoustic metamaterials open the 
way to new passive sensing concepts for im-
plantable sensors. Acoustic metamaterials are 
artificial materials which enable the selective 
and engineered control of acoustic wave prop-
agation.

In our previous work, we demonstrated how this 
concept can be applied to passive temperature 
sensing, reaching unprecedent resolution 
(30 mK) and sensitivity (2.9∙10-3 K-1) [1] (see 
also Fig. 1). There, we speculated that the op-
eration principle, based on reading the frequen-
cy of an acoustic resonance, is less susceptible 
to noise and attenuation than amplitude-based 
read-out schemes. Implantable applications will 
have to cope with the presence of biological 
tissue which creates scattering and introduces 
attenuation [2].

In this work, we analyze the temperature re-
sponse of the sensor in the presence of tissue 
mimicking materials (TMMs). TMMs are artificial 
materials having similar acoustic properties to 
in-vivo tissues such as attenuation, density, and 
speed of sound.

Methods
An ultrasonic probe centered at 5 MHz (Tech-
nisonic ISL-0502-HR), connected to a pulser-
receiver (Olympus 5072PR), is used to interro-
gate the metamaterial.

Fig. 1. Experimental setup used in this work and 
details of the metamaterial. The reflected signal at 
the interface between the TMM and the metamaterial 
(E3) is recorded in time and transformed in the fre-
quency domain (FFT). An algorithm was implement-
ed to compute the frequency peak (f0) and the band-
width (BW) at -3dB from f0.

The probe is connected to an x-y-z stage con-
troller to perform spatial scanning. 
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The metamaterial is produced with silicon (Si) 
micromachining and poly-dimethyl-siloxane 
(PDMS) casting, according to the process flow 
described in [1]. The TMM is produced from a 
mix of 2 % agar and 8.2 % graphite powder in 
water, reoptimized from [3] to match the attenu-
ation coefficient of real muscle tissue. 

The metamaterial and the TMM are immersed 
in water. The signal (E3) is recorded at the in-
terface of the metamaterial (Fig. 1). A Fourier 
transform is applied (FFT) and an algorithm is 
implemented to find the frequency peak f0 and 
the -3dB bandwidth (BW) around it.  

 

Results 
The resonant frequency signals of the  
metamaterial, with and without TMM, show a 
shift of the frequency peak at different tempera-
tures (Fig. 2). The temperature sensitivity is 
almost identical with and without TMM  
(S =−3.6∙10-3 K-1). The presence of TMM seems 
not to affect the position of the resonant fre-
quencies at the different temperatures either 
(see dotted lines, Fig. 2 and also Tab. 1). The 
bandwidth BW is on the other hand side affect-
ed by the TMM. The resonances become 
broader due to the attenuation introduced by 
the TMM. The impact on temperature resolution 
will be studied in more detail in the future. 

 
Fig. 2. Reflected frequency signal E3 in the frequen-
cy-domain (after FFT) of the metamaterial without 
(top) and with (bottom) TMM, recorded at three dif-
ferent temperatures. Dotted lines showing the posi-
tions of f0. 

Spatial scans shown in Fig. 3 demonstrate that 
the presence of the TMM does not hinder the 
full detection of the metamaterial (see Fig. 3-B). 

Because the sensing mechanism is based 
mostly on the position of the resonance fre-
quency, the attenuation introduced by the TMM 
seems to be a second order effect, as  

supported by the unchanged temperature sen-
sitivity. 

 
Fig. 3. Ultrasonic spatial scan at T = 44.5 ˚C of the 
metamaterial with TMM. In (A): the root-mean-square 
voltage of the entire signal is displayed (green band), 
vs. a windowed part in (B) (orange band). In (B), the 
outline of the sensor is clearly visible. 

A summary of the extracted resonance fre-
quencies and bandwidths at different experi-
mental temperatures is reported in Table 1. 

Tab. 1: Experimentally measured figure of merits 
(f0: resonance frequency and bandwidth: BW) at 
different temperatures, with and without TMM (tissue 
mimicking material) 
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Temperature 

44.5˚C 37˚C 30˚C 

f0 
(MHz)  

BW 
(kHz) 

f0 
(MHz) 

BW 
(kHz) 

f0 
(MHz) 

BW 
(kHz) 

w/o 
TMM 4.84  135 4.98 139 5.1 118 

TMM 4.86 173 4.98 189 5.12 190 
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Summary:
Developing sensitive hydrogen gas sensors is crucial for detecting and managing hazards in storage, 
transport, and leakages. While metal oxide gas sensors (MOX) suffer from poor selectivity and high 
temperatures, attention has shifted to two-dimensional materials like tungsten disulfide (WS2). Howev-
er, bare WS2 sensors face limitations like slow response-recovery times and low sensitivity. Function-
alizing TMDs with noble metal nanoparticles, notably Pd, enhances sensor performance. This study 
presents a highly sensitive Pd-decorated WS2 composite based sensor for room temperature (RT) H2

sensing, with a remarkable response of 55% (Pd quantity (3 mg).

Keywords: Gas sensor, TMDs, hydrogen, APCVD, nanomaterials

Background, Motivation and Objective
The growing demand for sustainable energy 
sources has spotlighted hydrogen (H2) as a 
leading contender for the next generation of 
energy, offering the potential to replace fossil 
fuels and significantly reduce greenhouse gas 
emissions [1]. However, its high explosiveness 
and flammability necessitate careful storage 
and handling to mitigate safety risks. Develop-
ing sensitive and selective hydrogen gas sen-
sors is crucial for detecting and managing po-
tential hazards associated with hydrogen stor-
age, transport, and leakage. While metal oxide 
gas sensors (MOX) have been widely used, 
they suffer from limitations such as poor selec-
tivity and high operating temperatures. Recent-
ly, attention has turned to two-dimensional ma-
terials (2D) like graphene and transition metal 
dichalcogenides (TMDs) such as tungsten di-
sulfide (WS2) for improved sensing capabilities
[2]. WS2 has garnered significant interest due to 
its exceptional properties. Various research 
works have demonstrated the potential of WS2-
based sensors for detecting gases including 
hydrogen. However, bare WS2 sensors face 
challenges like slow response-recovery speeds 
and low sensitivity. Functionalizing the host 
matrix with noble metal nanoparticles especially 
Pd enhances sensor performance through elec-
tronic and chemical sensitization mechanisms
[1]. Optimization of nanoparticle decoration is 
crucial to ensure sensor efficacy. In this study, 
a highly sensitive Pd-decorated WS2 composite 
for room temperature H2 sensing demonstrated 

superior performance, with highest Pd quantity
(3 mg) exhibiting the highest response of 55%.
The amount of ethanol and WS2 was kept con-
stant at 10 ml and 10 mg respectively in all the 
solutions.

Materials and Methods
WS2 was synthesized as reported in on our 
earlier study [2]. To decorate the WS2 with Pd, 
commercial Pd powder was mixed with WS2 in 
varying proportions (0.5 mg, 1 mg and 3 mg)
and subjected to 90 minutes of sonication in 
absolute ethanol. The resulting solutions were 
airbrushed onto gold interdigitated electrodes 
on silicon substrates fabricated using laser li-
thography.

Results
Fig. 1 (a and b) illustrate morphology of WS2

and Pd- WS2 composite respectively. As seen 
from the Field Emission Scanning Electron Mi-
croscopy (FESEM) images, the deposited WS2

depicts flake like morphology with an average 
size ranging from 100 nm to 1.2 µm. Also, the 
Pd nanoparticles can be seen in the form of 
clusters (in red circles) with an average particle 
size of 50 nm (Fig. 1 (b)). The Pd clusters are 
uniformly distributed all over the WS2 flakes. 
The samples were further characterized using 
transmission Electron Microscopy (TEM). Color 
mapping of the samples show successful deco-
ration of WS2 with Pd nanoparticles as shown in 
Fig. 2 (a). Fig. 2 shows EDX spectrum of the 
Pd-WS2 composite.
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Fig. 1. FSESM images of (a) WS2, (b) Pd decorat-
ed WS2 (Red circles indicate Pd clusters). 

 
Fig. 2. (a) Color mapping of Pd decorated WS2 
nanocomposite, (b) EDS spectrum of Pd decorated 
WS2 nanocomposite. 

We tested bare WS2 and Pd-decorated WS2 
sensors with varying amounts of Pd (0.5 mg, 1 
mg, and 3 mg) towards 500 ppm of H2 at room 
temperature (RT), 100°C, and 150°C. The sen-
sor with 3 mg of Pd exhibited the highest sensi-
tivity towards 500 ppb of H2 at RT. Fig. 3 (a) 

illustrates the sensor resistance dynamics to-
wards 500 ppm of H2 at RT. The pristine WS2 
sensor showed no response to any concentra-
tions of H2 but began to respond with small 
responses at elevated temperatures of 150°C, 
still lower than the responses shown by the best 
sensor at RT. The sensor responses are stable 
and repeatable. Fig. 3 (b) demonstrates that the 
sensing response decreases almost linearly 
with increasing operating temperature. Gas 
sensing response of the best responding sen-
sor are presented. The detailed selectivity and 
humidity sensing responses will be presented in 
the conference. 

 
Fig. 3. (a) Resistance dynamics of 3 mg Pd decorat-
ed WS2, (b) the sensor response as a function of 
temperature towards 500 ppm H2 at RT. 

Conclusions 
This study presents a highly sensitive Pd-
decorated WS2 composite for room temperature 
H2 sensing, achieving a remarkable 55% re-
sponse with 3 mg of Pd. (1) 
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Creep Detection in Composites 
with Silicon Strain Gauge 
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Summary:

This work shows how the insertion of silicon mechanical sensors into composite structures enables 
the detection of internal structural variations, and can find applications in process monitoring or struc-
tural health monitoring. It includes the description of a novel process for minimally intrusive insertion of 
sensors inside composites (substrate free transfer printed sensor). Temperature and deformation 
characterizations reveal a modification of the internal structure of a composite, triggered by a suffi-
ciently high temperature, and linked to the creep phenomenon of the composite's epoxy resin binder.

Keywords: Strain Gauges, Temperature sensors, Structural Health Monitoring, Microcrystalline sili-
con, Composites.

Background, Motivation an Objective
Composite materials are increasingly used in a 
wide range of applications. The optimization of 
manufacturing parameters and the monitoring 
of their structural state are key issues in terms 
of safety, environment and production cost op-
timization [1]. Some solutions exist for introduc-
ing sensors into composites [2], but they remain 
complex to implement and intrusive. Our low-
intrusive strain gauge instrumentation method 
provides physical and structural information at 
the heart of composites.

Description of the Method 
The process involves manufacturing microcrys-
talline silicon strain gauges and transferring 
them, without substrate, into one of the plies of
the composite material. Characterization of 
these strain gauges as a function of tempera-
ture and deformation provides the physical fea-
tures of the sensors. A structural change, initi-
ated here by a coupling of deformation and 
increased temperature, is clearly identified by a 
sharp variation in the gauges' electrical re-
sistance. This variation shows a degradation 
linked to a modification of the internal structure
due to the creeping of the composite binder.

Technology and results
The technology we've developed consists in 
fabricating the gauge on a temporary substrate
[3]. Once the gauge has been fabricated, it is 

transferred to the composite ply made from a 
combination of fiberglass and epoxy resin. The 
sensor is then detached from its initial sub-
strate. This functionalized ply is then inserted 
into a complete multi-ply composite structure.
Metallic contacts and conductive wires are used 
for electrical characterization. The final struc-
ture is shown figure 1.

Fig. 1. Composite with Silicon gauge.

By characterizing the strain gauges in terms of 
temperature and strain, we can determine their
features, such as their temperature coefficient 
and strain gauge factor. These factors are de-
termined from the variation in the relative re-
sistance of the gauges as a function of either 
temperature or the relative deformation of the 
structure. Those behaviours are shown in fig-
ures 2a and 2b.
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Fig. 2. a. Resistance variation as a function of 
temperature, b: Gauge factor (GF) determination for 
microcrystalline silicon sensors inside composite. 

The relative resistance decreases with tem-
perature, as usually for semiconducting materi-
al. From figure 2b, the gauge factor is deter-
mined from the slope of the relative variation of 
the resistance versus different curvature radius, 
linked to different relative deformations (L/L). It 
is equals to -32, involving a sensitivity at the 
state of the art for microcrystalline silicon [4]. 

Figures 3a and 3b show the variation of the 
resistance with or without strain for increasing 
values of the temperature. When stress is ap-
plied, and the temperature exceed the value of 
60°C, the gauges' electrical behaviour changes. 
This temperature causes the epoxy resin to 
creep and change its structure. This phenome-
non is detected by an increase in the resistance 
value of the gauge. This increase, which be-
comes more pronounced at higher tempera-
tures, corresponds to tension in the structure, 
involving micro-cracks and thus increasing the 
resistance value. The deformation of the com-
posite remains visible as the structure cools. 

As the internal structure of the silicon layer is 
altered by these microcracks, its resistance is 
higher than it was initially. However, the gauge 
still functioning. A loosening test of the structure 
(re-flattening by heating the composite) is also 
clearly identified by the relative variation in 
gauge resistance. 
 

 

 
Fig. 3. a. Resistance variation for flat and strained 
structure for different temperature steps, b: Variation 
of the resistance versus temperature, showing a 
change in the strained device above 60°C. 

Conclusion 
We have shown that it is possible to insert sili-
con strain gauges into the core of composite 
materials without damaging the device. These 
low-intrusive methods provide devices that can 
be used to measure both, internal temperatures 
or detect structural deformations. They also 
reveal major internal structural changes, such 
as binder creep and plastic deformation of 
composite materials. 
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Summary:
A gyrocompass, which measures the earth’s rotation with a gyroscope, can detect north robustly. 

However, practical applications of gyrocompasses are limited due to the size of conventional gyrosco-
pes. Micro-electro-mechanical systems (MEMS) gyroscopes have the potential to open up new markets; 
however, precision is a major challenge in MEMS gyroscopes. Here, we developed a novel high-preci-
sion MEMS gyroscope and demonstrated navigation-grade bias instability of <0.01 dph, which is the 
highest-level performance of a MEMS gyroscope. A gyrocompass using the developed gyroscope per-
formed north finding with precision of <1 mil in a laboratory environment, and a precision of <10 mil was 
exhibited by our module-level gyrocompass, which is being refined toward realizing 1-mil accuracy.

Keywords: MEMS gyroscope gyrocompass

I. Introduction
A gyrocompass can detect north robustly 

even indoors and under magnetic fields by mea-
suring components of the earth’s rotation with a 
gyroscope. However, practical applications of 
gyrocompasses using such as ring laser, fiber 
optic, or mechanical gyroscopes are limited due 
to issues in terms of size, cost, and precision. 
Micro-electro-mechanical systems (MEMS) are 
a key technology for solving these challenges. 
Recently, many researchers have been focusing 
on MEMS gyroscopes, for which precision is a 
major challenge. Here, we developed a novel 
high-precision MEMS gyroscope and demonst-
rated navigation-grade bias instability of (BI) < 
0.01 dph, which is the highest-level performance 
of a MEMS gyroscope. The gyrocompass using 
the developed gyroscope accomplished north 
finding with precision of 1 mil in a laboratory en-
vironment, and we will refine our prototype mo-
dule-level gyrocompass with an eye toward rea-
lizing 1-mil accuracy.

II. Design and Experiments
A Gyroscope Design

Fig. 1 shows a schematic of our novel gyro-
scope, which we named “Kumo-no-su-Shaped 
Gyroscope” (KSG) (kumo-no-su is Japanese for 
spider web). KSG can be regarded as an im-
provement over the Boeing disk resonating 

gyroscope [1] for two reasons. The first reason is 
the lumped mass connected to the outermost 
ring, which decouples the effective mass from 
the ring width and therefore enables the effective 
mass to increase without widening the rings, 
thereby reducing mechanical noise [2]. The sec-
ond reason is the combination of the in-phase-
arranged spokes between the outer rings and 
the anti-phase-arranged spokes between the in-
ner rings. The former works to make the outer 
rings vibrate with the same amplitude, which im-
proves electrode sensitivity, while the latter 
works to maintain the wineglass vibrating mode 
by appropriately supporting the outer rings.

Fig. 1. Schematic view of KSG.

B Gyroscope Performance
Fig. 2 shows the experimental results of Allan 

deviation of KSG. The measurement was perfor-
med over 4 h without temperature control. The 
red and blue curves indicate the experimental 

EUROSENSORS	XXXVI	 66

DOI 10.5162/EUROSENSORSXXXVI/OT4.62



values with and without temperature correction, 
respectively. The Allan deviation with tempera-
ture correction reached 0.01 dph at 3000 s, with 
BI < 0.01 dph, which corresponds to navigation-
grade specification. The dotted line indicates the 
fitting curve proportional to  −1/2, showing 0.0093 
deg/√h of angle random walk.  

Fig. 2. Allan deviation of KSG with and without tem-
perature correction (red and blue curves, respectively). 

Fig. 3. Precision of azimuth angles measured by KSG 
using a turntable. 

Fig. 4. Precision of azimuth angles measured by KSG 
using our prototype of module-level gyrocompass. In-
set: Photograph of the prototype of module-level gyro-
compass 

C Gyrocompass 
By measuring components of the earth’s ro-

tation with a single-axis gyroscope at various azi-
muths, the orientation of the earth’s axis of rota-
tion (i.e. north) can be detected. To demonstrate 
the specification of KSG, north finding was car-
ried out based on this principle. The gyroscope 
was set on a turntable with its detection axis a-
ligned horizontally, and the deviation of the refe-
rence angle from north was detected by measu-
ring the magnitude of the earth’s rotation compo-
nent in four directions at 90-degree intervals, that 
is, by using the “maytagging” method. The azi-
muth angle  can be calculated as 

𝛼𝛼 = −atan2(−𝜔𝜔2 + 𝜔𝜔4, 𝜔𝜔1 − 𝜔𝜔3),   (1) 

where i is the angular velocity output in direc-
tion i. The measurement was performed in Ka-
wasaki, Japan, where the component of the 
earth’s rotation is 12 dph. The measurement 
time in one direction is 200 s and measurements 
of the four directions were repeated over 24 h. 
Fig. 3 shows the experimental values of standard 
deviation of azimuth angle  and the theoretical 
line of the Cramér–Rao lower bound (CRLB) [3] 
as 

Δ𝛼𝛼2 = 2𝜎𝜎𝑁𝑁
2

𝛺𝛺in
2 𝑁𝑁 ,   (2) 

where N is the root mean square of the angular 
velocity output noise, in is the earth’s rotation of 
12 dph at Kawasaki, and N is the number of 
measurements. The experimental values of  
decrease with CRLB as the measuring number 
increases and reach 0.056 deg, which corre-
sponds to 1 mil according to the Japan/NATO 
definition. Fig. 4 shows our prototype module-
level gyrocompass, which can detect an azimuth 
angle to the north using the maytagging method 
by performing manual rotation. The dimensions 
of the model are 18×18×16 cm3. The azimuth 
precision using this module improves with CRLB 
and reaches 0.5 deg. 

III. Concluding Remarks
Here, we developed a novel MEMS gyro-

scope, with BI < 0.01 dph. the azimuth angle pre-
cision of the gyrocompass using our developed 
gyroscope on a turntable was < 1 mil. Our proto-
type gyrocompass module, which is being re-
fined with an eye toward commercialization, had 
an azimuth precision of 0.5 deg. In future work, 
we aim to realize a module-level gyrocompass 
with an azimuth accuracy of 1 mil, which is the 
same level as the gyrocompass using a turntable. 
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Summary: 

In this study, SAW (surface acoustic wave) resonators are investigated for strain sensing up to values 
of approximately -4000 με to 4000 με. The shift in resonance frequency in the GHz range is evaluated 
for this purpose. To estimate the impact of a key design parameter, we adjust the length of the SAW 
resonator and find that the longer the SAW resonator, the more responsive the device gets to strain 
changes. When the distance between the two reflectors confining the SAW is 2207 μm, the resonance 
frequency responsivity to strain is 114.99 Hz/με. 

Keywords: Surface acoustic wave, strain sensor, GHz frequency, frequency shift, resonator length

Background, Motivation, and Objective 

Micro-strain sensitive devices based on e.g. 
capacitive or fiber-optical transducers, which 
are nowadays used in a variety of applications 
such as structural health monitoring, are ex-
pensive as they require complex manufacturing 
processes. SAW (surface acoustic wave) strain 
sensors, however, are simple to manufacture, 
because they require fewer components, and 
can be operated wirelessly [1]. Previous studies 
on SAW strain sensors on non-flexible sub-
strates have focused mostly on a strain regime 
below ±1000 με [1–2]. Our motivation is to go 
beyond this latter limitation to exploit the full 
potential of these devices, by evaluating the 
sensing performance in this high strain regime. 
Furthermore, there are only a few studies how 
geometric design parameters affect the strain 
sensing capability under such high mechanical 
loads. In this work, we present the first results 
on how the strain responsivity depends on the 
SAW resonator length even in the strain regime 
above 1000 µε. 

Description of the New Method or System 

We use a tailor-made setup [3] to investigate 
the shift in resonance frequency of the SAW 
device depending on the applied mechanical 
strain. As illustrated in Fig. 1, our setup com-
prises a GHz SAW resonator mounted on a 
bendable cantilever capable of applying strain 
values up to ±4000 με to the resonator via the 
backside of the substrate. We measure the 
response to strain changes of different GHz 
SAW resonators with different lengths, but keep 
the basic device design fixed.  

Results 

Fig. 2 shows the shift in resonance frequency of 
a SAW resonator when exposed to mechanical 
strain values up to ±3315 με. The resonance 
frequency shifts by 93.80 Hz per με defining its 
responsivity R. This value is higher than the 
reported responsivity of 20.09 Hz/με achieved 
with a similar SAW resonator design [2]. A key 
parameter in SAW design is the position of the 
reflectors which confine the SAWs and define 
the resonator length. To evaluate the impact of 
the latter parameter we perform experiments 
with SAW resonators of different lengths lm of 
685 μm, 1205 μm, and 2207 μm. The experi-
mental data in Fig. 2 is obtained from the SAW 
resonator with lm of 685 μm. Additionally, we 
increase the strain range up to ±3979 με. Fig. 3 
shows that the frequency shift is linear over the 
full strain interval. The responsivity of the SAW 
strain sensor is 100.48 Hz/με with lm of 1205 
μm. As shown in Fig. 4, the responsivity to 
strain increases as lm gets longer. However, the 
linearity of the response to strain changes is 
decreased for longer resonator lengths as indi-
cated by increasing error bars (see Fig. 4).  

In conclusion, GHz resonator SAW strain sen-
sors exhibit a linear response even up to large 
strain regimes of ±3979 με. Moreover, our study 
shows that longer resonators achieve higher 
responsivity. Our findings contribute to an un-
derstanding of strain GHz SAW-based strain 
sensing, particularly due to their demonstrated 
high performance in detecting large strains, 
thus expanding their potential applications. 
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Illustrations, Graphs, and Photographs 

Fig. 1. Illustration of the measurement setup. A 
SAW resonator and a PCB are placed on a bendable 
aluminum cantilever at position x0. Mechanical strain 
is applied by deflecting the tip of the cantilever.  

Fig. 2. Measured magnitude values of S11 for 
different strain values in SAW. When strain is labeled 
with a plus, tensile stress is applied, while compres-
sive stress is transferred to the device when strain is 
negative. The black solid line underneath the exper-
imental data S11 connects the two resonance fre-

quencies when the strain is at its maximum and 
minimum values. 

Fig. 3. SAW sensor responsivity R of 100.48 Hz/με 
in strain regime of about ±4000 range with lm of 1205 
μm. The circles are the experimental data, and the 
inserted line is a linear fit to the data, so that R is 
represented by its slope. 

Fig. 4. Responsivity R as a function of different 
distances between the two reflectors lm. The gray 
error bars indicate the deviation of the data values 
from the linear fit function of the response shown in 
Fig. 3. 
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Summary:
SF6 has a greenhouse effect 25,200 times greater than CO2 and was widely used as a gas in sound-
proof windows until 2006. In 2020, Germany was responsible for 55.3 % of SF6 emissions within the 
European Union. Without emissions from soundproof windows, this value could be reduced to 14.6%.
Since the filling of most windows is unknown, a reliable detection method is required to identify SF6-
filled windows to be able to safely extract and recycle the filling when disposing of them. In our study, 
we were able to identify LIBS (Laser-Induced Breakdown Spectroscopy) as the most promising tech-
nology for identifying filling gases in soundproof windows and show a way of what a mobile detection 
and recovery unit for SF6 could look like.

Keywords: SF6, greenhouse effect, Raman spectroscopy, LIBS, remote gas detection

Introduction:
Due to its unique physical properties, SF6 has 
been a widely used gas in technical applica-
tions in transformer stations, wind turbines or in 
soundproof windows. It has a high molecular 
mass, low thermal conductivity, prevents spark-
ing and it is very long-term stable to heat and 
UV light. The last point is particularly important 
because it lasts more than 3,500 years in the 
atmosphere and has a more than 25,000 times 
greater impact on the greenhouse effect than 
CO2. Therefore, SF6 should not be released 
into the environment, but should be recovered 
and then decomposed or recycled in a con-
trolled manner.  

Materials and Methods:
A common way to measure the SF6 content in a 
gas mixture is by means of infrared absorption 
spectroscopy, as it has a very distinct absorp-
tion peak around 10.56 µm [1]. Using this 
method, SF6 can be detected in the ppm range 
in air. Since ordinary window glass (boron float 
glass) is not transparent in this wavelength 
range, IR absorption spectroscopy is unsuitable 
for carrying out measurements on an intact 
window.

Using a thermal conductivity measurement or 
measuring the speed of sound may give an 

indication of SF6 in the window filling, but a 
similar signal can be produced by Ar, Kr or Xe. 
For this reason, we used both Raman spectros-
copy and LIBS to identify a suitable detection 
method to measure the SF6 content, including 
possible additional gas compounds. 

Results:
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Fig. 1. Transmission of an uncoated and a coated 
double-glazed window. The reflective coating pre-
vents IR radiation above 800 nm from penetrating 
the glass.

The first active Raman fundamental frequency 
of SF6 can be found at 774.3 1/cm [2]. Since
also N2 and O2 are Raman active, it is possible
to detect the SF6 content in a matrix of air. Un-
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fortunately, other potential filling gases like Ar, 
Kr, and Xe are not Raman active. The first Ra-
man fundamental frequency of SF6 can be 
measured through an ordinary glass window 
with a thickness of 4 mm with a minimum laser 
power of 50 mW at a wavelength of 534 nm 
(see Figure 2).  
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Fig. 2. Measurement of the first Raman fundamen-
tal frequency of SF6 through a 4 mm thick window 
glass. Using a laser power of 50 mW, the Raman 
signal can be identified (the plot of the measured 
values at 50 mW is provided with an offset on the y-
axis for a better overview) 

The second investigated measurement tech-
nique was LIBS. A nanosecond laser pulse at 
1064 nm thereby ionizes the matter within the 
focus of the laser beam, which forms a plasma 
and emits light. The emitted light spectrum is 
unique for each atom. Therefore, it is possible 
to detect all gases due to their individual LIBS 
signal.  
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Fig. 3. Measured LIBS signal of a SF6 gas filling 
inside a double-glazed window (red). Simulated LIBS 
spectra of fluorine (black), argon (green) and syn-
thetic air (blue).  

As the laser pulse requires an energy of at least 
11 mJ to initiate the plasma in the focal point of 
less than 100 µm size, the challenging task is to 
focus the beam through the 4 mm thick normal 
window glass without initiating the plasma for-

mation inside the glass. We were able to detect 
the SF6 filling within the window, as shown in 
Figure 3 (red) along with simulated LIBS spec-
tra calculated with the NIST LIBS simulation 
tool [3]. The tilt within the measured spectrum is 
due to thermal shift and the measurement setup 
and can be subtracted (the data shown is as 
measured). The measured spectrum is clearly 
dominated by the first ionization of fluorine, 
which is shown in black. Low intensity absorp-
tion bands at 616, 648 and 664 nm indicate that 
the gas filling in the window may have been 
contaminated with some air (blue, simulated 
spectrum).  

Outlook: 
It was found that all gaseous components of a 
filling in soundproof windows can be measured 
using LIBS in a laboratory setting. The next 
steps will involve developing a portable device 
that can be used on a renovation construction 
site. In addition, a system for direct extraction of 
SF6 from the windows is presented to reduce 
the risk of unwanted release when the windows 
are removed and to enable professional dis-
posal. In our presentation, the latest results on 
the LIBS measurement setup and the recovery 
system will be shown and discussed.  
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Summary:
This work is focused on developing magnetic field sensors that rely on the Hall effect and can operate 
stably in extreme temperatures. We have achieved this by creating a Hall effect structure using indium 
antimonide and a housing that can withstand an extremely wide range of operating temperatures. Our 
device has been tested and proven to operate stably at high temperatures up to 350°C, as well as in 
the cryogenic range using liquid helium. This is a significant milestone as no other magnetic field sen-
sor has been able to perform in such extreme temperature conditions.

Keywords: Hall effect, cryogenics, high-temperature electronics, magnetic field sensors, thermal sta-
bility

Motivation and state of the art
Magnetic field detection devices are highly val-
uable in many industries, thanks to the fact that 
they can measure various quantities such as 
position, movement, direction, and rotational 
speed. Nowadays, there is a high demand for 
electronics that can function reliably in harsh 
environments[1], including those that can with-
stand extreme temperatures [2]. By the term 
“extreme”, we mean mostly temperatures ex-
tremely high for electronics, in a mid-wide tem-
perature range from room temperature up to 
high temperatures (above 200 °C), or extremely 
high reaching 500 °C [3]. Traditional electronics 
design often requires active or passive cooling, 
but this may not always be practical or effective. 
Hence, there is an increasing need for extreme 
environment electronics, particularly in the au-
tomotive, defense, and energy industries. [4,5].
Magnetic field sensors have great potential in 
high-temperature electronics. However, it's also 
important to consider their performance in low 
and cryogenic temperatures. A sensor that can 
provide precise magnetic diagnostics in a wide 
range of temperatures, from cryogenic tempera-
tures up to liquid helium (LHe), through room 
temperature, and up to high temperatures, 
would be highly valuable in the market. This 
kind of sensor could be particularly useful for 
space research vehicles that need to travel 
through hot environments. A sensor that can 
operate accurately in a wide temperature range 
would offer new possibilities for diagnostic de-
vices in space.
We have found that research on semiconduc-
tor-based Hall sensors operating in extreme 

conditions is limited to a temperature range 
from liquid nitrogen (LN) up to 350 °C [4]. On 
the other hand, alternative solutions based on 
monolayer graphene have been tested in the 
LN – 500 °C range in a magnetic field below 1
T. Our research explores the potential of using 
classic semiconductor thin-film material) as an 
active layer for a Hall effect sensor capable of 
measuring magnetic fields in extreme tempera-
ture ranges from liquid helium (LHe) tempera-
tures up to 350 °C. We have verified the usabil-
ity, thermal stability of our device and the linear-
ity of its signal in the magnetic field range 
above 1 T. Additionally, we have proposed a 
solution for the sensor package suitable for an 
extremely wide range of work. We have devel-
oped a complete magnetic field sensor that can 
meet industrial requirements, manufactured 
using almost exclusively the academic infra-
structure of the Poznan University of Technolo-
gy. Our findings represent a significant step 
forward in the development of magnetic diag-
nostic devices that can operate in a broadly 
defined extreme environment.

Construction of a Hall sensor
The sensor consists of a Hall structure and an 
extreme temperature housing. Fig. 1 shows a 
real view of the series of fabricated devices.
The Hall structure itself is placed under the 
white cover visible in Fig. 1, inside a ceramic 
casing. The Hall structure inside is made of a 
thin film of indium antimonide (InSb) doped with 
tin donor in the process of flash evaporation 
method. Details about the exact fabrication
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technology of the Hall structure are included in 
Ref. [6].  

Fig. 1. Hall effect sensors in housings, ready for 
use at liquid helium temperatures, fabricated at Poz-
nan University of Technology. The square scale 
under the sensors has a side of 10 mm. 

The housing itself was made in accordance with 
the descriptions in [4], introducing a modifica-
tion regarding the pins to simplify integration 
with the measuring holder for a helium cryostat. 

Results in a nutshell 
The effects of work on a Hall effect sensor that 
can function in extreme temperature conditions 
were verified through a series of Hall effect 
measurements utilizing three independent 
measurement systems. For high-temperature 
tests, a Linseis HCS 1 analyzer equipped with a 
0.65 T permanent magnet was used. This was 
supported by a galvanomagnetic effects meas-
urement system equipped with an electromag-
net that enabled a smooth transition in the 
range of 0-0.65 T. These tests were previously 
described in Ref. [4]. The purpose of the new 
experiment was to measure the Hall effect at 
low temperatures and in very strong magnetic 
fields. The International Laboratory of Strong 
Magnetic Fields and Low Temperatures, which 
belongs to the Institute of Low Temperatures 
and Structural Research Polish Academy of 
Sciences, provided the necessary infrastructure 
for the experiment. Bitter electromagnets were 
used to generate a uniform, constant magnetic 
field in the range of 0 - 15 T. The Bitter magnet 
design allows the use of a liquid helium cryostat 
insert. The results of the experiment showed 
that the sensor signal (Hall voltage, UH) de-
pended linearly on the magnetic field induction 
in the range of 0 - 1.2 T at a temperature of 
approximately 5 K. The linear nature of the 
dependence at extremely low temperatures was 
confirmed by the results, together with the re-
search presented in Ref. [4]. The study will be 
further supplemented with the results of Hall 
effect measurements in a magnetic field above 

10 T, both at room temperature and at liquid 
helium temperature. 

Fig. 2. Dependence of the Hall sensor signal on 
the magnetic field induction at the temperature of 
liquid helium. 

The usefulness of the modified housing for ap-
plications in extreme environments was con-
firmed, making our sensor the first Hall sensor 
capable of stable operation in the temperature 
range from approximately -268 °C to 350 °C. 
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Summary:
Reporting research findings on two types of magnetic field sensors for use in harsh environments and 
the impact of high-energy neutron flux on them. Researched sensors being 2-D epitaxially grown qua-
si-free-standing graphene on SiC and thin film InSb on GaAs. The research constitutes a continuation 
of the series of studies assessing the radiation resistance of graphene-based sensor platforms com-
pared to classical thin-film magnetic diagnostic systems.

Keywords: Hall effect sensor, radiation-resistance, self-healing, magnetic diagnostic, neutron irradia-
tion

Introduction
There has been an increasing interest in the 
development of magnetic field diagnostics in 
recent years, especially in sensors that can 
operate under harsh environments. These ap-
plications include aerospace, defense, and 
particularly the energy industry. The use of 
controlled nuclear fusion as an energy source 
of the future remains one of the greatest en-
deavors of our century [1]. To monitor thermo-
nuclear processes, a complex sensor infrastruc-
ture is required. For magnetic fusion confine-
ment, which is the most promising fusion tech-
nology, magnetic field sensing is one of the 
most crucial diagnostic elements. This field 
however still requires development since the 
sensing electronics will operate for an extended 
period under fast neutron radiation and high 
temperatures. Unfortunately, it has proven to be 
an incredibly difficult task, thus research into 
the most effective sensing platforms is still on-
going [2],[3].

Our research focuses on two magnetic field 
sensors with potential use in the energy indus-
try: a semiconductor, thin film InSb-based and a 
2-D, epitaxial graphene-based on silicon car-
bide (G@SiC) sensor. Both of these sensors 
have proven to be effective in temperatures up 
to 350 °C and fast neutron radiation fluence of 
0.7×1018 cm−2 [4]. It has also been shown that 

any changes in irradiated graphene-based sen-
sors' performance were caused by neutron 
radiation and not the impact of high tempera-
tures [5]. In this research, we aim to show new 
findings on the effects of 3 times greater fast 
neutron fluence and the impact of a different 
polytype of silicon carbide substrate in gra-
phene-based sensors.

Methods and materials

Fig. 1. Optical image of the G@SiC sensor. The 
sensing part is centrally placed and is connected to 
electrode plates to ease manual manipulation.  

We present here two types of Hall effect sen-
sors.  First, a 2D-material in the form of hydro-
gen-intercalated quasi-free-standing graphene 
on a semi-insulating SiC substrate, passivated 
with an Al2O3 layer [6], which is visible in Fig.1. 
The sensors were fabricated on either 4H-SiC 
(0001) or 6H-SiC (0001) substrate. The other 
structure was prepared in the form of donor-
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doped InSb-based thin-film on a semi-insulating 
GaAs substrate [4]. The tested systems were 
exposed to a fast neutron fluence of 2×1018 cm-

2 using the MARIA research nuclear reactor in 
Poland.  

After irradiation, the sensors’ electrical parame-
ters were measured during annealing cycles 
following the method described in [5]. 

Results 

For graphene-based structures after irradiation, 
we theorize that the main factor affecting the 
electrical parameters is the loss of atoms in the 
hydrogen layer, based on Hall effect measure-
ments and micro-Raman characterization. We 
anticipate that temperatures above 200°C will 
facilitate the diffusion of the hydrogen atoms 
from parts with higher to lower concentrations. 
This effect can reduce the surface area where 
intercalation is too low to support the separation 
of the graphene [4]. 

 
 Fig. 2. The comparison of Hall coefficients of 
G@SiC on 4H and 6H SiC substrates. Blue squares 
represent measurements before irradiation, the red 
star measurements after irradiation, and each black 
dot is a room temperature measurement after the 
annealing cycle.  

Fig. 2a shows the dependence of the Hall coef-
ficient measured for a sensor irradiated in the 
neutron fluence of 0.7×1018 cm-2. This graph 
was made based on the data from [4], [6] and is 
the starting point for the next experiment of 
irradiating the system with neutron fluence of 
2×1018 cm-2. Fig. 2b shows an analogous line of 
Hall coefficient changes before and after the 
experiment. 

From the comparison of the obtained results, 
we can draw further conclusions about the de-
structive effect of the high-energy neutron flux 
on the G@SiC system. The Hall coefficient 
immediately after irradiation (comparison of red 
and blue points) changed sign in the case of the 
6H sample (neutron fluence of 2×1018 cm-2), 
which indicates a change in the type of conduc-

tivity of the system and may suggest excessive 
depletion of H intercalation or the influence of 
the 6H substrate. The nature of the changes 
after successive thermal cycles (trend of black 
circles) is also different. The presented studies 
based on Hall effect measurements will be 
complemented by micro-Raman analysis, which 
will be able to show the degree of defection of 
the graphene layer itself, thanks to which con-
clusions can be drawn about the radiation re-
sistance of the entire graphene-based chip. 

The results suggest the superiority of 2-D active 
layers over thin-films in terms of resistance to 
high energy neutron radiation. 
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Summary:
This paper presents the design, fabrication, and experimental validation of a novel multi-mass MEMS 
accelerometer concept to achieve higher mechanical sensitivity with wide operational frequency band-
width, in comparison to traditional single-mass MEMS accelerometers. The initial results show that the 
proposed approach has the potential to develop multi-functional MEMS accelerometers, with a prelimi-
nary device with 5.6 kHz resonance and more than 30% sensitivity improvement.

Keywords: Multi-DoF, MEMS Accelerometer, Nested displacement, High-bandwidth, High-Sensitivity

Introduction/State of the Art
In recent years, significant advancements have 
been observed in the autonomous driving field,
highlighting the critical need for a deep under-
standing of the surrounding environment using 
advanced sensing capabilities. One of the key 
demands for such systems is to use multi-func-
tionalization sensors that can detect multiple 
physical parameters, thus reducing the number 
of sensors to achieve reliability, reducing cost, 
power consumption, and area. MEMS accel-
erometers are widely used in automotive driver 
assistance systems, airbag safety systems, and 
electronic stability control [1]. However, for au-
tonomous vehicles, in addition to these applica-
tions, the detection of acoustic signals is re-
quired for new functionalities [2]. The limitation 
of the current MEMS accelerometers is the 
trade-off between the required operational fre-
quency bandwidth (up to 6 kHz) and sensitivity. 
Recent works have presented MEMS accel-
erometer with significantly wider bandwidths but 
at the cost of a reduced resolution due to the 
sensitivity/bandwidth trade-off [3]. This trade-off 
arises due to the structural design of traditional 
MEMS accelerometers, consisting of a single 
proof mass suspended by mechanical beams 
that inversely affect resonance frequency and 
mechanical gain. 

Description of the New Method or System
Fig. 1 shows a 4-DoF MEMS accelerometer 
mass-spring-damper model with an input accel-
eration �̈�𝑦 applied to the base and equations of 
motion are given in Eq. 1. The energy transfer 

between the masses allows to achieve a dynam-
ically amplified displacement in the mass 𝑚𝑚4 (fi-
nal sensing mass). The displacement amplifica-
tion in 𝑚𝑚4 and the first resonance frequency po-
sition (which defines the operational bandwidth)
can be tuned by optimizing mass, 𝑚𝑚, stiffness, 𝑘𝑘,
and damping, 𝑐𝑐, parameters. As proof of con-
cept, it was initially considered an identical 𝑘𝑘/𝑚𝑚
ratio for each mass-spring unit and a damping 
coefficient of zero, with the exception of 𝑐𝑐5, which 
represents the squeeze-film damping on sensing 
plates attached to the sensing mass, 𝑚𝑚4.

Fig. 1. 4-DoF mass-spring-damper model.

[
𝑚𝑚1 0 0 0
0 𝑚𝑚2 0 0
0 0 𝑚𝑚3 0
0 0 0 𝑚𝑚4

] [
𝑧𝑧1̈
𝑧𝑧2̈
𝑧𝑧3̈
𝑧𝑧4̈

] + [
𝑐𝑐1 + 𝑐𝑐2 −𝑐𝑐2 0 0
−𝑐𝑐2 𝑐𝑐2 + 𝑐𝑐3 −𝑐𝑐3 0
0 −𝑐𝑐3 𝑐𝑐3 + 𝑐𝑐4 −𝑐𝑐4
0 0 −𝑐𝑐4 𝑐𝑐4 + 𝑐𝑐5

] [
𝑧𝑧1̇
𝑧𝑧2̇
𝑧𝑧3̇
𝑧𝑧4̇

] +

[
𝑘𝑘1 + 𝑘𝑘2 −𝑘𝑘2 0 0
−𝑘𝑘2 𝑘𝑘2 + 𝑘𝑘3 −𝑘𝑘3 0
0 −𝑘𝑘3 𝑘𝑘3 + 𝑘𝑘4 −𝑘𝑘4
0 0 −𝑘𝑘4 𝑘𝑘4 + 𝑘𝑘5

] [
𝑧𝑧1
𝑧𝑧2
𝑧𝑧3
𝑧𝑧4
] = [

−𝑚𝑚1�̈�𝑦
−𝑚𝑚2�̈�𝑦
−𝑚𝑚3�̈�𝑦
−𝑚𝑚4�̈�𝑦

] (1)

Fig. 2 shows the proposed multi-DoF MEMS ac-
celerometer frequency response compared with 
an equivalent traditional 1-DoF for an input ac-
celeration of 1 g. The proposed device presents 
a clear amplification of 𝑚𝑚4 displacement ampli-
tude by a factor of 2.4 with respect to 𝑚𝑚1, and by 
1.31 to the 1-DoF.
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Fig. 2. Frequency response comparison of pro-
posed 4-DoF and traditional 1-DoF model. 

The detailed MEMS layout and cross-sectional 
views are presented in Fig. 3, highlighting in dif-
ferent colors the multiple masses. The design 
enables differential sensing of the 𝑚𝑚4 amplified 
displacement, relative to the fixed frame through 
two sets of differential sensing electrodes. The 
handle layer proof-masses were thinned and 
used as a mechanical bridge linking different 
parts of the movable masses (CS B), therefore 
achieving mechanically coupled structures while 
remaining electrically decoupled. This approach 
avoids the need for a direct electrical connection 
to a device's inner part, reducing the possible 
damage during wire bonding process.  

 
Fig. 3. MEMS accelerometer design layout. 

The devices were fabricated through an 
in-house process on a 50 µm-thick silicon-on-in-
sulator (SOI) wafer, taking into advantage the 
multi-mass SOI-based fabrication process pre-
sented in [4], which allows the development of 
hierarchical, matryoshka-like MEMS structures. 
The main fabrication steps are presented in Fig. 
4, as well as the SEM images of the fabricated 
device. 

 
Fig. 4. Fabrication process, and SEM images:(a) 
SOI-wafer preparation; (b) AlSiCu patterning; (c) FS 
and BS HM PECVD and patterning; (d) FS DRIE; (e) 
BS multilevel DRIE; (f) HF structure release. 

Experimental Results 
The device frequency response, from 1 to 
30 kHz, was experimentally evaluated, Fig. 5, u-
sing the sensing electrodes as electrostatic ac-
tuators, while measuring the in-plane motion u-
sing Polytec MSA-500 stroboscopic video 
microscopy. The first resonance frequency was 
measured at 5.6 kHz, lower than the designed 
8.51 kHz. This shift is due to the over-etch and 
larger thinned handle thickness registered in the 
fabrication process, which lead to lower resonant 
modes (thinner springs and larger masses) and 
higher quality factors (larger gaps). The fabri-
cated devices parameters (𝑚𝑚 − 𝑘𝑘 − 𝑐𝑐) were 
measured, and the analytical response was 
recomputed, Fig. 5. The results show a strong 
correspondence between analytical and experi-
mental data, thus validating the analytical model. 
This proves that when compared with the typical 
1-DoF MEMS device (assuming equivalent 
mass and stiffness proportional to resonance 
frequency of 5.6 kHz), this device has a 30% in-
crease in displacement for the sensing mass 𝑚𝑚4. 
These preliminary results are promising, sho-
wing that multi-DoF inertial MEMS can achieve 
high bandwidth with relatively better sensitivity, 
enabling their use as multipurpose sensors in 
autonomous vehicles. Future work will focus on 
the optimization of mass-stiffness parameters for 
higher mechanical gain and wider bandwidth, as 
well as damping to achieve flat frequency re-
sponse. 

 
Fig. 5. Experimental and analytical model frequency 
response, using sensing electrodes as actuators. 
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Summary:
This paper reports a novel barometric pressure sensor with a capacitive transducer for consumer appli-
cation. The concept of the MEMS chip and the improvement in performance compared to the previous 
generation of pressure sensor are shown. Furthermore, bumpers were designed with the help of Finite 
Element Analysis (FEA) to improve the mechanical robustness of the transducer. Finally, by putting the 
MEMS chip into a media robust package further challenges raised that were investigated with FEA and
solved with a novel packaging process.

Keywords: pressure sensor, capacitive transducer, bumpers, media robust, gel fill

Background, Motivation an Objective
Barometric pressure sensors are well known in 
automotive and consumer applications for a long 
time now. For such kind of sensors, there are two 
major MEMS technologies available on the mar-
ket, either with piezoresistive or capacitive trans-
ducer [1]. Especially for applications that require 
low current consumption, low noise, and high ac-
curacy, capacitive pressure sensors (CPS) are 
more suitable than piezoresistive pressure sen-
sors (PZR) [2].

These sensors have robustness requirements to 
withstand certain overpressure loads or high me-
chanical shock. To fulfil these requirements, ad-
ditional mechanical design measures might be 
necessary.

For certain use cases (e.g., in mobile phones or 
smart wearables), the sensor should withstand 
the water immersion of the device as well, thus 
a media robust sensor packaging is required. A
common way to realize this is to cover the chip 
components of the sensor package with gel ma-
terial. The gel material serves as chemical pro-
tection, on the other hand its incompressibility al-
lows the transfer of the ambient pressure to the 
pressure sensitive-membrane. In addition, due 
to its very low stiffness (Young’s modulus in kPa 
regime) the negative effect on the sensor perfor-
mance is minimized.

Description of the New Method or System
In this paper a novel barometric pressure sensor 
is presented, containing a MEMS chip with ca-
pacitive transducer and some unique design and 
features in a media robust packaging (see Fig. 
1). Those features are a stiffening structure 
within the membrane for improved sensitivity
and an integrated reference capacitances for im-
plementing an on-chip Wheatstone bridge (see 
Fig. 2).

The fulfillment of robustness requirements in-
duced further design measures: bumpers were 
introduced on the non-stiffened region of the 
membrane to further reduce the mechanical 
stress in the structure during overpressure load.

The media robustness of the package was 
solved with an open, cylindrical lid and with filling 
the chip stack inside the lid with a gel material. 
However, it turned out that even the very soft gel 
material can cause a specific performance prob-
lem that needs to be solved to reach the perfor-
mance requirements. 

Results
The improved accuracy of the CPS is proven by 
a direct comparison to a previous generation 
PZR with a high-resolution measurement during 
a down and up stair climb (see Fig. 3). Each of 
the 15 steps, corresponding to a height differ-
ence of 15.5cm or ~2.1Pa per step, are clearly 
visible for the measurement with the CPS,
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whereas for the PZR the single steps are not re-
solved, only the overall height difference is cap-
tured. 

FEA showed that during overpressure, the max-
imum mechanical stress occurs at the edges of 
the membrane. This mechanical stress can be 
effectively reduced in high pressure regime 
(>10bar) by introducing mechanical bumpers on 
the membrane (Fig. 4). With the help of FEA, a 
workflow was established to determine the opti-
mal height, position and support of the bumpers 
and thus gain the highest reduction of the maxi-
mum mechanical stress. With the optimal 
bumper design, the mechanical stress can be re-
duced by ~30% at 10bar overpressure load and 
by ~60% at 50bar overpressure load (see Fig. 5). 

The first media robust CPS samples showed a 
pressure accuracy problem that is caused by the 
earth gravitation. The sensor is so sensitive that 
by simply rotating the sensor by 180° (either the 
gravity pushes the membrane towards the en-
closed cavity or the membrane is pulled away 
from it), the pressure signal changes by appr. 
10Pa. FEA has shown that the gravity effect is 
considerable only if there is a high amount of gel 
on top of the membrane, because the effect is 
mainly affected by the mass of the gel. The final 
solution was the development of the so called 
“minimum gel fill” process, with which it is possi-
ble to cover all chip components in a way that the 
membrane is covered only with a few µm thick 
gel film (see Fig. 6). As the huge mass above the 
membrane is removed, the gravity effect be-
comes negligible, while the media protection is 
still kept.  

Illustrations, Graphs, and Photographs 

 
Fig. 1. Schematic cross-section of a barometric 
pressure sensor BMP585 from Bosch Sensortec with 
capacitive transducer concept, in a media robust 
packaging with standard gel fill (left); Optical image of 
the top of the MEMS chip (right) 

 
Fig. 2. Schematic cross section of the sensing struc-
ture with stiffening structure and sense capacitance 
(A), reference capacitance (B) and membrane sus-
pension (C). 

 
Fig. 3. High-resolution measurement during a down 
and up stair climb showing the improved accuracy of 
a capacitive pressure sensor (CPS) compared to a 
previous generation piezoresistive pressure sensor 
(PZR). The PZR signal is shifted by +10Pa for better 
readability. 

 
Fig. 4. Schematic cross section of the sensing struc-
ture in a deflected state equipped with the mechanical 
bumpers (A). For better visibility, the deflected state is 
artificially scaled up. 

 
Fig. 5. Maximum mechanical stress over external 
pressure load for different bumper configurations. 

 
Fig. 6. Optical cross section image of the BMP585 
pressure sensor with the new minimum gel fill pro-
cess. 
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Summary:
Magnetic energy loss in electrical steel sheets account for approximately 10% of all electrical power 
generated, despite continuous improvements to their magnetic properties. Therefore, understanding 
these losses is imperative for optimizing the design of energy conversion systems. This study         
proposes the development of a new design of magnetic field sensor based on a shear surface                 
acoustic waveguide on Quartz ST-cut, functionalized with a multilayer TbCo2/FeCo magnetic thin film 
presenting uniaxial anisotropy induced during deposition. This design enables both in-situ and ex-situ 
measurement of magnetic losses on the surface of ferromagnetic steel sheets. The overarching objec-
tive is to monitor magnetic behavior in electrical machines, aligning with the demands of Industry 4.0 
and predictive maintenance strategies.
Keywords: Surface Acoustic Wave (SAW), Shear acoustic waveguide, magnetic field sensor, Magne-
toelastic thin films, magnetic losses, Electrical machines. 

Background, Motivation an Objective
Electric steel sheets are well-known for its 
excellent magnetic properties, making it perfect 
for use in electrical motors generators, and 
transformers. These types of steel mainly con-
tain iron-silicon (Fe-Si) and iron-silicon-
aluminum (Fe-Si-Al) alloys. They're usually 
found as thin plates, ranging from 0.35 mm to 
0.5 mm thick. These sheets undergo periodic 
magnetization during operation causing up to 
10 % of the energy produced to be lost. Under-
standing magnetic energy losses in steel sheets  
used in electrical machines is crucial for several 
reasons. Firstly, it optimizes component design 
to minimize losses, leading to more energy-
efficient machines. Secondly, it enables the 
development of heat-resistant components, 
enhancing machine reliability. Additionally, it 
helps establish quality standards to ensure 
materials meet required specifications for elec-
trical applications. Lastly, reducing magnetic 
losses improves overall energy efficiency, ad-
dressing the need for energy conservation and 
environmental sustainability [1]. 
According to international standards, magnetic 
energy loss is typically assessed using either 
the Epstein Tester [1] or the Single Sheet Test-
er [2]. In the latter methods, the sample under-
goes magnetization in a nearly uniform manner.
For loss measurements, induction is typically 
detected using a B-coil positioned around the 
sample. Alternatively, proximity Hall magnetic 

field sensors can also be employed. In first 
case, the obtained result represents the            
averaged induction across the sample's           
cross-section. Notably, direct measurement of 
induction at the sample's surface has been 
challenging.
In this study, we propose a novel design for a 
magnetic field sensor capable of locally              
measuring induction near the sample's surface. 
This design integrates a surface shear acoustic 
wave device with uniaxial magnetoelastic thin 
films, resulting in a robust and highly sensitive 
magnetic field sensor. The subsequent results 
presented herein will primarily focus on              
validating the sensor design using the Mini-SST 
experimental setup. 

Sensor design and principle
The design comprises a surface acoustic 
waveguide delay line with two Inter-digital 
Transducers (IDTs) serving as emitter and
receiver. These IDTs are made of Ti (20 nm) / 
Al (180 nm) on an ST-cut Quartz substrate 
(Y+42°), oriented perpendicular to the X-axis 
(principal axis of quartz crystal) to facilitate the 
excitation of pure shear surface waves. The 
propagation path between emitter and receiver 
is coated with a 140 nm thick layer of magneto-
electric material composed of TbCo2\FeCo, 
extending 2 mm along the propagation             
direction. The device and fabrication process 
are depicted in Figure 1.
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The operational principle of the sensor involves 
changing the phase velocity of the surface 
acoustic wave within the magnetoelastic thin 
film when an external magnetic field is applied, 
resulting in an electrical phase shift variation. 
This variation is measured using microwave 
electronic conditioning or a network analyzer. 
The magnetoelastic thin film utilized in this  
experiment has both an easy and hard axis, 
with the easy axis aligned parallel to the propa-
gation direction. The typical response of the 
sensor is shown in figure 1(b).  

 
Figure 1 :  a) Steps of the SAW sensors fabrication           
process. b) Magnetic saw calibration.  
 
Magnetic energy losses measurements  
 

For measuring magnetic losses on the surface 
of ferromagnetic sheets, we utilized a miniaturi-
zed Single Sheet Tester (SST) setup, depicted 
in Figure 2-a. Equipped with a high-permeability 
yoke, this setup ensures the generation of a 
magnetic field and system polarization through 
a primary coil encircling the yoke. This primary 
coil facilitates the generation of a static and 
dynamic magnetic field at various amplitudes. 
The blue graph in Figure 2 illustrates the mea-
sured excitation current using a current probe. 
Additionally, the black graph represents the 
linear extrapolation of the field at the steel’s 
surface based on measurements from two Hall 
effect sensors and the red graph presents the 
magnetic field at the steel’s surface measured 
by the magnetic SAW sensor.  The results indi-
cate that the magnetic field measured by the 
magnetic SAW sensor aligns with the field ex-
trapolated from measurements of the two Hall 
effect sensors. 
 

 

 

 
Figure 2 : a) Mini-SST equipped with two hall-effect 
probes and a magnetic SAW sensor. Magnetic energy 
losses measurement : b) Static, c )Dynamic.  

Conclusion 
 

The conducted study focused on the magnetic 
and mechanic instrumentation of a ferroma-
gnetic sheet, with a wireless SAW sensor. This 
development establishes the groundwork for 
overcoming the limitations of strain gauge and 
Hall-effect sensors for real-time, wireless me-
chanical and electromagnetic characterization 
of magnetic materials used in energy conversi-
on systems such as electrical machines. In-
deed, these sensors also offer the advantage to 
be less intrusive for onboard implementation in 
rotating electrical machines in the context of 
diagnosis based on magnetic field and mecha-
nical measurement. 
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Summary:
Micromanipulators equipped with sharp needles are now indispensable tools for ultra-sensitive opera-
tions under the optical or electron microscope, which are mainly visually guided. Measuring the local 
mechanical forces acting on probe tip can give another important feedback to the operator, or to the 
closed-loop actuators in automated systems. However, measuring contact forces, especially as a vec-
tor quantity, is highly challenging. In this work, we present a lightweight, compact, two-dimensional 
piezoresistive MEMS sensor-based system, that can be mounted on the tip of a commercially availa-
ble 3-axis piezo-actuated micromanipulator. As the calibration with an atomic force microscopy probe 
reveled the sensitivity of the sensor is a few N at an electric response of 29 V/N. To demonstrate 
the capability of system, in-situ static tests were carried out on an Pt micorwire.

Keywords: Piezoresistive force sensor, add-on tool, AFM probe, Pt micorwire, Young modulus

Motivation and Objective
Micromanipulator is a robotic tool with extreme-
ly precise position control along three to six
degrees of freedom for transferring micro- and 
nanometer sized objects under an optical or 
scanning electron microscope (OM/SEM). It is
used in various fields, such as specimen fabri-
cation for transmission electron microscope 
(TEM lamella), electrical probing during IC fail-
ure analysis, cell biology, robotic surgery etc.
[1]. These manipulations are usually controlled 
by the operator using real-time optical camera 
or electron detector image. For many applica-
tions, however, local sensing of the force would 
be an effective tool to provide direct feedback to 
the operator. In addition, in automated industrial
processes direct feedback is essential for the 
closed-loop actuators.

Over the last three decades, a number of tech-
niques have been used to force sensing in the 
range below pN up to several mN [2]. Among 
them piezoresistive force sensors have several 
advantages: such as high signal-to-noise ratio, 
wide measuring range, low cost, and compact 
size. Until now, piezoresistive and the strain-
based manipulator sensors have been mainly 
applied for one-dimensional force sensing in the 
mN to sub mN range.

Our aim was to demonstrate a compact, light-
weight 2-dimentional piezoresistive force sen-

sor system which can be mount on a tip of an 
ultrafine piezoelectric manipulator and to in-
crease the sensitivity down to the few mi-
cronewton force range.

Description of the System
The system was adapted to our ultrafine 3-axis 
piezo-actuated SEM micromanipulator 
(Kleindiek Nanotechnik MM3A-EM) (Fig. 2c).
The center of the system is a 3 dimensional 
piezoresitive force chip [3] (Fig. 2a), which is 
extended with a sharp W needle having a di-
ameter/length/radius of of 250 m/15
mm/~100 nm (Fig. 2b) to manipulate micro-
scopic objects. Due, to elongated lever arm, the 
sensitivity of the force measurement is en-
hanced along the transversal direction and re-
mained unchanged for the normal direction,
resulting in a quasi-two-dimensional force 
gauge. Conventional flexible as well as purpose 
designed polyimide cabling were used to avoid 
interference with the movement of the inch-
worm-type piezomotor. The analog signals from 
the four bridges of the piezoresistive force sen-
sor chip are digitalized by the electronics locat-
ed under the manipulator and transmitted to the 
controller notebook via the SEM feedthrough. 
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Fig. 1. (a) SEM image of the bisected piezoresistive 
chip; yellow dashed line indicates the position of the 
probe adapter (a). Force gauge chip mounted on the 
PCB and equipped with an ultrasharp probe (b). 
Force sensing system set up inside the SEM, ready 
for in-situ nanomechanical test (c). Inset shows the 
purpose-built readout electronics 

 
Results 
Prior to the nanomechanical tests, the force 
response of the sensor accessory was deter-
mined by standard atomic force microscopy 
(AFM) probes in an in-situ static bending test 
(Fig. 2a, lower inset) where the tip of the force 
sensor was pressed against the cantilever, 
while both sensor signals and the cantilever 
deflections were recorded. The force constants 
of the calibrating AFM probes were determined 
by Sader method in the AFM apparatus (AIST-
NT) (Fig. 2a upper inset) [4]. To cover a wider 
range of the calibration a standard (k=48.8 N/m) 
and a relatively soft (k=2.8 N/m) tapping mode 
AFM probes were selected. The force calibra-
tion data obtained for the two sets of measure-
ments are in good agreement (R29 V/N). 
According to the tests ultralow load forces, 
down to the 1-2 N range, can be consistently 
detected.  

In order to demonstrate the capability of the 
add-on force sensor tool, we carried out a na-
nomechanical bending test on Pt microwires 
created by ion beam assisted deposition (IBAD) 
in a cross-beam SEM/FIB system (FEI Scios). 
As shown in Fig. 2b, by recording the static 
bending deflection (Fig. 2b) as a function of the 
measured load force, the nanoelectromechani-
cal properties of the microwire can be evaluat-
ed. By performing finite-element analysis (Fig. 
2b, upper inset), we obtained a Young-modulus 
of Y70 GPa for the IBAD microwire which is 
significantly lower than that of the pure bulk Pt 
(168 GPa). The softening of the microwire can 
be attributed to the high carbon content of the 
IBAD microstructure. 

In summary the demonstrated compact piezo-
resistive force sensor is a power ad-on tool for 
micromanipulators to measure the local force 
during the manipulation of microscale objects.  

 
Fig. 2. (a) SEM force sensor calibrated by AFM 
probes with static bending experiments (lower inset). 
The force constant of the calibrating probe was be-
forehand determined (upper inset). (b) In-situ SEM 
nanomechanical bending test of a Pt microwire (low-
er inset). Finite element analysis of the wire (upper 
inset) revealed a Young-modulus of 70 GPa.     
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Summary:
This paper presents the fabrication and characterization of a strain gauge based on chemical vapor deposition 
(CVD)-grown graphene integrated to an epoxy-based, photo-patternable and flexible SU-8 cantilever for sensing 
applications. The fabrication process involved a standard semiconductor microfabrication process to create ser-
pentine-shaped graphene and gold/graphene sensing layers on a polymeric SU-8 layer. The performance of the 
strain gauge was evaluated by subjecting it to controlled bending, demonstrating a gauge factor (GF) of 2.73 and 
fast response time (0.55 s) affirming the viability of the fabricated strain gauge for practical sensing applications.  

Keywords: Pressure sensor, Microfabrication, Strain gauge, Graphene, SU8

Introduction
Sensing technologies and specifically strain 
sensors are growing fast as their demand is 
increasing in industries including electronics, 
healthcare, manufacturing, transportation, de-
fense, as well as scientific exploration.1, 2 One 
of the most cost-effective and easy data analy-
sis models for strain sensors is piezoresistivity
which is working based on converting mechani-
cal loading into resistance change. Designing 
high-performance piezoresistive sensors in-
volves considering various parameters which 
among them, sensitivity, evaluated by the 
gauge factor (GF), remains a fundamental met-
ric, which relates the ratio of relative change in 
electrical resistance, R, to the applied strain, ε.
While conventional materials like metals offer 
limited gauge factors, graphene, one of the key 
2D carbon-based nanomaterials with its re-
markable mechanical and electrical properties, 
emerges as a promising candidate for strain 
sensors.3 However there are challenges in ob-
taining high-quality, uniform graphene and re-
peatably integrating it into scalable device ar-
chitectures.

In this study, we report the development of 
CVD-graphene based strain gauges on SU-8, 
an epoxy-based negative photoresist (PR), as a
flexible substrate using standard microfabrica-
tion processes. The results obtained from the

Fig. 1. (a) Graphene and gold/graphene integrated 
strain gauge on flexible SU-8 photopolymer. (b) Suc-
cessfully fabricated four sensors from a 1×1 cm 
Nickel coated sample.
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Fig. 2. (a) Mounted sensors on a metal bar. (b) Mo-
torized stage and measurement devices. (c) Meas-
urement setup and Wheatstone bridge configuration.  

 
Figure 3. (a) Sensors’ resistance behavior vs. time by 
applying force and bending the metal bar. (b) Rela-
tive resistance changes vs. applied strain for both 
commercial and graphene sensors 

mechanical and electrical characterization of 
the device show a sensitivity (GF=2.73) compa-
rable to that of a conventional metal-based 
commercial strain gauge. 

Materials and Methods 
A 1×1cm sample of nickel-coated silicon sub-
strate onto which few-layer graphene (FLG) 
was grown was coated with a 300nm-thick layer 
of gold (Au) by e-beam evaporation that acts as 
both protective layer and conductive intercon-
nects and pads.  Then by using UV-lithography 
and wet etching the gold layer was patterned to 
the desired serpentine-shape and the graphene 
layer around it was etched by O2 plasma. 
Moreover, the gold was selectively removed 
from one of the arms. Next, a 100µm thick SU-8 
layer was spin-coated on the sample and pat-
terned by UV-lithography to achieve a polymer-
ic cantilever. Finally, the sample was immersed 
into buffered oxide etchant (BOE) for 3 h in 
order to release the structure. Figure 1 shows 
images of successfully fabricated sensors and 

their sensitive areas. Measurement of the varia-
tion in resistance of the sensors due to applied 
stress was achieved by mounting the sensor on 
a metal bar next to a 120Ω metal-foil commer-
cial strain gauge (GF=2.14) as a reference (Fig. 
2a). By applying loading from the free end of 
the metal bar and bending it, using a x-y-z mo-
torized stage, a uniform stress is applied to the 
sensors (Fig. 2b). To calculate the applied 
stress, first, the strain measured in commercial 
strain gauge via resistance change, using a 
Wheatstone bridge configuration, and then the 
strain value was multiplied by the elastic modu-
lus of Polyimide (2.5 GPa) (Fig. 2c). Further-
more, the derived stress value was divided by 
Young’s modulus of SU-8 (3.6 GPa) to measure 
the strain experienced by the graphene sensor. 

Results and Discussion 
The strain gauges’ behavior was assessed by 
controlled bending of the metal bar (Fig. 3). 
Using calculated strain and relative resistance 
change values, a higher sensitivity for fabricat-
ed strain gauges was observed compared to 
the commercial one. Graphene and gold-based 
strain gauges demonstrated approximately 30% 
higher sensitivity (GF) (GF=2.73) than the 
commercial strain gauge. Moreover, graphene 
shows a negative GF in low strains, and it 
changes to positive GF after a specific deflec-
tion, while the gold-based and commercial 
strain gauges both show linier response and 
direct relationship with tension. 
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Summary:
This paper presents a high-performance MEMS vacuum gauge based on mode localization within 2 –
1000 Pa from 0 °C to 60 °C. Since the noise of the pickup signal decides the maximum amplitude ratio 
output and the sensitivity. A two-degree-of-freedom weak coupling resonator based on H-typed DETF 
resonator and T-typed piezoresistive strain pickup is developed. Results show that it has the ad-
vantages of large power-handling and high signal-to-noise ratio. The device equipped with that has a 
sensitivity of 280000 ppm/Pa and a lower limit of 2.00 Pa which is superior to previous works.

Keywords: High sensitivity, mode localization, vacuum gauge, piezoresistive strain gauge, tempera-
ture characteristics

Background, Motivation and Objective
Vacuum gauge is widely used in industrial
measurement and control. And sensitivity is an
eternal topic in the sensor’s design because 
high sensitivity usually means high resolution or 
detection threshold [1]. MEMS resonator-based 
gauges have a long history, and the sensitivity 
and lower limit of these gauges are limited by 
the diaphragm parameters and gas damping 
which is difficult to further increase [2].

Mode localization is a magical phenomenon in 
weak coupling resonator (WCR) systems. It can 
enhance the sensitivity of resonators to stress-
es while amplitude ratio (the ratio of vibration 
amplitude of resonators, AR) is selected as the 
output metric [1-2]. Theoretically, the sensitivity 
can be designed to be arbitrarily large in the 
case of a consistent amount of stiffness pertur-
bation. In fact, the sensitivity and linear range 
are limited by the floor noise and signal-to-noise 
ratio (SNR) of the pickup signal.

In this paper, a high power-handling WCR and 
large SNR piezoresistive pickup are proposed. 
The basic characteristic of the WCR and pickup 
is measured, and the performance of the vacu-
um gauge is calibrated.

Description of the New Method or System
The structure of the gauge is shown in Fig. 1(a). 
The vacuum pressure pushes the diaphragm, 
and the diaphragm generates both positive and 
negative stresses. The resonators are placed 
on the above two zones to differential sense the 

pressure which can also mitigate the influence 
of the thermal stress [3]. A Silicon cap is bond-
ed to the SOI wafer to fabricate the reference 
vacuum. As shown in Fig. 1(b), the WCR is 
composed of two T-typed DETF resonators
coupled with a slender beam. The resonator is 
driven by an electrostatic comb finger and 
picked by a T-typed piezoresistive. The piezo-
resistive bar is perpendicular to the beam and is 
stretched and compressed when the resonator 
vibrates, so the resistivity is changed.

Fig. 1. (a) Structure of the vacuum gauge. (b) The 
structure of the H-typed DETF weak coupling resona-
tor and T-typed piezoresistive pickup.

Results
The open-loop response of WCR is measured 
at the operating point (0 °C and 2.00 Pa) as 
shown in Fig. 2. The amplitude of the two basic 
modes cannot be tuned to 1.0 simultaneously 
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because of the fabrication error, so only the out-
of-phase mode is calibrated. The floor noise of 
Resonator2 (R2) is smaller than Resonator1 
(R1) which helps obtain a large AR (R1/R2). 
Because the piezoresistive pickup is used [4] 
and the distance between the driving port and 
the pickup port is large in R2, the feedthrough is 
decreased. Finally, the peak-peak value of 21.2 
dB and 28.4 dB of R1 and R2 is achieved which 
is larger than the widely used capacitance 
pickup [2, 5]. 

 
Fig. 2. The open-loop response of the weak cou-
pling resonator. 

The measurement of sensitivity in open-loop 
configuration is shown in Fig. 3. The pressure 
sensitivity achieves 280000 ppm/Pa (0.028 /Pa). 
The relationship between AR and temperature 
is a quadratic function because the variations of 
stiffness induced by the thermal stress also are 
quadratic. It can be concluded that AR increas-
es with the vacuum pressure and temperature. 
However, the linear range of AR cannot be 
infinite because of the noise and power han-
dling as described before. Therefore, the tem-
perature is limited to a narrow range. 

Fig. 3. The pressure and temperature sensitivity of 
frequency and amplitude ratio at the operating point. 

As shown in Fig. 4, the device is calibrated from 
0 °C to 60 °C. AR will be nonlinear while the 

temperature extends the range. Finally, the 
linearity is good within the range. The hystere-
sis error is ±1.2 % of the AR reading value (the 
blue bar in Fig. 4), and a lower limit of less than 
2.00 Pa is achieved within the temperature 
range. The comparison of key performances 
with previous work is shown in Tab. 1. 

Fig. 4. The calibration results within 2.00 – 1000 Pa 
from 0 °C to 60 °C. 

Tab. 1: The comparison of the key performance 

Works Pressure & 
temperature 

Sensitivity & 
range of AR 

Ref. 
[2] 

100.0 – 1000 Pa 
−20 – 60°C 

90000 ppm/Pa 
1 – 9 

This 
work 

2.00 – 1000 Pa 
0 – 60°C 

280000 ppm/Pa 
1 – 28 
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Summary:
There are more than one million score on google scholar using the search term “semiconductor AND 
gas AND sensors”, more than ten thousand in this year. Authors, reviewers, and publishers make 
significant efforts to ensure that articles are of high quality. Nevertheless, certain trends can be ob-
served, frequently occurring shortcomings that often occur in the research of semiconductor gas sen-
sors and the publication of scientific results. This article collects the shortcomings and mistakes that 
researchers make most often.

Keywords: semiconductor gas sensors, pitfalls, adsorption, desorption, investigation mistakes 

Introduction
Significant efforts have been made in the de-
velopment of semiconductor gas sensors over 
the past 50 years. However, there are some 
pitfalls and mistakes during this work, which 
have not generally been discussed in the litera-
ture. The information collected in this article 
derives from the author's twenty years of expe-
rience in reviewing articles on gas sensors 
submitted to various journals, as well as his 
forty years' work in the gas sensor field, reading 
books, articles, reports and making his own 
mistakes as well [1], [2].

About semiconductor gas sensors in gen-
eral
There are many possible physical realisations 
of semiconductor gas sensors [3]. Simple thin 
semiconductor film, thin film with catalytically 
active metal particles (agglomerated ultrathin 
metal layer [4]), pure thick film, thick film with 
metal additives, and semiconductor nanocrys-
tals are often referred to as homogeneous gas 
sensor layers, in spite of the microscopic inho-
mogeneity of these structures [5], [6], [7] [8]. 
The latest realizations of these resistance-type 
semiconductor gas sensors have layers doped 
with polymers [9], [10].

Diode or MOS like (macroscopically inhomoge-
neous) structures are realised on monocrystal-
line semiconductor base, mainly on Si, GaAs, 
or, for higher temperature application on SiC 
[11].

Sources of pitfalls
One source of error can be the design and real-
ization of the equipment used to test the sen-
sors. The gas concentration surrounding the 
sensor may depend on several factors, such as 
the rate of mixing and gas adsorption on the 
vessel wall and pipelines of the gas system.

Articles often lack a comparison between the 
measured static and dynamic characteristics of 
the sensors, which would take into considera-
tion the theory of sensor operation and adsorp-
tion phenomena. In many cases it is possible to 
find some theoretical connection between the 
surface adsorption (gas partial pressure) and 
the electrical output signal (resistance, thresh-
old voltage, etc.), i.e., derive the static charac-
teristics.

According to the adsorption theory the pressure
axis should be scaled with p on 1/n power. Us-
ing that kind of scale, it is possible to estimate 
some parameter of adsorption. The proper 
scale for the sensor response depends on the 
nature of the output signal of the given sensor 
construction. For example, the surface work-
function, as sensor response is usually propor-
tional to the surface coverage, thus linear scale 
is proper solution for work-function type (MOS 
and diode) sensors. For the case of fully de-
pleted semiconductor resistive type sensors the 
sensor resistance depends exponentially on the 
chemical potential (work-function) of the sur-
face, thus the proper scale on the y axis is loga-
rithmic [2], as well as the diode type sensors, 
when the current is plotted as output signal. 
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A common shortcoming in articles dealing with 
semiconductor gas sensors is that the authors 
neglect the above considerations and choose 
the simplest solution, i.e. logarithmic scaling on 
both axes, without any other justification or 
consideration. This solution seems reasonable 
in many cases, since many characteristics can 
appear as straight lines when represented in 
the log-log coordinate system, and the pressure 
(concentration) range is not too broad. Never-
theless, the logarithmically scaled partial pres-
sure (concentration) axis, if it is plotted in a 
wide pressure range, would offer a good oppor-
tunity to establish the parameters of the sensor 
characteristic. 

A common pitfall when evaluating the results is 
that the time function of the output signal rising 
or falling is not examined, not even in cases 
where there are otherwise measurement results 
on the dynamic behavior of the sensors.  

Sometimes, especially at lower temperatures a 
long time is required for reaching a steady state 
situation of the sensor output signal, thus ex-
perimenters tend to forget waiting for this to 
happen. Of course, there are cases where the 
researchers do not wait for the sensor to set up, 
because like the case of high gas concentra-
tion, long exposure to gas can cause irreversi-
ble changes in the chemical composition on the 
surface of the sensor. 

Resistive type semiconductor gas sensors are 
often tested with a series pull-up resistor and 
voltage source. This arrangement eliminates 
the sensor instability at the high resistance 
range, as the pull-up resistor voltage is always 
very small in the case of high sensor re-
sistance. The honest way is to plot the real 
sensor resistance instead of current or voltage 
of the pull-up resistor.  

A common characteristic of semiconductor gas 
sensors is that they usually contain an integrat-
ed heating element operating with electrical 
power which can disturb the response of the 
sensor. Even in the case of more complex sen-
sor designs, it is not advisable to forget about 
the proper separation of the heating circuit and 
the sensor circuit. 

Conclusion 
Looking at the frequent shortcomings and 
missed opportunities during the research, we 
can conclude that the authors usually carry out 
careful experimental work. However, it often 
happens that some factors that may affect the 
results are not considered during the experi-
ments. During the evaluation of the measure-
ment results, it happens that even relatively 
simple options are not used to draw deeper 
conclusions, and to finding the connection be-

tween the measured results and the theoretical 
background of operation. 
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Summary:
Indoor air quality (IAQ) is a major health concern, and monitoring pollutants indoors is crucial. Current 
technology offers expensive and bulky options or cheap sensors with limited detection capabilities. 
New sensor technologies are being developed, but most focus on size and power consumption, ne-
glecting the ability to definitively identify pollutants. Colorimetric sensors offer excellent specificity for 
detecting target pollutants. In this talk we will discuss the latest developments and limitations of color-
imetric sensors and explore possibilities for future sensor technology.

Keywords: Gas sensors, colorimetric sensors, indoor air quality, formaldehyde, CO2

Introduction
Colorimetric sensors offer exceptional selectivi-
ty for detecting specific gaseous molecules. 
This advantage, stemming from the targeted 
response of colorimetric indicators to specific 
wavelengths of light, makes them highly attrac-
tive for gas detection applications. However, 
traditional readout methods pose significant 
limitations.

The development of miniaturized systems for 
continuous colorimetric sensor readout pre-
sents a critical challenge. Existing efforts utilize 
light sources and photodetectors to measure 
changes in absorbance, reflectance, or trans-
mittance at specific wavelengths. These config-
urations often involve complex integration of 
components, particularly concerning optical 
alignment. Additionally, miniaturization can 
hinder the ability to refresh the indicator materi-
al once it degrades.

This work presents a novel approach for con-
tinuous readout of colorimetric gas sensors. 
Our design prioritizes simplicity and versatility 
by utilizing readily available, commercially ac-
cessible components. This approach offers 
several key advantages: i) Accessibility: Utiliz-
ing commercially available components reduces 
cost and simplifies construction; ii) Wavelength 
Compatibility: The design is compatible with a 
wide range of colorimetric indicators operating 
at different wavelengths; iii) Resettabil-
ity/Refreshability: The system allows for easy 
resetting or refreshing of the indicator material, 
overcoming a major limitation of miniaturized 
colorimetric sensors and; iv) Repeatability: The 

design ensures excellent repeatability of meas-
urements across different sensor units.

This paper details the design, implementation, 
and performance evaluation of our proposed 
approach. We believe this simple and versatile 
method has the potential to significantly ad-
vance the field of continuous colorimetric gas 
sensing. For a rigorous test of our approach's 
capabilities, we chose formaldehyde, one of the 
most challenging pollutants for indoor air quality 
(IAQ) applications. Our results demonstrate that 
our simple approach offers excellent perfor-
mance, including high selectivity against inter-
fering gases, excellent reproducibility, and reli-
able operation.

Experimental
Our approach is based on a readily available 
and inexpensive component called the 
MAX30105. This component emits light in three 
different wavelengths (green, red, and infrared) 
and measures the amount of reflected light at 
each wavelength using a broad band photodi-
ode. The small size and low cost of this compo-
nent make it ideal for use in miniaturized color-
imetric gas sensors.

The colorimetric sensor utilizes a previously 
reported ink formulation [1]. This ink changes 
color due to a reaction between a primary 
amine and formaldehyde, which alters the solu-
tion's pH. A standard pH indicator dye, Bro-
moxylenol blue, visually reflects this pH change.

Results
The colorimetric sensor operates based on the 
chemical reaction between a primary amine and 
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formaldehyde. This reaction, known as nucleo-
philic addition, forms an imine molecule and 
releases a water molecule. Importantly, under 
these conditions, the reaction is irreversible. As 
a result, the color change of the dye intensifies 
as it is exposed to increasing amounts (doses) 
of formaldehyde, until a saturation point is 
reached (Fig. 1). Our experiments revealed that 
the sensitivity and durability of the sensor de-
pend on the formulation, particularly the amount 
of amine and the thickness of the printed film. 
Lower amine concentrations resulted in higher 
sensitivity but faster saturation. Conversely, 
higher amine concentrations offered slower 
saturation but reduced sensitivity. To achieve 
optimal performance, we formulated the colori-
metric sensor to strike a balance between these 
two factors. 

 
Fig 1. Dosimeter expeirments and ink formula-
tion tunning. 

Although the overall color change of the ink is 
irreversible, we observed that the rate of color 
change is directly proportional to the formalde-
hyde (CH2O) concentration during exposure 
(Fig. 2). This means the steeper the initial slope 
of the color change, the higher the CH2O con-
centration. By exploiting this property, we can 
analyze the rate of color change, or the first 
derivative of the signal (Fig. 2, insert), to deter-
mine the CH2O concentration. Using this ap-
proach, we achieved a detection limit of 85 ppb 
for CH2O. 

 

Fig. 2. Transient measurements signal at differ-
ent CH2O concentration and the 1st derivative of 
the signal. 

Figure 3 depicts a calibration curve constructed 
using eight samples from three distinct batches. 
The data demonstrates a strong linear relation-
ship between the response and formaldehyde 
concentration, with minimal deviations consider-
ing the use of diverse samples. We further vali-
dated this calibration model by performing a 
new transient experiment with a fresh sample. 
The predicted concentration by the model 
closely matched the nominal concentration, 
confirming the model's accuracy. 

 
Fig. 3. Calibration line and test validation exper-
iment. 

Finally, we investigated the potential interfer-
ence from common indoor air pollutants: mois-
ture, nitrogen dioxide (NO2), carbon dioxide 
(CO2), and carbon monoxide (CO). Experi-
ments were conducted by exposing the sensor 
to each interferent gas at various concentra-
tions alongside a fixed concentration of formal-
dehyde. The results reveal that relative humidity 
slightly interferes with the sensor response at 
both low and high humidity ranges. Conversely, 
no significant interference was observed within 
the model's calibration error range for CO and 
CO2. NO2, however, exhibited a clear interfer-
ence effect, causing significant deviations from 
the expected formaldehyde value. It's important 
to note that the NO2 concentrations used in the 
experiments were 4 to 20 times higher than 
typical indoor air levels. 
[1] Feng, L.; Musto, C. J.; Suslick, K. S. A Simple 

and Highly Sensitive Colorimetric Detection 
Method for Gaseous Formaldehyde. J. Am. 
Chem. Soc. 2010, 132 (12), 4046–4047. 
https://doi.org/10.1021/ja910366p. 
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Summary:
A simple and reliable ethylene sensor was fabricated based on W-doped Sb2MoO6, which presented 
excellent responses toward 2-10 ppm ethylene, with high sensitivity, good selectivity, low LOD (24
ppb), excellent repeatability (~100 cycles) and long-term stability (within 45 days). The decreased 
grain size, abundant defects, proper size mismatch and increased charge separation capability con-
tribute to the enhanced sensing properties. Besides, the sensors were applied in VOCs detection of 
unhusked rice to demonstrate the practical application potential in rice mildew evaluation.

Keywords: gas sensor, ethylene, rice mildew, heteroatom dopant, room temperature

Background
Ternary extrinsic semiconductor intentionally 
inserted by transition metal dopants as ionized 
donors through the substitution of the original 
atom position and interstitial doping in crystal 
structure has been reported as a feasible ap-
proach for strengthening the electronic proper-
ties [1, 2]. Compared with native transition met-
al atoms, the d-orbitals of transition metal do-
pants show various localizations, impacting the 
spatial delocalization of the discrete energy 
level, and thus resulting in the alteration of the 
band structure, and the redistribution of the 
density of states (DOS) around the Fermi level 
which is in proportion to the electron transition 
probability [3, 4]. It is worth stressing that, an 
evident drop in ionic conductivity will happen 
accompanied by the dopant concentration and 
atom size exceeding the optimum [5].

Ethylene was identified as a typical volatile 
organic compound (VOC) from the metabolism 
of several common fungi. The specific role of 
ethylene in fungal metabolism remains unclear 
at present. On the whole, the ethylene produc-
tion has been demonstrated displaying upwards 
tendency parallel with the growing fungi quanti-
ty, which serves as a valuable point of refer-
ence for identifying moldy grain.

Description of the New Method or System
A facile one-step solvothermal approach was 
used to synthesize W-doped Sb2MoO6 (SMO) 
with different W:Mo molar ratios of 2.5%, 5%, 
7.5% and 10%, named as W-2.5, W-5, W-7.5
and W-10. The sensing layers were coated onto 
an alumina substrate (6*30 mm) with Pt elec-

trodes by a droplet coating method. The gas-
sensing test was performed via a four-channel 
gas sensing testing instrument, which 
measures electrical resistance signals of the 
corresponding channel in highly pure air and 
target gas. All the experiments conducted in dry 
air were carried out at RT.

Results
Fig. 1 displays the EBSD image and line-scan 
analysis, signifying that the W atoms are suc-
cessfully doped and uniformly dispersed.

Fig. 1. EBSD and line-scan analysis of W-5.

Fig. 2 shows that the content of doped W4+

obviously enhances the sensing performance 
due to the proper size mismatch compared with 
Mo6+, contributing to distortion in the crystal 
lattice, improving carrier mobility and strain-
induced changes in conductivity. Besides, effect 
of doping W ions with various valence states on 
the adsorption energy was explored through 
DFT calculation.
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Fig. 2. Fitted peak area ratios of different W dopants 
with various valence states for W-doped samples. 

It can be intuitively observed in Fig.3 that the 
W-5 shows the best response signature to eth-
ylene molecules ahead of the other four sen-
sors, and all the W-doped samples appear to 
have higher response values than pure 
Sb2MoO6. LOD of W-5 reached ~24 ppb under 
RT. Besides, response deviation is below 1 
within a 100 repetition cycles.  

 
Fig. 3. Transient responses of 10-2 ppm ethylene for 
all samples at RT. 

The response first increases till 40%RH and 
then decreases. There is an excellent linear 
relationship between response and ethylene 
concentrations, and the calculated LODs are all 
at the ppb levels. Besides, low response drifts 
were calculated of ~0.2% and ~5.0% under 
20%RH and 60%RH. 
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Fig. 4. Linear relationship between response and gas 
concentration for W-5 under various RH and corre-
sponding calculated detection limit. 

Fig. 5 exhibits exponential relationship between 
response and storage time during 120 days 
with R2=0.972, demonstrating that fabricated 
sensors proved to be highly sensitive to the 
change of mildew smell of unhusked rice during 
different storage periods. Besides, excellent 
selectivity towards other interfered gases gen-
erated during rice storage (Sethylene/Sinterference 

gas > 102) was exhibited, which further con-
firmed feasibility of practical application. 
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Fig. 5. Responses of the W-5 sensor as a function 
of storage time measured at RT under exposure to 
odors from 50 g in a 100 ml cell unhusked rice and 
the corresponding released ethylene concentration. 
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Summary:
Sensors based on conductive polymers constitute promising technologies to monitor ammonia. Poly-
aniline (PAni), doped with an acid, is commonly used for these applications. However, PAni is poorly 
soluble in most of organic solvents. When m-cresol is identified as a good solvent to stabilize PAni, it 
can’t be used in industrial fabrication processes due to its toxicity. The objective is to study alternative 
solvents having similar structures than m-cresol to disperse PAni and provide sensing performances
to ammonia from obtained active surface layers.

Keywords: Chemiresistive Sensor, Ammonia detection, Conductive Polymer, doped Polyaniline, Pol-
yaniline dispersion.

Background and Motivation 
Gaseous species from polluted air may be toxic 
and drive to health problems after inhalation. 
For instance, ammonia gas mostly produced by 
agriculture and industrial facilities (microelec-
tronic, fertilizer, refrigerants fields) may lead to 
chronic lung diseases and respiratory inflamma-
tions [1]. To guarantee workers’ health, efficient 
sensors are needed. Among ammonia sensors, 
usual metal oxides ones suffer from high opera-
tion temperature and lack of flexibility [2]. Con-
versely, sensors based on conductive polymers 
work at room temperature. Their structural and 
mechanical properties are easily tuneable mak-
ing them a promising alternative [3].

Polyaniline (PAni) constitutes a common con-
ductive polymer used for sensing applications. 
The choice of a solvent to make the device by 
depositing the conductive ink on the electrodes 
remains challenging. Doped polyaniline is solu-
ble in few organic solvents. Among efficient 
solvents, m-cresol was identified as one of the 
best, displaying high solubility of PAni protonat-
ed by Camphor-10-sulfonic acid (CSA), due to 
favourable hydrogen bond interactions and to
van der Waals forces between phenyl groups of 
molecules [4]. However, m-cresol is a Cancero-
genic, Mutagen and Reprotoxic solvent which 
can’t be used anymore in industries with hy-
giene and safety standards. Therefore, the ob-
jective of this study is to find other alternative 
solvents to disperse doped PAni without de-
creasing its sensing performances to ammonia. 

Knowing that organic solvents with similar 
structures to m-cresol could have favourable 
interactions with PAni:CSA [4], solvents having
π-bonds with phenyls or isoprenic units were 
selected. The ability of these solvents to fabri-
cate PAni layers sensitive to ammonia was 
investigated.

Experimental part
Polyaniline-emeraldine (Mw = 65000 g mol-1)
and (+)-Camphor-10-sulfonic acid (CSA), cho-
sen as the doping agent were provided by Sig-
ma Aldrich. They were mixed together to obtain 
a doping rate of 50%. The solid content was 
fixed to 15 g/L. The powder mix was then incor-
porated in four solvents: Toluene (T), Benzylic 
alcohol (BA), Alpha Pinene (AP) and DL Limo-
nene (DLL). Solutions stayed under stirring at 
700 rpm for 5 days and were sonicated for 1 
hour. Then, 1.5 µL of each solution was drop-
casted onto gold interdigitated electrodes de-
posited on polyimide (200 µm gaps and fin-
gers). Three sensors were obtained per solu-
tion. The sensors were finally dried on a hot-
plate at 100°C for one night, and during 7 days 
at 100°C in an oven under vacuum. Then, the 
surface microstructure of PAni:CSA layers was 
characterized using Scanning Electron Micros-
copy at 10 kV and a magnification size of 2000. 
Sensing performances of the PAni:CSA layers 
were tested at various ammonia concentrations 
(from 50 to 2000 ppb). The temperature and the 
relative humidity were respectively fixed to 20°C 
and 45%. Relative responses of all sensors 
were calculated as a function of the resistance 
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under clean air (R0) and real-time resistance (R) 
as followed:  

 
Results 
Except for the uniform Benzyl alcohol (BA) solu-
tion, most of solutions present two phases 
(Fig.1). The dispersion of PAni:CSA in solvent 
is unstable and the difference of solubility di-
rectly impacts the polymer microstructure after 
solvent evaporation. Indeed, only PAni:CSA:BA 
sample presents a continuous morphology with 
some holes at the surface. The good stability of 
PAni in BA can be explained by hydrogen 
bonds formed between the dopant and the hy-
droxyl group (OH) of the solvent. Other samples 
made from apolar solvents (T, AP, DLL) display 
more aggregated and porous active surface 
layers. Some sticks and needles even appear 
on the active surfaces from samples made in 
DLL limonene and Toluene, respectively. The 
morphology of T, AP and DLL seem to present 
a higher specific surface area which may facili-
tate gas-solid interactions. 
 

 
Fig. 1. SEM images of PAni:CSA surfaces from 
different solutions observed after 24 hours of rest. 
 
The resistivity of the device measured before 
ammonia injection indicates that AP layer has 
the highest resistivity (3.0 105 Ω), followed by T 
and DLL samples with similar resistivities (4.0 
104 Ω) and finally by the BA sample (8.8 102 Ω). 
 

Fig.2 presents the evolution of the relative re-
sponses toward different concentrations of 
ammonia. Independently of the solvent, sensors 
present the same behaviour characterized by 
an increasing relative response with ammonia 
concentration. Calibration curves have shown 
that samples made in toluene have the highest 
sensitivity of 393 ± 18 %/ppm, followed by DLL 
Limonene sensors (306 ± 46 %/ppm) and AP 
sensors (223 ± 13 %/ppm). Sensors elaborated 
in BA display the lowest sensitivity of 51 ± 6 
%/ppm. Then, limits of detections (LOD) are 
calculated according to IUPAC recommenda-
tion. Samples from Toluene, Alpha Pinene and 
DLL Limonene display a similar and very low 
LOD around 2 ppb when the LOD of samples 

from Benzyl alcohol is slightly higher around 4 
ppb. Sensors elaborated in the three apolar 
solvents (Toluene, Alpha Pinene, DLL Limo-
nene) are very interesting and promising given 
their high sensitivity values and low limits of 
detection. That can be due to the higher specif-
ic surface area of the samples [5], allowing the 
gas to deeper penetrate into the active surface 
layer and to better interact with the active sites 
of PAni. 
 

 
Fig. 2. Responses toward ammonia concentration 
from 0 to 2000 ppb of PAni:CSA sensors from solu-
tions T, BA, AP, DLL (45% RH and 20.4 °C). 

 

Conclusion 
The objective of the study was to investigate 
alternative solvents having similar structures 
than m-cresol to prepare organic ammonia sen-
sors. Even if PAni is poorly soluble in apolar 
solvents, those solvents lead to morphologies 
with high specific surface area and very good 
sensing performances. Hence, the next step will 
be to find additives able to stabilized the poly-
mer in solution, to enhance the reproducibility of 
the devices made by ink printing processes. 

References 
[1] P. Adhav et al., « Room temperature operable 

ultra-sensitive ammonia sensor based on polya-
niline-silver (PANI-Ag) nanocomposites synthe-
sized by ultra-sonication », Synthetic Metals, 
vol. 293, p. 117237, 2023. 

[2] A. Liu et al., « The gas sensor utilizing polyanili-
ne/ MoS2 nanosheets/ SnO2 nanotubes for the 
room temperature detection of ammonia », Sen-
sors & Actuators: B. Chemical, vol. 332, p. 
129444, 2021, doi: 
https://doi.org/10.1016/j.snb.2021.129444. 

[3] C. Zhu et al., « Self-assembly polyaniline films 
for the high-performance ammonia gas sen-
sor », Sensors & Actuators: B. Chemical, vol. 
365, p. 131928, 2022, doi: 
https://doi.org/10.1016/j.snb.2022.131928. 

[4] T. Vikki et al., « Molecular Recognition Solvents 
for Electrically Conductive Polyaniline », 
Macromolecules, vol. 29, no 8, p. 2945‑2953, 
1996, doi: 10.1021/ma951555v. 

[5] N. R. Tanguy, M. Thompson, et N. Yan, « A 
review on advances in application of polyaniline 
for ammonia detection », Sensors and Actuators 
B: Chemical, vol. 257, p. 1044‑1064, 2018, doi: 
10.1016/j.snb.2017.11.008. 

 

50 ppb 
200 ppb 

500 ppb 

1000 ppb 

2000 ppb 

EUROSENSORS XXXVI 95

DOI 10.5162/EUROSENSORSXXXVI/OT5.44



 Conductimetric Gas Sensors for Hydrogen Leakage Detec-
tion Based on Copper Phthalocyanine Decorated by Palla-

dium Nanoparticles. 
S. Rajab-Pacha 1, J. Brunet 1, A. Ndiaye 1, A. Pauly 1, C. Varenne 1

1 Université Clermont Auvergne, Clermont Auvergne INP, CNRS, Institut Pascal, F-63000 Clermont-
Ferrand, France

Corresponding author: Salma.RAJAB_PACHA@doctorant.uca.fr

Summary:
This study introduces the development of conductimetric gas sensors for hydrogen leakage detection, 
implementing copper phthalocyanine decorated with palladium nanoparticles as sensitive materials. 
These sensors are devoted to improve the performance of hydrogen sensors through focusing on a 
novel approach to enhance sensitivity and response time. The sensors also achieve a detection limit of 
0.07% at ambient temperatures, demonstrating a significant breakthrough in hydrogen detection capa-
bilities. These performances allow positioning them as a promising solution for industrial safety applica-
tions.

Keywords: Copper Phthalocyanine, Palladium Nanoparticles, Hydrogen Micro-sensors, Leakage De-
tection, Industrial Safety

Motivation and Objective
In the context of global warming, research on al-
ternative energy sources distinct from fossil fuels 
is becoming essential. To this end, the use of hy-
drogen energy has emerged as a major priority 
in the current quest for clean and sustainable en-
ergy sources [1]. However, despite its many po-
tential advantages, the deployment of hydrogen 
as an energy vector presents considerable chal-
lenges. Hydrogen, being a colorless and odor-
less gas, exhibits an explosiveness range be-
tween 4% and 75% in air. Coupled with its low 
minimum ignition energy of 0.017𝑚𝑚𝑚𝑚, high heat 
of combustion (142 𝑘𝑘𝑚𝑚/𝑔𝑔), and significant burn-
ing velocity, along with an ignition temperature of 
560°𝐶𝐶, hydrogen's physical and chemical prop-
erties necessitate rigorous safety protocols [2].
Given these inherent risks, the development of 
highly sensitive and rapid-response hydrogen 
sensors is crucial, not only to protect against po-
tential catastrophic explosions but also to sup-
port the efficient and secure integration of hydro-
gen into our energy systems. Thus, our research 
focuses on advancing microsensor technology 
that meets the metrological requirements for 
safer use of hydrogen, such as detecting low hy-
drogen concentrations with increased reliability 
and precision, low cost, low power consumption, 
and low sensitivity to environmental parameters 
(relative humidity, pressure, etc.) [3][4].

Sensor Elaboration and Test Protocol
Original conductimetric micro-sensors imple-
menting Metallophthalocyanine decorated by 
metallic nanoparticles have been realized. Un-
substituted copper phthalocyanine has been 
chosen because of its nanostructured morphol-
ogy associated to a high specific surface area 
and a low intrinsic conductivity leading to high 
gas adsorption capacity and high electronic con-
ductivity modulation even by low gas concentra-
tions. In order to favor sensitivity to hydrogen,
palladium has been chosen as metallic nanopar-
ticles because of its well-known catalytic power 
for hydrogen dissociation. The conductimetric 
transducer consist of platinum interdigitated 
electrodes (IDEs) screen printed on an alumina 
substrate. The substrate is also equipped, on the 
rear face, with a screen-printed platinum resistor
that enables the temperature regulation of the 
structure. Initially, 100 nm of copper phthalocya-
nine is deposited on the IDEs through thermal 
evaporation. Subsequently, palladium nanopar-
ticles are deposited on the copper phthalocya-
nine film through wet chemical deposition. This 
method allows for the creation of large adsorp-
tion sites facilitated by the copper phthalocya-
nine nano structuration, while the palladium na-
noparticles contribute to enhanced selectivity 
and sensitivity towards hydrogen. To our 
knowledge, this is the first time that CuPc are 
decorated with PdNPs to ensure the building of 
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nanocomposites materials that enable such per-
formances. The presence of the PdNPs and the 
nanostructuation of the CuPc allows to tune the 
conductivity while benefiting from large adsorp-
tion sites and catalytic effect of the NPs. 

Results 
Figure 1 represents the electrical resistance of 
Pd-decorated copper phthalocyanine at room 
temperature consecutively exposed to hydrogen 
concentration during 5 minutes then maintained 
under clean air during 15 minutes. Results high-
light the high sensitivity of microsensors to H2 in 
the [0.2%-1.2%] concentration range, with a high 
signal-noise ratio. The correlation between mi-
cro-sensor responses and H2 concentration is 
manifest, with a good level of repeatability. The 
response and recovery times determined at 
room temperature are estimated to 2.5 minutes 
and 7 minutes, respectively. 

Figure 2 represents the variation of sensor re-
sistance measured during exposure steps ver-
sus H2 concentration at room temperature. This 
calibration curve is extracted from results de-
picted in figure 1. Such sensors exhibit a linear 
calibration curve, a sensitivity close to 200 per 
percent as well as a very low hysteresis. Based 
on noise magnitude measured during sensor 
stabilization under clean air and sensitivity, the 
limit of detection has been estimated to 0.07% 
(700ppm) at ambient temperatures. This empha-
sizes the significant improvement by combining 
CuPc with nanoparticles for conductimetric sen-
sors. While these results are promising, further 
investigation are required. The impact of nano-
particle density on sensing performances, the 
impact of the nature of phthalocyanine on re-
sponse, the effect of temperature on sensing 
mechanisms, the cross-sensitivity of devices to 
water vapor and interfering gases must be inves-
tigated.  These ongoing developments aim to en-
sure that the sensors meet the rigorous require-
ments for leak detection across various industrial 
applications. All these points will be discussed. 

 

 

 

 

 

 
Fig. 1. Electrical resistance of Pd-decorated CuPc 
conductimetric sensor towards different concentration 
of Hydrogen at ambient temperature. Time of expo-
sure and recovery steps was set to 5min and 15min 
respectively. 

Fig. 2. Resistance variations of Pd-decorated CuPc 
conductimetric sensor versus H2 concentration at 
room temperature. Datas are extracted from measure-
ments depicted in figure 1. 
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Summary:
Herein we demonstrate that few-layers 2D-CrCl3 transition metal trihalides (TMTHs) MX3 (M= Ti, V, Cr, 
Mo, Fe, Ru and X = Cl, Br, I), exhibit unveiled capabilities as chemoresistive p-type sensors to humidity 
(10 - 80% RH @25 °C), NO2 (400 ppb – 1 ppm) and H2 (10 – 250 ppm) at 100 °C operating temperature 
(OT). Specifically, we investigated the humidity response mechanism unraveling the nature of the re-
versal of the resistance from an ionic (@25 °C OT) to an electronic conduction regime (@100 °C OT) in 
humid air conditions. All these findings suggest 2D-CrCl3 platforms as 2D novel interfaces for humidity 
and gas sensing applications. 

Keywords: 2D-CrCl3, chemoresistive, humidity sensor, NO2, H2 gas sensor.

Background, Motivation an Objective
There are substantial efforts to replace tradi-
tional metal oxides (MOX) gas sensors with 2D 
van der Waals (vdW) materials, which offer the 
advantage of having the maximum surface-vol-
ume ratio as respect to their MOX counterparts
[1]. Excluding the applications of Transition 
Metal Trihalides (TMTHs), with formula MX3 (M
= Ti, V, Cr, Mo, Fe, Ru and X = Cl, Br, I), as 
cleavable 2D ferromagnetic semiconductors, the 
humidity and gas sensing response of few layers 
MX3 TMTHs are still unknown, probably on the 
assumption that their environmental instability in 
dry/wet air prevents their utilization as reproduc-
ible gas sensor interfaces. Within the family of 
TMTHs, we found that CrCl3 is the only relative 
stable under ambient laboratory conditions even 
after its isolation in reduced dimensionality 
through mechanical exfoliation. Specifically, we
revealed that CrCl3 has O-CrCl3 stable semi-oxi-
dized surface phase which is stable up to 400 °C 
with charge imbalance [2]. We therefore con-
cluded that, from the operational point of view,
few-layers 2D-CrCl3 do not suffer dramatic oxi-
dation or evaporation phenomena up to 200 °C,
suggesting CrCl3 to be a potential chemoresis-
tive platform, operating in the 25 – 150 °C tem-
perature range and dry/wet environmental con-
ditions, for gas sensing applications.

Description of the New Method or System
In this study, commercial powders of CrCl3 have 
been for the first time exfoliated by Liquid Phase 
Exfoliation (LPE) to produce reproducible 

amounts of few-layers 2D-CrCl3, having a thick-
ness of 20 - 25 nm and aspect ratio of ~205 [3].
Well dispersed exfoliated flakes were success-
fully deposited by spin coating over interdigitated 
Pt patterned electrodes to yield thin film, as 
shown in Fig. 1.

Fig. 1. (a) exfoliated CrCl3 flakes deposited on Si3N4
substrate with Pt-interdigital electrodes (lighter re-
gions) (b), comb-like picture of the Pt electrodes with 
roughness profile (inset) of the Si3N4 substrate. (c)
SEM magnification of a representative CrCl3 flake af-
ter exfoliation.

Results and Discussion
We firstly investigated the electrical response to 
humidity ((10 – 80% @25 °C) increasing the op-
erating temperature (OTs) from 25 °C to 150 °C 
as shown in Fig. 2.
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Fig. 2. Humidity response of exfoliated 2D-CrCl3 in 
the 10 - 80% RH range (RH @25 °C) and different op-
erating temperatures from 25 to 150 °C. 

At 25 °C with increasing humidity from 10 - 80% 
RH, resistance decreases whereas at OTs > 75 
°C resistance increases with increasing humid-
ity. Remarkably, with increasing OTs, the exper-
imental limit of detection (LOD) improves. At 25 
°C LOD is ~ 40% RH while at OTs > 75 °C, LOD 
is as small as ~ 10% RH. Furthermore, with in-
creasing the OTs, the drift of the base line re-
sistance, related to incomplete desorption of wa-
ter molecules, is fully compensated (compare 
the slopes of the black dotted lines) indicating 
100 °C as the best operating temperature for hu-
midity detection in the whole 10 - 80% RH range. 
Interestingly, 50 °C OT represents a transition 
zone between the reversal response (i.e. de-
crease/increase) of the electrical resistance, on 
the assumption of a different reaction mecha-
nism (i.e., ionic/electronic). 

 
Fig. 3. Electrical response in 40% RH humid air back-
ground to NO2 (400 ppb - 1.5 ppm) and 100 °C OT. 

Exposing the sensor to NO2, it shows that 2D-
CrCl3 behaves as a p-type interface with de-
creasing/increasing sensor’s resistance to NO2 
(oxidizing) and H2, gases respectively (here not 
shown), in the whole OTs range. In the OTs 
range 100 – 150 °C sensor’s electrical response 
is fully developed with appreciable changes of 
the electrical signal and good recovery of the 
base line after gas desorption, suggesting 100 

°C as the best operating temperature for investi-
gated gases detection. 

Two humidity sensing mechanism have been 
proposed considering a low (25 °C) and high 
(100 °C) temperature working regime (Fig. 4).  At 
25 °C, H2O dissociatively chemisorbs over 2D-
CrCl3, leading to the formation of two hydroxyls 
(OH). With increasing the humidity content, fur-
ther H2O physisorbed layers are formed, ena-
bling, at higher RH%, the onset of a Grotthus 
proton-chain (H+) ionic-conduction mechanism 
(Fig. 4b). At T > 100 °C, the physiosorbed water 
is almost desorbed and a direct electronic 
charge interaction mechanism takes place be-
tween the CrCl3 surface and the adsorbing 
H2O/gases. In this case the response mecha-
nism is fully electronic (Fig. 4c). 

 
Fig. 4. (a) side view of a mono layer CrCl3 structure 
showing a tri-layer atomic assembly (Cl-Cr-Cl); (b) 
schematic model of humidity adsorption at 25 °C and 
ionic (H+) conduction mechanism; (c) schematic 
model of H2O, NO2, NH3 and H2 gases interaction (in-
dicated the charge transfer from/to the adsorbing mol-
ecules and the surface). 
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Summary:
This work aims to provide a novel approach to better understand the detection mechanism of chemo-
resistive gas sensors for complex volatile compounds, such as biogenic gases. The chemical species 
formed during analyte-sensor interaction on the sensing layer surface were investigated through oper-
ando diffuse reflectance infrared Fourier transform spectroscopy. Chemisorption analyses further im-
proved the understanding of the sensing mechanism and material selectivity by characterizing the 
acid-base nature of the active sites of the functional layer. 

Keywords: chemoresistive gas sensors, operando analyses, sensing mechanism, complex VOCs
detection, chemisorption analyses

Background, Motivation and Objective
Chemoresistive sensors, such as metal oxide 
(MOX) semiconductor-based gas sensors, be-
long to the class of electrical sensors and the 
interaction of the gas with the receptor unit is 
based on reversible redox processes over its 
surface. The interest in chemoresistive sensors 
has grown over the years because robustness, 
sensitivity, cost-effectiveness and small size 
make them attractive for a wide range of appli-
cations, including emerging technology for the 
Internet of Things.

Over the past decades, operando approaches, 
surface studies, and theoretical simulations 
have shed light on the surface processes that 
drive the gas sensing responses [1] for small 
molecules, such as NO2, CO, H2, O3, and more 
deeply investigated the intermediate reactions 
of sample VOCs, such as ethanol, acetone and 
acetaldehyde. Nevertheless, these sensors can 
also detect more complex VOCs, such as bio-
genic gases (with a mostly natural origin) like 
terpenes. These gases have functional groups 
with different characteristics, making it challeng-
ing to comprehend their interaction with the 
sensing surface. 

The motivation for the present work is to em-
ploy a novel approach to understanding the 
detection mechanism of complex gaseous mol-

ecules, that combines the investigation of sur-
face chemical species formed during the ana-
lyte-sensor interaction through operando diffuse 
reflectance infrared Fourier transform spectros-
copy (DRIFT) with the characterization of MOX
active sites via chemisorption analyses. The 
latter can be used to understand the selectivity 
of a specific MOX compared to other materials.

Limonene has been used as a case study, as it 
is a biogenic gas belonging to the class of ter-
penes. It is widely exploited in the food and 
beverage industry, as a flavoring and preserva-
tive element, or in beauty and personal care 
products, in household products, and as the 
active principle in ecological pesticides. It is a 
VOC, with a time-weighted average threshold 
limit value (TLV-TWA) of about 30 ppm. As a 
result, sensors for in-situ and real-time monitor-
ing of limonene leakage in industrial settings 
are required. The optimal material for limonene 
sensing was selected among seven nanostruc-
tured MOXs based on WO3, ZnO and SnO2,
synthetized through different strategies for their 
functionalization, which were used to produce 
thick film sensors.

Description of the New Method 
FTIR spectroscopy investigates the fundamen-
tal molecule vibrations by exploiting the mid-
infrared (mid-IR) radiation. In DRIFT configura-
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tion, it is one of the most advanced and effec-
tive methods to analyze rough surfaced solid 
samples. Therefore, this technique has been 
used to characterize the chemical species 
formed over the surface of the sensing films in 
presence of limonene, while acquiring the sen-
sors electrical response, namely, in operando. 
Fig. 1 shows the gas test chamber collocated 
inside the sample compartment of a Vertex 70 
IR spectrometer (Bruker) with a liquid-nitrogen-
cooled MCT detector used to record the time 
resolved DRIFT spectra.  

 
Fig. 1. Photo of the operando gas test chamber 

representing the main cell body (1), the cell support 
(2), the vacuum-compatible precision XY micro-stage 

(Standa) (3), the IR dome (4), the connection for 
electrical measurements via JST connectors (5) and 

a chemoresistive sensor (6). Reprinted from [2]. 

The sensor-gas interactions derived from oper-
ando DRIFT spectroscopy, and responsible for 
the device sensitivity, were induced by the reac-
tivity of MOX active sites. Then, for the best 
performing material, were carried out experi-
ments of temperature programmed reduction 
(TPR) with 5 % H2/Ar gas mixture (40 ml/min) 
and of temperature programmed desorption 
(TPD) with pure ammonia and CO2, in lab made 
apparatus with a Gow-Mac thermal conductivity 
detector (TCD). These analyses deepened the 
comprehension of the role of the acid-base 
nature of the active sites in the detection of 
limonene.  

Results 
Between the seven nanostructured films based 
on different MOXs, the WO3-based one turned 
out to be the most suitable for the development 
of chemoresistive limonene sensors operating 
at low temperatures, demonstrating good sensi-
tivity, cross-selectivity, and humidity-
independent behavior for concentrations higher 
than 20 RH% [3]. The DRIFT absorbance spec-
trum (Fig. 2b) acquired during exposure of 2 
ppm of limonene Fig. 2 (a) showed many peaks 

attributed to different molecule bonds over the 
surface of WO3. Operando DRIFT analyses in 
the presence of humidity and probe molecules 
were also performed for completeness. Chemi-
sorption analyses confirmed the mainly acidic 
nature of WO3 active sites, contributing to the 
sensing mechanism proposal that will be de-
scribed in the presentation.  

 
Fig. 2. (a) Resistance of WO3-based sensor self-

heated at 200°C, before and after exposure to 2 ppm 
of limonene. The yellow bar evidenced the period 
during which the AB spectra shown in (b) was ac-

quired. 
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Summary:
This work describes the implementation of an e-nose for the continuous measurement of odour con-
centration at a scrubber at a wastewater treatment plant, with the purpose of identifying odour peaks 
and investigate their causes. To this purpose, application-specific sampling and data processing were 
developed, able to deal with the interferences occurring in a complex industrial environment. Results 
show that instrumental predictions are within the confidence intervals of the reference method, and the 
system provided useful information for the plant operators to reduce the odour nuisance.

Keywords: electronic nose, environmental odour monitoring, odour concentration, odour abatement 
system, continuous measurement

,
Background, Motivation and Objective
Odours represent one of the major causes of 
citizens’ complaints to local authorities, and 
have recently been included among the atmos-
pheric pollutants to be monitored and controlled
[1]. The reference method for monitoring envi-
ronmental odour emissions is dynamic olfac-
tometry (DO) (EN13725:2022), which has the 
drawback of being expensive and discontinuous 
[2]. For this reason, Instrumental Odour Moni-
toring Systems (IOMS) for the continuous moni-
toring odours are gaining more and more popu-
larity to support plant managers to promptly
identify anomalous situations and put effective
interventions in action to reduce the odour im-
pact.

This work describes the implementation of an 
IOMS based on chemical sensors for the con-
tinuous estimation of odour concentration at the 
inlet of a scrubber treating the air sucked from a 
primary settler at a wastewater treatment plant 
(WWTP), with the purpose of analysing the 
source variability and investigating possible 
causes for the odour peaks observed by previ-
ous olfactometric measurements.

Description of the New Method or System
Continuous odour measurement directly at the 
emission source is challenging because the 
sensors are exposed to a harsh environment 
characterized by several potential (and mostly 

unknown) interferences, thus requiring the op-
timization of both IOMS hardware and software 
for the specific application.

As hardware, we used a commercial EN (WT1, 
Ellona) with 8 sensors: 4 MOX, 3 electrochemi-
cal sensors specific for H2S, NH3 and mercap-
tans, and one PhotoIonization Detector (PID). 
The sampling line was designed with the pur-
pose to deal with the specificities of the applica-
tion (i.e. very high moisture and H2S concentra-
tions) by including a 1:1 dilution system using 
external air and a condensate trap.

The EN was further connected to an automatic 
gas sampler appositely developed for this ac-
tivity, consisting of a hermetic suitcase of ca. 30 
L, which enables the filling of one Nalophan® 
bag suitable for olfactometric measurements. 
The sampler can be activated manually or au-
tomatically by the EN, whenever a given 
threshold is exceeded.

Concerning the data processing, the quantifica-
tion model should include application-specific 
compensation for the presence of interferents 
that may affect sensor responses and lead to 
false odour detections, and also account for the 
high uncertainty of the reference method (DO), 
which is commonly considered to be about a 
factor of 2 [2]. For this reason, we developed a 
dedicated data processing pipeline including a 
specific normalization step, which enabled to 
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eliminate daily oscillations of the sensors’ re-
sponses, whose causes were not identified and 
which were totally uncorrelated with the odour 
concentration. 

The quantification model was based on Support 
Vector Regression (SVR) [3], which, compared 
to linear regression models, is more suitable to 
deal with non-linear data and is also able to 
account for the uncertainty of the reference 
method. The model was trained using dynamic 
calibration for about 1 month: transient signals 
collected by the EN in the field were correlated 
with the odour concentration of 32 samples 
collected at the scrubber inlet and analysed by 
DO. Samples were taken on different days and 
under different operating conditions, with the 
purpose of including as much as possible the 
source variability in the training. Tuning of the 
SVR model involved two steps. First, the value 
of ε was fixed at the value of the average uncer-
tainty of the olfactometer used for DO (i.e. 0.31 
in logarithmic scale). Concerning C and gamma 
parameters, cross validation applied to a grid 
search method was used, returning their opti-
mal value equal to 2 and 0.3, respectively. 

Results 
To eliminate the daily oscillation trend, which 
wasn’t correlated to any other investigated pa-
rameter (humidity, temperature, wastewater 
flowrate, etc.), nor to the odour concentration, 
we decided to use an observational approach: 
since the oscillatory trend was repeatable over 
time from one day to the other, we calculated 
an average reference resistance value for each 
sensor by averaging all the resistance values 
registered by the sensor at the same hour for 
one month (Fig. 1a). By dividing the instantane-
ous resistance by this averaged reference val-
ue, we obtained the curves shown in Fig. 1b, 
where it is clearly visible that the unwanted 
oscillations are removed, and only deviations 
from the averaged reference values are visible 
as peaks. Fig. 2 shows the results of the SVR 
model testing on an independent dataset of 13 
samples collected after training the model, ex-
pressed in terms of Limits of Agreement (LoA) 
with the reference method (DO) by application 
of the Bland-Altman method [4], proving a very 
good correlation between instrumental predic-
tions and measured values. 

Even though the algorithms used are not par-
ticularly innovative by themselves, their custom-
ization for the specific application, enabling the 
obtainment of useful results in a complex indus-
trial context, which turned out to be effective in 
supporting the plant operators in identifying the 
causes of the odour nuisance, can be consid-
ered as an example of successful implementa-
tion of EN in a real-life industrial application. 

 

 
Fig. 1. a) Example of sensor resistance and aver-
aged reference values, b) normalized responses 

 
Fig. 2. Results of SVR model testing (blue dots). 
Red lines represent the DO uncertainty limits. The 
upper and lower LoA are reported in green, while the 
bias is represented by the continuous orange line 
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Summary:
In this work, the development of a new hydrogen sensor based on an interdigitated Pt-based electrode 
fabricated with semiconductor technology and conjugated polymers based on polycarbazole as selec-
tive receptor is described. The major novelty of this sensor is the ability to operate and measure at room 
temperature, which makes it an energy-efficient and safe solution and the mass fabrication of microe-
lectrodes. The H2 sensor results demonstrate that the sensor is capable of measuring in a wide range 
of H2 concentrations from hundreds ppm up to low explosive level (4%) in air, containing different relative 
humidity, at room temperature with good linearity.

Keywords: planar microelectrodes, interdigitated electrodes, electrodeposition, polycarbazole, hydro-
gen detection.

Headlines
• New H2 gas sensor based on a polycarba-

zole conducting polymer (PCz).
• Microelectrode based on a Pt interdigitated 

electrode (IDE).
• Room temperature hydrogen gas sensor.
• Detecion of wide H2 concentration range.
• High selectivity to potential interfering gases.

Background, Motivation an Objectives
Industrial processes involving hydrogen are be-
coming common, requiring relevant safety 
measures to prevent hydrogen fires and explo-
sions. Reliable and real-time monitoring of hy-
drogen gas concentrations is a key element for
ensuring safety. Despite this, existing hydrogen 
sensing solutions have many drawbacks, such 
as: a) sensors can be potential ignition sources 
due to requiring elevated temperatures for their 
operation; b) sensors have a limited range of H2
concentrations or respond slowly to sudden H2

concentration changes; c) sensors are cost-in-
tensive in terms of both unit price and operation. 
In that context, the objective of this work is to ad-
dress the needs of the “hydrogen industry” by 
developing an efficient solution for sensing hy-
drogen gas in industrial conditions that mitigates 
the above drawbacks. 
Interdigitated electrodes (IDE) are attracting due 
to their distinguished geometry (Fig. 1A) and 

electrochemical behaviour compared with planar 
electrodes, whose can be applied in non-con-
ductive mediums like deionized water or air [1].
The IDE surface can be modified with other ma-
terials to enhance their selectivity to the target 
gas.

On the other hand, polymers are widely utilized 
in literature for sensor modification. Especially 
noteworthy are those with structures containing 
aromatic rings, as this renders them soluble in 
organic solvents, simplifying their synthesis and 
manipulation. Within this group, carbazole 
stands out for multiple reasons. It is a fully aro-
matic unit, providing a better chemical stability; 
its nitrogen atom can be easily substituted in or-
der to increase the solubility or modify the optical 
and electrical properties; and its structure has a 
bridged biphenyl unit resulting in materials with a 
lower band gap than traditional poly(p-phe-
nylene)s.

The objective of this study is the fabrication of 
interdigitated electrodes and their subsequent 
modification with polycarbazole, aiming to pro-
pose a novel alternative method for the determi-
nation of hydrogen at room temperature. These 
sensors will be fabricated using mass production 
microelectronic technologies allowing the scal-
ing-up of the whole sensor fabrication process.
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Methodology 
The IDE is fabricated following compatible 
CMOS silicon technology, at the Institute of Mi-
croelectronics of Barcelona (IMB-CNM-CSIC). 
The technological process is divided into differ-
ent steps as shown in Fig. 1B, where the con-
ductive material could be Pt or Au. 

 
Fig. 1. (A) Design of the IDE where a is the digit width 
and b the separation between them; (B) Scheme of 
the fabrication process. 

Once the chips are manufactured, they are pack-
aged in a PCB and the electrical parts protected 
allowing them to be used in aqueous environ-
ments. Modification of the IDS can be carried by 
means of the electrodeposition of polycarbazole 
(Fig.2.) with cyclic voltammetry technique. 

Fig. 2. Carbazole polymerization via Cyclic voltamme-
try. 

Gas sensing experiments were performed using 
a mass flow controller-based system with con-
stant H2 flow rate in a measurement chamber at 
room temperature (23°C). The humidity level 
(RH=30%) was adjusted using bubbler humidi-
fier. Measurement cycles consisted of 20 min 
flow of the carrier gas and 10 min flow of the car-

rier gas with the indicated and constant concen-
tration of H2. The resistance of the sensors was 
measured using Keysight DAQ970A. 

Results 
After modifying the IDE with polycarbazole poly-
mers, a morphological and electrical characteri-
zation is carried out using SEM-FIB and electro-
chemical impedance spectroscopy (EIS). The 
morphological analysis reveals the uniformity of 
polycarbazole electrodeposition and the pres-
ence of pores in the membrane, facilitating H2 
diffusion to the transducer.  

An example of the Pt IDE-PCz sensor response 
for repeated cycles of H2 exposition is presented 
in Fig.3. The calibration curve for resistance data 
obtained is shown in Fig.4. The results show 
high efficiency of H2 sensing with satisfying dy-
namics and good linearity of responses.  

 
Fig. 3. Recording of sensor resistance changes for 
several H2 exposition cycles. 

 

.  
Fig. 4. Sensor calibration curve for a H2 concentration 
range of 500-2500 ppm. 
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Summary:
Electrostatically Formed Nanowire (EFN) sensor is a CMOS based multi-gate silicon nanowire (NW) 
field effect transistor (FET) where the nanowire is formed electrostatically post fabrication. By employing 
a specially designed large area sensing antenna we improve the EFN sensor response by several orders 
of magnitudes. We demonstrate a world record response of ~ 90 % to 30 ppb H2 which can be further 
improved by several orders of magnitude with increasing antenna size.

Keywords: Gas Sensors, Electrostatically Formed Nanowire, Hydrogen Sensing, CMOS Compatible 
Sensors, Ppb detection, Antenna effect.

Background, Motivation and Objective
Hydrogen sensors for sub-ppm levels are vital 
for early indication of leaks in various facilities of          
green energy, storage, chemical industry, nu-
clear reactors. Silicon nanowire (Si-NW)-based 
field-effect transistors (FETs) have been demon-
strated in the last two decades as highly sensi-
tive and selective chemical sensors operating at 
room temperature. Inspired by the Si-NW perfor-
mance, we introduced in 2013 the Electrostati-
cally Formed Nanowire (EFN), a multi-gate very 
large-scale integration (VLSI) compatible tran-
sistor for bio-sensing [1]. We show here that the 
EFN response is improved by several orders of 
magnitude when a large sensing area is coupled 
to the EFN channel. This antenna EFN combines 
the advantage of a nanometer-sized transistor 
channel with excellent electrical characteristics 
and a very large sensing area. This paves the 
way to a VLSI-based gas sensing platform with 
Ppt-level gas sensing capabilities.

Description of the New Method or System
Fig.1 shows a cross-sectional schematic of a 
small (Fig.1(a)) and large area (Fig.1(c)) EFN 
fabricated in this work. The EFN was decorated 
with a 20 nm thick Pd layer for H2 sensing; The 
Pd was deposited on the EFN by first defining a 
mask using e-beam lithography, followed by a 
coating of a 20 nm Pd layer using an e-beam 
evaporator with a deposition rate of 0.5 Å/s.

Fig. 1. (a) Schematic cross-section illustration of the 
EFN sensor, showing all the device layers. The chan-
nel (red) size can be adjusted post-fabrication by ap-
plying biases to the control gates (JG or BG). The top 
Pd molecular gate above the GOX 6 nm layer is the 
sensing layer to H2; the drain-source direction is into 
the page. (c) Schematic of the large area EFN.

Results
Fig. 2 shows the sensor response of the large 
area (red) and the small area (blue) EFN to H2
concentration in the range of 30 ppb to 100 ppm.
The error bars are a result of variations in device 
surface chemistry, contamination, dimensions, 
and noise. For the concentration of 30 ppb, the 
large area antenna EFN shows a normalized av-
erage response of ~87%, whereas, for the small 
area, the response is lower than the device cur-
rent drift; at 7 ppm H2 concentration, there is a 

EUROSENSORS XXXVI 106

DOI 10.5162/EUROSENSORSXXXVI/OT5.81



two-orders-of-magnitude difference in the re-
sponse between the large and small areas 
EFNs. 

 
Fig. 2: The large area EFN sensor response (red) to 
H2 relative to the conventional EFN response (blue).  

The origin of H2 sensitivity in Pd-based sensors 
has been discussed extensively, and various 
models have been reported in the literature (e.g., 
the recent perspective [2]). The increase of cur-
rent in Pd-Si-FET-based sensors following H2 
adsorption is commonly attributed to the 
changes in band bending at the SiO2/Si interface 
of the transistor channel. One of the widely ac-
cepted models is based on the fact that Pd na-
noparticles catalyze the dissociation of H2 mole-
cules into atoms on the Pd surface. The H atoms 
then diffuse to the Pd/SiO2 interface, polarize, 
and, as a result, induce an interfacial dipole layer 
with the H2 very close to the metal side [3]. This 
induced dipole layer changes the channel band 
bending and, as a result, the sensor source-drain 
current. 

To explain the observed results in Fig.2, we ar-
gue that the induced H dipoles are not electri-
cally symmetric, but the positive charge is larger 
than the negative one due to partial screening by 
the Pd layer. Due to the antenna effect explained 
below, H atoms (asymmetric dipoles) are trans-
ported along the Pd/SiO2 interface towards the 
channel region. This increases the dipole density 
above the channel with increasing sensing area, 
and as a result, the sensor response increases 
exponentially. The mechanism is to a certain ex-
tent, similar to the antenna effect in CMOS tran-
sistors. According to this effect, charges in 
plasma processes are collected by metal areas 
(antennas) connected to the transistor gate. 

Using COMSOL Multiphysics, we have deter-
mined the net charge distribution at the Pd/SiO2 
interface for several surface densities of hydro-
gen atoms. Our calculations showed that the 
charge concentration above the channel in-

creases with increasing sensing area; this is be-
cause the charged H atoms migrate from the 
surrounding areas with very low capacitance 
(field oxide thickness ≈ 520 nm) to the region 
right above the channel with the high capa-
citance (GOX thickness = 6 nm). Using first-or-
der approximation, neglecting the exact complex 
structure of the device, we can estimate the dif-
ference in surface charge densities between the 
channel (𝜎𝜎𝑐𝑐) and the surrounding regions (𝜎𝜎𝑠𝑠). 
Since the Pd potential (VPd) is constant, 

𝑉𝑉𝑃𝑃𝑑𝑑 = 𝑄𝑄𝑐𝑐
𝐶𝐶𝑐𝑐

= 𝑄𝑄𝑠𝑠
𝐶𝐶𝑠𝑠

= 𝜎𝜎𝑐𝑐𝑑𝑑𝑐𝑐 = 𝜎𝜎𝑠𝑠𝑑𝑑𝑠𝑠 → 𝜎𝜎𝑐𝑐  ≈ 86𝜎𝜎𝑠𝑠 
(1) 

where Q is the total charge, C is the capacitance, 
d is the dielectric thickness, and the subscripts c 
and s denote the channel and surrounding re-
gion, respectively; dc is 6 nm whereas ds is 520 
nm, yielding a ratio of 86 between the channel 
and the surrounding dipole density; a similar (but 
more accurate) result was obtained using nume-
rical analysis.  
 

Summary 
We have presented a novel sensing device 
based on the antenna EFN concept, which cou-
ples an electrostatically tunable nano-sized tran-
sistor channel with a large (up to 3,500 µm2) 
sensing area. It is shown that the large sensing 
area improves the EFN response by several or-
ders of magnitudes, especially at low analyte 
concentrations. Based on the EFN sensor re-
sponse as a function of the sensing area, we ar-
gue that the sensing mechanism can be at-
tributed to the formation of asymmetric charged 
H atomic dipoles at the Pd/SiO2 interface (thick 
silicon dioxide) and their migration to the channel 
area with the small GOX thickness, resembling 
the antenna effect. The outstanding response of 
~ 90 % to 30 ppb H2 can be improved by several 
orders of magnitude with increasing antenna 
size and paves the way to a VLSI-based gas 
sensing platform with Ppt-level gas sensing ca-
pabilities. 
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Summary:
The detection of gaseous ammonia in the flue gas of biomass combustion systems is becoming 
increasingly important due to stricter legislation. The optimization of an existing sensor principle 
showed significant improvements in ammonia sensitivity in comparison to the original sensor. In 
further measurements in the flue gas of a wood combustion, the cross sensitivities to other 
components turned out to be very low. So, a high accuracy in the determination of the ammonia 
concentrations could be achieved in comparison to an FTIR spectrometer.

Keywords: gas sensor, ammonia detection, biomass combustion, exhaust gas aftertreatment, selec-
tive catalytic reduction

Background and Motivation
Previous developments of ammonia (NH3)
sensors for automotive exhaust systems have 
found limited application. One of the reasons for 
this is the cross sensitivity of typical mixed-
potential sensors towards nitrogen oxides 
(NOx) that are present in engine combustion 
exhaust [1]. Ammonia is produced from an
aqueous urea solution (AdBlue, DEF) for the
Selective Catalytic Reduction (SCR) of the 
nitrogen oxides. The control of AdBlue dosing in 
vehicles is mostly based on empirical models, 
which are well understood by now. [2]

However, the extension of the legal guidelines
for biomass combustion plants specifies stricter 
limits for the emission of ammonia and nitrogen 
oxides in many countries [3].

The dosing of the reducing agent in biomass 
combustion systems is more complex than in 
automotive applications due to the mostly 
individual setup. For this reason, there is a
large interest in the development and 
implementation of selective ammonia sensors
in order to meet the legal requirements
regarding ammonia slip.

Design and further development
The basic concept of the original sensor has 
been optimized to produce all layers by cost-
effective screen-printing process (schematic 
structure of the sensor in Fig. 1). By patterning
the IDE structure from a solid gold area using a 
picosecond laser (LPKF Protolaser R4), fine 

line widths and spacings of 20 m can still be 
achieved. [4]

A further optimized heater structure ensures a
homogeneous temperature distribution in the 
area of the IDE structure covered by a gas 
sensitive zeolite film. In addition, flow effects 
are reduced by improved control of the four-
wire resistance of the heater structure to 
minimize errors in concentration determination.

Fig. 1. Schematic structure of the zeolite-based 
ammonia sensor on a ceramic substrate with 
integrated heater and IDE structure for electrical 
characterization of the gas sensitive film.

The electrical behavior of the zeolite film can be 
approximated by a parallel RC element. The 
adsorption of certain molecules, such as 
ammonia, leads to changes in its electrical
properties [5]. The determination of the 
capacitance C in contrast to the resistance R by 
means of an impedance measurement at high 
frequencies (> 500 kHz) also simplifies the 
development of an evaluation unit.
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Fig. 2. Comparison of ammonia sensitivity of the 
original and advanced sensor, adapted from [4]. 

By further modifying the zeolite composition 
and operating temperature, the sensitivity to 
ammonia in the legally relevant concentration 
range (< 50 ppm) was notably improved in 
laboratory measurements (see Fig. 2), 
especially at low NH3 concentrations.  

Investigation of cross sensitivity in flue gas 
Since the main application for the sensor is the 
field of biomass combustion, compared to 
automotive applications, the sensor is exposed 
to higher loads, e.g. from particulate matter, CO 
and HC emissions [6]. 

For this, a wood burning stove (5 kW) was used 
as an emission source for initial tests in flue 
gas. Small amounts of ammonia water (10 %) 
were also added to the combustion air to cover 
a concentration range between 0 and 150 ppm 
NH3 in the flue gas. 

 
Fig. 3. Time course of the cross sensitivity 
measurement in flue gas from a wood burning stove 
with a comparison of the ammonia concentration 
measured by the sensor (full stream measurement) 
and FTIR spectrometer (bypass measurement). 

The measurement showed that the sensor was 
not affected by changes in CO, HC, or CO2 
content. Only the cross sensitivity to water was 
corrected for a comparison with data from an 
FTIR spectrometer (MKS MulitGas 2030). The 
nearly linear influence of water vapor is about 
0.3 pF/%H2O. In direct comparison, the ammonia 
sensor provided values matching to the 
concentration measured by the FTIR 
spectrometer (see Fig. 3). 

Outlook 
Future series of measurements will focus on 
long-term stability and the influence of the 
protective caps at high dust and soot levels.  
Further measurements will also be carried out 
in the flue gas of several biomass furnaces in 
the power range over 50 kW.  
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Summary:
We present a novel Thermal Conductivity Detector (TCD) for gas sensing without the use of a chroma-
tography column. Its original architecture is based on a suspended membrane on top of which are 
deposited a heating element and a separated sensing element made of amorphous silicon. These
sensors are micro-fabricated and tested in a climatic chamber. They reach a theoretical detection limit 
(3 sigma) of 13 ppm for carbon dioxide in air and exhibit a signal-to-noise ratio 4 times higher than 
conventional platinum TCDs.

Keywords: gas, sensor, thermal, conductivity, detector

Introduction
Thermal Conductivity Detectors (TCDs) are 
among the most widely used sensors in gas 
chromatography (GC) systems [1] and well 
appreciated for their universality. Their working 
principle relies on the heat transfer between a
metallic coil heated by Joule effect and the sur-
rounding gas, resulting in a change of the coil
electrical resistance. Recently, miniaturized 
TCDs (µTCDs) have been produced on silicon 
substrates using microfabrication techniques. 
This level of integration greatly improves the 
sensitivity of this technology, allowing to reach 
the subparts per million (sub ppm) detection 
limit when coupled to a GC system [2]. Moreo-
ver, it reduces the power consumption of the 
detector, opening the way to portable air quality 
monitoring systems. In that perspective, Bour-
lon et al. reported the use of a single µTCD chip 
to measure simultaneously the CO2 concentra-
tion and relative humidity in air with respective 
errors of 300 ppm and 2% [3]. In this work, we 
present our latest investigations into the analy-
sis of ternary gas mixtures using our novel mi-
cro-fabricated thermal conductivity sensor using 
a unique architecture.

Materials choice
Several materials for the sensing element have 
been considered but the boron-doped hydro-
genated amorphous silicon (a-Si: H(B)) was 
chosen for its CMOS compatibility and high 
sensitivity. Indeed, we have estimated the tem-
perature coefficient of resistance (TCR) at 
1,66·10-2 K-1 by a four-probe measurement of 
the electrical resistivity as a function of tempe-

rature on a full wafer. This value is one order of 
magnitude higher than the TCR of platinum.
Regarding the heating element, we have cho-
sen titanium nitride (TiN) for its CMOS compati-
bility and relatively low resistivity of 1,5·10-4

Ω·cm allowing to reach ~200°C with 3V across 
the element.

Sensor Chip Fabrication and Architecture
TCD sensor chips are micro-fabricated in our 
clean room facility by bonding two silicon wa-
fers. Silicon nitride (SixNy) membranes are 
etched in the bottom wafer after having depos-
ited the TiN and a-Si: H(B) layers for ensuring 
heating and temperature probing respectively 
(see Fig. 1).

Fig. 1. Schematic of the suspended SixNy mem-
brane (green) with a-Si: H(B) sensing element (red) 
and TiN heating element (blue).

Fluidic channels ensuring passive gas diffusion 
to the suspended membrane are etched by 
deep reactive ion etching in the top wafer.

Four suspended membranes are used on the 
same silicon chip in order to have an accurate 
differential measurement of the resistance vari-
ations of the sensing elements using a Wheat-
stone bridge configuration. Two membranes are 
placed in an analysis cavity opened to the am-
bient air by fluidic channels; the other two 
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membranes are hermetically sealed in a refer-
ence chamber (see Fig. 2). 

 
 
Fig. 2. Schematic of the Wheatstone bridge configu-
ration of the four a-Si: H(B) sensing elements 

Experimental Setup 
The TCD silicon chip is wire-bonded onto a 
printed circuit board in order to connect the 
heating and sensing elements to a specifically 
designed electronic circuit. This driving elec-
tronics is able to apply sequentially two different 
voltages on the heating elements in order to 
thermalize the whole membranes at two differ-
ent temperature. At the same time, it applies a 
voltage VBIAS on the Wheatstone bridge com-
posed of the four sensing elements and 
measures the corresponding signal V+ - V-.  

In order to monitor the concentrations of two 
analytes mixed with a third component in ex-
cess (e.g. CO2 and H2O in air), the silicon die 
and its driving electronics are placed into a 
climatic chamber in which we control the two 
analytes concentrations. 

After performing a calibration at a minimum of 
three different concentrations of the two ana-
lytes, we are able to match the TCD signals 
obtained for two heating temperatures with the 
two analytes concentrations. 

Results 

Fig.3. Measured TCD signal as a function of the CO2 
concentration 

Fig.3. illustrates the measurement of the CO2 
variations in the presence of H2O and synthetic 
air. The TCD sensor shows a good linearity with 
a coefficient of determination R² of 0.994. 
Moreover, we have compared the sensor with 
conventional platinum TCDs in the same exper-
imental conditions. As can be seen in Tab.1, 
these sensors are almost 8 times more sensi-
tive to CO2 variations than conventional plati-
num sensor. However, they are also more sen-
sitive to noise, resulting in a signal-to-noise 
ratio 4 times better than the platinum TCDs. 
Tab. 1: Comparison of the conventional platinum 
TCD technology with the a-Si: H(B)/TiN architecture  

Sensing 
Technology 

Signal for 
100 ppm 

variation of 
CO2 (µV) 

Noise 
average  

(µV) 

Signal 
to Noise 

Ratio 

Platinum 11.5 2.1 5.48 

a-Si: H(B) 
and TiN 89.1 3.8 23.45 
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Summary
This study introduces a microconductometric sensor, developed by drop-casting 2D-Borophene film 
on Interdigitated Electrodes (IDEs) for real-time ammonia gas detection. The sensors were exposed to 
varying concentration ranges of 10–100 ppm and 100-1000 ppm ammonia vapour at room tempera-
ture. The results indicated a lower detection limit (LOD) of 4 ppm and high selectivity and reproducibil-
ity. The NH3 sensor detected with high sensitivity, quick response, and recovery time of 18 s and 27 s
respectively, highlighting the potential and effectiveness of Borophene for gas sensing. More study 
required to understand the potential mechanisms of this new 2D system and its interactions

Keywords: Gas-sensing, facile, Borophene, 2D-materials, microconductometric.

Title
Development of 2D-Borophene conductometric 
sensor for ammonia detection

Objective
This study aims to develop a simple sensor for 
real-time detection of ammonia with low LOD 
and fast response time.

Introduction
Ammonia is released into the environment 
through various anthropogenic activities such 
as fertilizer application, food processing, and 
medical diagnostics [1]. It is a significant pollu-
tant that has detrimental effects on human 
health and industrial output, due to its corro-
siveness and toxicity [2]. The Occupational 
Safety and Health Administration recommends 
50 ppm or 35 mg/m3 equivalent as ammonia's 
permissible exposure limit (PEL) within 8 hours.
However, due to its extensive applications, 
accurate and practical trace-level ammonia 
detection and monitoring are extremely im-
portant [3], to guard against overexposure.

Borophene, a two-dimensional material, has
unique properties such as high sensitivity, fast 
response, and long-term stability, thus unfolding 
its potential for gas sensing [4]. Several theore-
tical studies have been done on Borophene 
with relatively little experimental work. In this 

work for the first time, a conductometric trans-
ducer is proposed to detect ammonia gas with 
thin Borophene film.

Materials and Methods
Chemicals: ethanol, methanol, acetone and 
ammonia were obtained from Sigma Aldrich.
Borophene was synthesized using liquid phase 
exfoliation. An amount of boron was sonicated 
in ethanol and then centrifuged at 3000 rpm to 
remove bulk boron and collect borophene 
sheets. The obtained borophene was dried in 
an oven at 40 ̊C overnight. 5 mg of Borophene 
was dispersed ultrasonically in 200 ml ethanol 
for 15 mins, and 10 µl were drop-casted onto 
the surface of the IDEs and dried at room tem-
perature. The conductometric measurements 
were conducted by applying a low-amplitude 
sinusoidal voltage (10 mV peak-to-peak at 0 V) 
with a frequency of 10 kHz to each pair of IDEs
using the "VigiZMeter" Conductometer, by plac-
ing the IDEs sensors in the headspace above 
the liquid phase. The variation in conductance 
(ΔG) was recorded over time.

Results and discussion
The ammonia sensor showed high sensitivity 
and good reproducibility for each concentration 
with a slight variation, as shown in Fig. 1 and 
Fig. 2 respectively. The sensor linear responses 
increase with increasing NH3 concentrations. A
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low detection limit of 4 ppm was obtained using 
eq.1, and a fast response and recovery times of 
18 s and 27 s respectively. The unique struc-
tural characteristic of borophene results in un-
saturated bonds with intense electron deficien-
cy, thus, facilitating facile interaction with gas 
molecules and promoting significant charge 
transfer at ambient temperature. This results in 
high sensitivity and rapid response [5]. The 
results obtained in this study proved that boro-
phene was effective in ammonia sensing. A 
performance comparison of recently reported 
NH3 sensors is shown in Tab 1. 

 

 
Fig. 1. Gaseous phase of ammonia detection kinet-
ics: (A) 20-100 ppm (B) 100-1000 ppm.  

 

 
Fig. 2. Calibration curves of the gaseous phase of 
Ammonia concentrations: (A) 20-100 ppm (B) 100-
1000 ppm.  

Tab. 1: Comparison of the performances of some 
ammonia sensors at room temperature 

Ammonia  
sensors  

LOD TRes. 
 (s) 

Ref. 

Citric acid-PANI 1 ppb 30  [3] 
PANI-ZNO 10 

ppm 
35-21   [6] 

NiO-NPs 
 

50 
ppm 

63  [7] 

2D-Borophene 4 ppm 18 This 
work 

Conclusion 
The borophene-based gas sensor is observed 
to be highly sensitive to ammonia gas at room 
temperature with a wide detection range of 20-
1000 ppm. This concentration range can help in 
preventing severe health issues and monitoring 
ammonia levels in industry [1]. Further studies 
are essential to fully maximize its potentials. 
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Summary:
Instrumental Odour Monitoring Systems (IOMS) are more and more frequently applied for monitoring 
odours directly where their presence is complained. They analyse in real-time the ambient air to detect 
odour presence and determine their provenance. This paper describes the monitoring of paper mill 
odour emissions by two IOMS located at two receptors, where residents frequently report the occur-
rence of odour events. It describes the protocol involved for plant odour sources characterization, 
IOMS training and validation. The monitoring, lasting 4 months, allowed assessing the odour impact at 
receptors, expressed as the detection frequency of plant odours, and identifying critical emissions 
deserving maintenance interventions or upgrading.

Keywords: electronic nose, odour nuisance, real-time monitoring, industrial emissions

Background, Motivation and Objective
Odour pollution represents a limiting factor to 
the operation of industrial activities, especially 
when they are located very close to residential 
areas. Indeed, odours are currently subjected to 
regulations, which foresee the execution of 
periodical monitoring campaigns at plant emis-
sions and receptors located in their proximity.
Among odour measurement techniques [1],
Instrumental Monitoring Systems (IOMS) offer 
the opportunity to analyse the ambient air di-
rectly where the odour presence is complained
with the purpose to assess the odour impact at 
sensitive receptors. During the monitoring, the 
IOMS is intended to real-time detect the pres-
ence of odours and estimate their provenance
[1]. The unique capability to discriminate differ-
ent odours makes the use of IOMS particularly 
interesting when there is the necessity to rec-
ognize the source from which the odours are 
originated: this can be the case when different 
industrial odour emitting activities co-exist on 
the same territory or, for one single plant, if 
different odour types are emitted [2-3]. This is 
typically the case of a paper mill, in which two 
very different types of odours are emitted: the 
odour emissions (typically conveyed in stacks) 
related to the paper production, which is often 
described as “cooked paper”, and the odour 
emissions associated with the wastewater
(WW) treatment, which are usually rich in H2S.

This paper proposes the use of two IOMS for 
the direct assessment of the odour impact as-

sociated to a paper mill located in northern Italy,
accused by citizens are responsible for the 
odour nuisance in the area.  The plant, produc-
ing recycled paper with a capacity of about 
1200 ton/d, is characterized by considerable 
variability of odour emissions mostly due to 
discontinuous operating conditions. Besides 
providing an objective evaluation of the odour 
nuisance nearby the plant, the IOMS were ex-
pected to contribute on identifying critical 
sources causing the odours perceived by the 
citizens, thereby helping in the definition of 
most adequate strategies for intervention.

Description of the New Method or System
Two commercial electronic noses (EOS03 and 
EOS42 produced by Sacmi, Italy) were used as 
IOMS for this study. They are equipped with a 6 
MOX sensors array and systems for generating
odourless reference air and regulating moisture.

3 independent campaigns were carried out at 
the plant to collect odour samples. For IOMS
training, the samples were diluted at suitable 
concentration ranges (20-350 ouE/m3) after 
determination of their odour concentration by 
dynamic olfactometry (EN 137125:2022). IOMS
were trained to discriminate 4 odour classes: 
‘Air’, ‘Wastewater (WW)’, ‘Paper Production
(PP)’ and ‘Unknown (UN)’ (Fig. 1). The ‘UN’
class was introduced to account for other 
sources, different from the paper mill, which 
could cause the perception of odours at recep-
tors. Overall, the training involved the analysis 
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of 184 diluted samples obtained from 64 sam-
ples collected directly at the odour sources of 
the paper mill and at the external ones. During 
the monitoring, the IOMS performance was 
tested using 23 independent samples collected 
at sources and then diluted, for a total of 60 
IOMS analyses. 

 
Fig. 1. Data analysis scheme.  

Results 
IOMS were installed for 3 months at the moni-
toring sites, located about 500 m NO (EOS 42) 
and SO (EOS 03) of the plant, respectively. 
They proved effective in detecting and recog-
nizing odours from the plant (Tab. 1). 
Tab. 1. IOMS classification performances: Accuracy - 
AC, Recall – RC, value (confidence interval 95%). 

 
EOS 03 EOS 42 

AC 97% (88%-99%) 94% (81-99%) 

RCAir 100% (88-100%) 100% (75-100%) 

RCWW 100% (85-100%) 100% (83-100%) 

RCPP. 82% (75-90%) 80% (67-92%) 

RCUN 100% (66-100%) 100% (63-100%) 
Monitoring data were processed as in Fig. 1 
and odour impact was assessed as frequency 
of detection of different odour classes over the 
monitoring period (Fig. 3). For EOS03, it result-
ed higher than the 10% threshold suggested as 
reference for residential areas by guidelines [4]. 
This was further confirmed by citizens’ reports 
collected during the monitoring. Given the high 
variability of emissions from some sections of 
the plant devoted to the processing of excess 
process WW, IOMS data were also correlated 
with information about production start and stop 
and filling levels of WW tanks. WW odours were 
frequently detected at receptors, even during 
plant shutdowns, and were mainly associated to 
the handling of wastewaters stored in emergen-
cy tanks, where undesired anaerobic reaction 
may occur, originating reduced sulphur com-
pounds, which have very low odour threshold 
and unpleasant odour character. As an exam-
ple, Fig. 4 illustrates the correlation between the 
WW tank filling levels, citizens’ reports and H2S 
concentration at the tank vent, which was prov-

en for about 67% of odour events occurred 
during the monitoring. Based on such evidence, 
the project is still ongoing and currently focus-
ing on the realization of an IOMS network at 
WW emissions sources aimed at investigating 
their variability and identifying critical operating 
conditions related to the odour events. 

 
Fig. 3. Odour impact by IOMS at receptors. 

 
Fig. 4. Example of correlation between WW tank 
filling levels, citizens’ reports and H2S concentration 
at the vent. 
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Summary:

A simple and practical structure of helically twisted photonic crystal fiber (PCF) with Topas material is 
designed for the first time. The core of the fiber is air which is the most transparent material for trans-
mitting terahertz (THz) waves while its cladding is proposed with a single ring of air holes. A complete 
twist along the 50cm fiber shows five low loss transmission bands in the ranges of 0.44-0.62, 0.87-
1.42, 1.4-2.04, 1.98-2.48 and 2.7-3.0 THz. The proposed helically twisted PCF sensor with maximum 
sensitivity of 3125 GHz/RIU is shown to have great applications for gas sensing in the THz region.

Keywords: helically twisted fiber, terahertz, photonic crystal, sensor.

Background, Motivation an Objective
Terahertz (THz) frequency range in the elec-
tromagnetic spectrum is mostly known as 0.1-
10 THz. In this paper, a simple and practical 
structure of a twisted photonic crystal fiber
(PCF) sensor made of Topas as a polymer 
material is proposed. The fiber core is air which 
is the most transparent material for propagating 
terahertz waves, and the cladding of fiber is 
proposed to be an air-hole ring in the back-
ground material of Topas with perfect circular 
symmetry [1]. The purpose of designing this 
twisted PCF sensor is to propose a simple yet 
efficient structure in the THz range [2]. We de-
signed and simulated the desired sensor with a
complete twist over 50cm of fiber length provid-
ed five low loss transmission bands in the rang-
es of 0.44-0.62, 0.87-1.42, 1.4-2.04, 1.98-2.48 
and 2.7-3.0 THz for five gases with refractive 
index (RI) including n = 1, n = 1.02, n = 1.04, n 
= 1.06 and n = 1.08. Near-flat dispersion across 
the five transmission bands and the sensitivity 
of 3125 GHz/RIU over 1.88-2.33 THz are 
unique features of the proposed THz PCF sen-
sor, which may play a key role for gas detection 
in the terahertz region.

Description of the New Method or System
The proposed twisted PCF for mode propaga-
tion in the THz range is shown in Fig. 1. The
idea is to place the rings of the air cavity array 
on concentric circles. so that the position of 

each air cavity is obtained according to the 
following relationship:

,

,
                                          (1)

where Λ and N represent the hole-to-hole dis-
tance (pitch) and the number of rings of the air 
hole array, respectively, and n is an integer 
from 1 to 6N. The thickness and internal diame-
ter of each cell of the structure are equal to t 
and d, respectively [3].

Fig. 1(a) has only one ring of the air hole array 
with N = 2, where the inner rings associated 
with N = 0 and N = 1 have been removed. In 
this design, the values of Λ, t, and d are deter-
mined as 2.2, 0.2, and 2 mm, respectively; in 
which the diameter of the central core of the air 
is approximately 6.4 mm. Topas is used as the 
polymer material and the refractive index of air 
is considered to be 1 [4].

With different simulations, the results show that 
twisting the PCF (along the z-axis) can offer a 
more uniform core as well as a more suitable 
substrate for propagating symmetric modes. 
Therefore, as shown in Fig. 1(b), the proposed
structure has a complete helical twist over 50 
cm which is an optimized value in our simula-
tion. Finite-difference time-domain (FDTD) 
technique has been used to obtain the mode 
characteristics [3].
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Results and Discussion 
As it can be seen in Fig. 2, the proposed fiber 
has the fundamental mode well confined in the 
core.  

 
(a) 

 
(b) 

Fig. 1. The cross-section of the proposed twisted 
PCF; t shows the thickness of the polymer material 
between the core area and the air holes in the clad-
ding and d shows the diameter of the air holes in the 
cladding. b) two full twists along 100cm fiber.   

 
Fig. 2. The intensity profile of the fundamental 
mode confined in the core of the proposed twisted 
PCF.  

Fig. 3. shows the loss spectrum of the helically 
twisted PCF when the holes are filled with air 
exhibiting five low-loss frequency bands from 
0.44 to 3.0 THz. 

 
Fig. 3. Loss spectrum of the designed helically twist-
ed PCF with five low-loss frequency bands. 
Fig. 4. shows the sensitivity curves of the pro-
posed sensor for five gases with RI of n = 1.0, n 
= 1.02, n = 1.04, n = 1.06 and n = 1.08 obtained 
using Sf = ∆f / ∆n [5]. We have given the sensi-
tivity values in Table 1. 

 
Fig. 4. Sensitivity curves calculated around four main 
peaks associated with Fig. 3.  

Tab. 1: Sensitivities calculated around four frequen-
cy peaks. 

Peak frequency 

range (THz) 

Sensitivity 

(GHz/RIU) 

0.67 – 0.79 1500 

1.28 – 1.47 2375 

1.88 – 2.13 3125 

2.44 – 2.64 2500 

References 
[1] G. Gallot, S. Jamison, R. McGowan, and D. 

Grischkowsky, "Terahertz waveguides," 
JOSA B, (vol). 17, pp. 851-863, (2000). 

[2] Y.-H. Chen et al., "Design fiber-to-
waveguide coupling for photonic integrated 
circuits," in Optical Interconnects XXIII, (vol). 
12427: SPIE, pp. 71-74, (2023).  

[3] V. Sharif and H. Pakarzadeh, "Terahertz hol-
low-core optical fibers for efficient transmis-
sion of orbital angular momentum modes," 
Journal of Lightwave Technology, (vol). 39, 
pp. 4462-4468, (2021). 

[4] B. Ung, A. Mazhorova, A. Dupuis, M. Rozé, 
and M. Skorobogatiy, "Polymer microstruc-
tured optical fibers for terahertz wave guid-
ing," Optics Express, (vol). 19, pp. B848-
B861, (2011). 

[5] J. Sultana et al., "Hollow core inhibited cou-
pled antiresonant terahertz fiber: A numeri-
cal and experimental study," IEEE Transac-
tions on Terahertz Science and Technology, 
(vol). 11, pp. 245-260, (2020). 

EUROSENSORS XXXVI 117

DOI 10.5162/EUROSENSORSXXXVI/OT5.129



Cost-effective Indoor Air Quality Colorimetric CO2 sensor.
Maria González-Gómez1, Anna Zymohliad1, Ismael Benito-Altamirano1, Joan Daniel Prades2, Olga Casals1, and 

Cristian Fàbrega1.
1 Dept. of Electronics and Biomedical Enginering, University of Barcelona, Marti i Franques 1, Barcelona, Spain.
2 Institute of Semiconductor Technology (IHT) and Laboratory for Emerging Nanometrology (LENA), Technische 

Universität Braunschweig, Hans-Sommer Str. 66, D-38106 Braunschweig, Germany

Corresponding Author’s e-mail: cfabrega@ub.edu

Summary:
A colorimetry CO2 ppm level sensor has been developed. Based on an optimized water-based ink, the sensor 
covers the range of 250 to 1500 ppm, is not affected by common indoor pollutants (NO2, CO, CH2O) and do not 
show signs of degradation after a week of operation. A calibration method has been proposed to dampen the 
effects of humidity on sensor prediction. Find out more at the conference.

Keywords: Colorimetry, CO2, Indoors Air Quality, Optical sensor, Cost-effective

Background, Motivation an Objective.
Gaseous CO2 real time determination has 
emerged as an imperative need after the cur-
rent pandemic situation, particularly to monitor-
ing indoor air quality. Over the past years, CO2

was promoted as a proxy to other co-exhalated 
airborne microorganism. Indoor CO2 levels are 
expected to remain around 400 parts per million 
(ppm), and no more than 700 ppm above that. 
Otherwise, a deficiency in fresh air circulation 
would be present, indicating potential poor air 
quality for the occupants around. 

Sensors based on dye colorimetry are a poten-
tial resource for the development of compact 
cost-effective gas detectors. Colorimetry inks 
are inexpensive and easy integrate into com-
mercial miniaturized colour readout systems [1],
as well as smartphones [2]. To the best of our 
knowledge, state-of-the-art colorimetric sensors 
usually fail at measuring concentrations below 
5000 ppm of CO2 [3]. For example, A.Davey et 
al. developed an amine - ZIF-8 sensor exhibit-
ing a colour shift at 700 ppm of CO2 [4]; D. Zhao
et al. managed to pick up signal from 280 to 
1345 ppm but without reaching equilibrium, 
being impossible to link to a specific concentra-
tion [5] and  R. Dansby-Sparks et al. achieved a 
limit of detection of 80 ppm but was not studied 
under real conditions (Relative humidity, gas 
interferents) [6].

In our work, we developed a water based colo-
rimetric ink tunned to monitor CO2 in the range 
of 250 to 1500 ppm. The ink formulation is ba-
sed on an amine and a pH indicator. The detec-
tion of gaseous CO2 is achieved by a nucleo-
philic attack on CO2 by a primary amine to pro-
duce a shift in the acidity level of the ink, thus 
changing its color. The ink is printed and inte-

grated into a commercial MAX30105 chip which 
encloses three LEDs and a photodetector. The
transmitted and reflected light from the ink after 
CO2 exposure is measured by the pho-
todetector, which transduces it into a signal. 
Results

The formulation of the ink was adjusted to max-
imize the detection of CO2. We characterized 
the influence of the reagents in both, dry and 
moisture conditions (50% Relative Humidity; 
RH). With the adjusted formulation, our sensor
was exposed to increments of CO2 from 250
ppm to 1500 ppm (Figure 1.). The response 
shows a complete reversible behavior with a
non-linear relationship with CO2 concentration. 
The baseline exhibits no drift, demonstrating 
good stability over the 22-hours experiment. To 
characterize the interaction with humidity, we 
exposed our colorimetry sensor to 600 ppm 

Fig. 1. Transient measurement signal at different 
CO2 concentration and constant humidity (50%). 
Increment of signal vs CO2 at insert.
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CO2 pulses at different RH from 0 to 80% (Fig-
ure 2). We observed there was not important 
influence in the response of the sensor as the 
increment in signal remains close for all % RH. 
The shape of the pulse reveals that the velocity 
of the CO2 – amine reaction is enhanced in 
presence of moisture. The baseline color is 
obviously affected by the humidity, but the re-
sponse towards CO2 is practically the same 
(Figure 2) . We decided to characterize this 
behavior by keeping constant a flow of 350 ppm 
and varying moisture from 0 to 70% RH (Figure 
3). The signal decreased with the increasing 
amount of RH with a quadratic behavior. We 
associated a real time humidity sensor to damp 
its effect. To establish a calibration method, we 
exposed our CO2 sensor, coupled to the humid-
ity sensor, to a variety set of CO2/humidity con-
ditions. Figure 4 depicts the predicted CO2 con-
centrations of our colorimetric sensor. The ac-
curacy associated to each change does not 
exceed the 10%. 

Next, we studied the cross interference towards 
CO, CH2O and NO2, finding no signs of influ-
ences. Finally, we realized a 1-week experi-
ment subjecting the sample to a constant flow 
of 350 ppm and 50% RH and periodic pulses 
that rise to the limit recommended by the au-
thorities of 1200 ppm. The response remained 

practically constant throughout the seven days. 
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Fig. 2. Sensor signal to 600 ppm pulses of CO2 
under a scale up of humidity (0-80% RH) (Top). De-
tailed response and slope during CO2 pulses (Below). 

Fig. 3 Signal to constant 350 ppm CO2 and differ-
ent humidity levels. 

Fig. 4.CO2 predicted by our colorimetry sensor under 
random humidity conditions. 
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Summary: 

In this work, we present chemical nanosensors based on ultrathin CuO/Cu2O films, which are fabricat-
ed by thermal evaporation and subsequent oxidation on SiN-based micro-hotplate chips. The sensors 
are tested against various target gases like carbon monoxide (CO), carbon dioxide (CO2), and hydro-
carbons (HCmix). The CuO/Cu2O films are functionalized with Au nanoparticles (Au-NPs) stabilized 
with different types of ligands: PEG-MUA, MPA and citrate. While the Au-NPs clearly increase the 
sensor performance in particular for CO2, we have found that the ligands have a significant impact. 

Keywords: metal oxide, CuO, nanomaterials, nanoparticles, ligands, gas sensors 

Introduction 

Chemical sensing of harmful or toxic gases, 
such as Volatile Organic Compounds (VOCs), 
CO2, or CO, which have a significant negative 
impact on human health, has become a vital 
necessity for indoor and outdoor air quality (AQ) 
monitoring. Conductometric gas sensors rely on 
changes of the electrical conductance of a gas 
sensitive material due to the surrounding gas. 
Mostly, metal oxides like SnO2, ZnO or CuO are 
used because of their high sensitivity to a large 
variety of gases [1]. The response of such sen-
sors can be tailored by surface functionalization 
with metallic nanoparticles (e.g. Au, Pd, or Pt) 
which is a very promising approach to achieve 
a high degree of selectivity [2, 3]. Recently, we 
have successfully employed Au-NPs solutions 
for functionalization of CuO-based gas sensors 
for improved CO2 sensing [4]. In this paper we 
evaluate the impact of three different types of 
ligands used for stabilizing the Au-NPs on the 
sensor performance for CO, CO2, and HCmix. 

Sensor Fabrication 

The gas sensors are fabricated by means of 
photolithography, thermal evaporation of a Cu-
layer with a thickness of 500 nm, and a lift-off 
process on a micro-hotplate chip (see Fig.1). 
The circularly shaped (diameter 450 µm) Cu 
layer is thermally oxidized on a hotplate at 
450 °C for 4 h leading to a stoichiometric mixed 
phase of CuO/Cu2O-films. 

Au-NP Functionalization 

The CuxO gas sensing films have been func-
tionalized with Au nanoparticles (average diam-
eter 13 nm, synthesized by Fraunhofer CAN) to 
improve the sensor performance. The Au-NPs 
are dissolved in water and have been stabilized 
with three different types of ligands: (i) MPA (3-
mercaptopropionic acid) (ii) citrate, and (iii) 
PEG-MUA (polyethylene glycol, 11-
mercaptoundecanoic acid). The functionaliza-
tion is performed by drop coating (0.2 µl) the 
CuxO-sensors with the NP solutions. 

Fig. 1 Illustration of an Au-NP functionalized CuxO 
film-based gas sensor. 

Sensor Characterization & Results 

The sensor devices have been operated at 
300 °C and tested against CO, CO2 and HCmix 
(equal mixture of 500 ppm of acetylene, ethane, 
ethene and propene). Synthetic air with 50 % 
relative humidity (r.h.) has been employed as 
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background gas. Bare CuxO-sensors, and CuxO 
sensors functionalized with MPA, citrate, and 
PEG-MUA stabilized Au-NPs have been com-
pared. Fig.2 shows exemplarily the electrical 
resistance behavior of all sensors when ex-
posed to 1000, 2000, and 4000 ppm CO2. 

Fig.3 compares the responses of all sensors 
towards 20 ppm CO, 4000 ppm CO2 and 
20 ppm HCmix. The response to CO is slightly 
increased in case of citrate and PEG-MUA. 
CuxO sensor functionalized with citrate stabi-
lized Au-NPs exhibits the highest response 
(39 %) towards CO2. MPA stabilized Au-NP 
result in a significant response (10 %) to CO2; 
the PEG-MUA stabilized Au-NP show a small 
(2 %) CO2 response. Bare, unfunctionalized 
CuxO sensors have no CO2 response at all. All 
Au-NP functionalized sensors exhibit a signifi-
cantly increased response (18 – 22 %) towards 
HCmix. 

Fig. 2 Resistance measurement during exposure 

to 1000 / 2000 / 4000 ppm CO2 at 300 °C operation 

temperature and 50% r.h. 

Fig. 3 Sensor response towards 20 ppm CO, 

4000 ppm CO2 and 20 ppm HCmix at 300 °C opera-

tion temperature and 50% r.h. 

Discussion & Conclusion 

While the Au-NPs clearly increase the sensor 
performance in particular for CO2, also the lig-
ands have a significant impact. on the sensing 
behavior of CuxO-based sensors. For the test 
gas mixture HCmix the response is almost the 
same for all three types of ligands, while the 

citrate stabilized Au-NPs are clearly the best 
choice for optimizing the CO2 sensitivity. 
The different influence of the ligands on the 
CO2 and HCmix reponse is not understood yet: 
Organic residuals due to insufficient thermal 

degradation of the ligands at 300 °C operation 
might be responsible for this behavior by ham-
pering the interaction of gas molecules with the 
Au-NPs and the CuxO surface. We expect that 

citrate is already dissociated at 300 °C. This 
would explain the high response for CO2 for the 
citrate stabilized Au-NPs, but not the equally 
increased response towards HCmix for all three 
types of ligands. Further investigations e.g. 
carefully increasing the operating temperature 
without decomposing the Au-NPs are neces-
sary to reveal the influence of the ligand chem-
istry. From our results we conclude that metallic 
NP-systems have to be very carefully designed 
in order to fully utilize the potential of NP-
functionalization for performance optimization. 
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Summary:
We present a novel chemical sensor device based on ultrathin metal oxide films functionalized with 
metallic nanoparticles, which combines both thermal as well as optical excitation into a single system.
This is achieved by a modular setup employing SiN-based micro-hotplate (µhp) chips, and LEDs, 
which are mounted opposite of the µhp chips. First results show that the sensor response is dramati-
cally improved in case of optical excitation: Activation of SnO2 sensors functionalized with Cu-
nanoparticles by LEDs emitting at 270 nm results in a sensor response of 32% at room temperature
towards 20 ppm HCmix in synthetic air (50% rh). By combining this dual excitation mode, we open an
entirely new parameter space for chemical sensors, which has not been explored yet.

Keywords: metal oxide, nanomaterials, nanoparticles, gas sensors, sensor array

Introduction
Chemical sensing of gaseous molecules has 
become a vital necessity for a huge variety of 
applications. Since people in Europe or US 
spend 90% of their time indoors, air quality 
(AQ) monitoring is of tremendous importance 
for private homes and offices, for vehicles and 
transportation. Air pollution is considered a 
“silent killer” causing an estimated 7 million 
premature deaths every year [1].

Despite extensive efforts, conductometric gas 
sensors enabling identification and quantifica-
tion of a variety of different gases remain elu-
sive due to major cross-sensitivity issues.

Using optical (light) instead of thermal activation 
(heat) of the gas sensitive materials is a very 
useful strategy to lower power consumption [2]
of the sensor device. Moreover, photons can 
also supply the energy needed to exploit the 
surface ionization scheme [3], which opens an 
entirely new parameter space for chemical 
sensing.

Sensor Components
We are developing a novel sensor device, 
which combines thermal and optical activation 
of the gas sensitive nanomaterials into a single 
sensor system:

• SiN-based micro-hotplate (µhp) chips incor-
porating a heating structure (up to 500°C) and 
electrodes, are used as carriers for the sensing 
films. First, a negative lift-off resist mask is 
structured by photolithography. Then the chips 
are coated with 50 nm SnO2 or CuO, using 
reactive magnetron sputtering. This is followed 
by a lift-off process to structure the sensing 
films into a circular shape (diameter 450 µm) 
and an annealing process at 400°C in dry syn-
thetic air. Finally, the sensors are functionalized 
with Ag and Cu nanoparticles (NP) via magne-
tron sputter inert gas condensation. 4 sensors 
are mounted on a single Kyocera socket,
2 sockets with a total of 8 sensors are charac-
terized simultaneously in the gas measurement 
setup.
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• LED chips emitting at 8 different emission 
wavelengths (631, 589, 525, 467, 415, 385, 
365, and 270 nm) are employed to screen the 
impact of optical excitation on the sensor re-
sponse. Presently commercial LEDs are em-
ployed, which are mounted on a PCB in two 
groups of 4 LEDs opposite of 2 sensor sockets. 

Sensor System 
In a first (Gen1) approach, we employ a modu-
lar scheme, where the LED-PCBs are mounted 
opposite of the µhp chips (Fig.1). A group of 4 
LEDs optically excites 4 sensor dies. This setup 
enables to systematically screen the influence 
of LED wavelength and LED intensity on the 
sensor response in an automated gas meas-
urement setup. Synthetic air, with controlled 
relative humidity (rh), serves as the background 
gas. A variety of target gases can be introduced 
into the setup with well-defined concentrations. 

 
Fig.1 Modular setup of sensor system combining 
thermal and optical excitation schemes. This is 
achieved by using a SiN-based µhp chips, and LEDs, 
which are mounted above the µhp chips. 

Results and Conclusion 
All sensors are characterized simultaneously in 
the gas measurement setup. After 10 min in 
synthetic air, the target gas is introduced for 
5 min followed by 10 min in synthetic air. 

Fig.2 shows the resistance behaviour and the 
response of a SnO2 sensor functionalized with 
Cu-NPs towards a concentration of 20 ppm of a 
hydrogen carbon gas mixture (acetylene, ethan, 
ethen, propen = HCmix) in synthetic air (50% rh). 
Without LED illumination, at room temperature 
(RT) the sensor has no response at all, but 
shows a response of 17% at 150°C operation 
temperature (left). In case of LED illumination 
(wavelength 270 nm), the sensor exhibits a 
response of 32% already at RT (middle), which 
increases up to 58% at 150°C operation tem-
perature (right). This clearly demonstrates the 
impact of LED illumination on the sensor re-
sponse. This effect might be attributed to the 
surface ionization effect, where the gas mole-

cules are ionized by the photons, and the elec-
trons are transferred into the SnO2 film. 

 
Fig.2 Response of SnO2 sensor functionalized 
with Cu-NPs towards 20 ppm HCmix in synthetic air 
(50% rh). With the LED switched off (left), the sensor 
shows a response of 17% at 150°C operation tem-
perature. With a 270 nm LED switched on (middle), 
the sensor exhibits a response of 32% at RT (mid-
dle), which increases up to 58% at 150°C (right). 
 
By combining this dual excitation mode – heat 
and light – into a modular sensor setup, we 
open an entirely new parameter space for 
chemical sensors. First results show that the 
sensor response is dramatically improved in 
case of optical excitation with LEDs. We will 
systematically explore this new parameter 
space to find the ideal combination of wave-
length, light intensity, and operation tempera-
ture for selective detection of the target gases. 
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Summary:
Tin disulfide (SnS2) nanosheets, were successfully synthesized using the combination of aerosol as-
sisted and atmospheric pressure chemical vapor deposition methods, (AACVD and APCVD). Morpho-
logical and compositional analysis demonstrated that this novel technique is suitable for producing 
high quality TMDs nanomaterials. By changing the sulfurization time (i.e. 30, 60 and 90 minutes), 
three different sensors, based on SnS2 nanosheets, were fabricated and tested towards NO2. The 
results showed that all the sensors were able to detect NO2 at low operating temperature, while the 
highest response was recorded by sensor with 90 min of sulfurization.  

Keywords: Gas sensors; SnS2; TMDs; AACVD; APCVD; nanomaterials.

Background, Motivation an Objective
Two-dimensional (2D) materials, particularly 
transition metal dichalcogenides (TMDs), have 
attracted considerable interest due to their tun-
able bandgaps and exceptional electrical and 
optical characteristics. They offer a promising 
solution to common shortcomings (i.e., high 
operating temperature lack of selectivity) seen 
before in materials like carbon nanotubes, met-
al oxides, and graphene. Among TMDs, SnS2

nanostructures exhibit ideal characteristics for 
gas sensing applications, including large sur-
face area, rich in active reaction sites, high 
sensitivity to various gases, selectivity, stability, 
and reliability over prolonged use. However, 
SnS2 synthesis faces some challenges. Various 
methods that have been used, such as hydro-
thermal synthesis and exfoliation techniques,
have drawbacks like long reaction times, low 
yields, discontinuous films, environmentally 
unfriendly precursors and solvents etc. Herein, 
we introduce a novel way to successfully syn-
thesize SnS2 via the combination of AACVD 
and APCVD techniques. This approach allows 
us to directly deposit the TMDs on the sensor 
transducer, without the need of further transfer 
steps, improves the film quality and its long-
term stability and resulted in highly sensitive 
and stable gas sensors.

Description of the New Method or System
The sensing films were directly grown on to 
alumina substrate, with Pt interdigitated elec-

trodes in the front side and a Pt resistive heater 
in the back side. 

Fig. 1. (a) AACVD synthesis of SnO2 nanostruc-
tures, and (b) APCVD synthesis of SnS2 nanosheets.

Two steps of deposition were used to synthe-
size SnS2: the first one (Fig.1 a), involved the 
direct growth of tin dioxide (SnO2) nanostruc-
tures from the AACVD of 30 mg of tin(IV) chlo-
ride pentahydrate dissolved in 15 ml of acetone 
at temperature of 450ºC. Herein, 0.5 L/ min of 
nitrogen, was used as a carrier gas. In the sec-
ond step, the obtained SnO2 nanostructures 
were subjected to an APCVD sulfurization pro-
cess with argon serving as a carrier gas and 
sulfur powder (Fig.1 b). This process allowed 
the sensitive layer to grow directly at the alumi-
na sensor transducer.

Results
First, we investigated the morphology of the 
SnO2 nanostructures, displayed in Fig. 2 a, then 
the morphology of the produced SnS2

nanosheets which is shown in Fig. 2 b. As we 
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can see, SnS2 nanosheets were successfully 
grown with a perfect hexagonal shape, on top 
of the alumina substrate, using a straightfor-
ward combination of AACVD and APCVD tech-
niques. We examined our sample using Raman 
spectroscopy in order to verify the composition 
and structure of SnO2 and SnS2. The Raman 
spectrum of SnO2 (Fig. 2 c) is characterized by 
the classical vibrational band (A1g) observed at 
631 cm−1 assigned to SnO2 rutile structure. We 
also observed other peaks of 251 and 353 cm−1 
which can be assigned to optical phonon 
modes of SnO2 (Eu (LO) and Eu (TO)) [1]. Re-
garding the SnS2 spectrum (Fig. 2 d) , we can 
see a sharp peak at 314 cm−1 and a small one 
at 204 cm−1 which are assigned to the vibra-
tional modes (A1g) and (Eg) of SnS2 respectively 
[2]. All the finding confirmed the ability of our 
novel technique to produce SnS2 from the direct 
sulfurization of SnO2 nanostructures. 

 
Fig. 2.  FESEM images of (a) SnO2, (b) SnS2, and 
Raman spectra of (a) SnO2, (b) SnS2 nanostruc-
tures. 
 

For gas sensing measurement, we fabricated 
three sensors with different sulfurization times 
(Sensor (A) 30 min; Sensor (B) 60 min; and 
Sensor (C) 90 min). The sensors were tested 
towards 500 ppb of NO2, at different operating 
temperatures (RT, 50, 100, and 150ºC), in or-
der to study its effect on the sensor responses. 
From Fig. 3, we can observe that the optimal 
working temperature, for all the sensors, was 
150ºC, while the highest sensitivity was shown 
by sensors with 90 min of sulfurization. Be-
sides, at room temperature, sensors (C) were 
able to detect the target gas at ppb-level, with 
enough sensitivity. Fig. 4 gives an example of 
the real sensor response as a function of time 
toward 500 ppb of NO2 at 150ºC. All sensors 
exhibited a p-type semiconductor behavior, 
decreasing resistance upon exposure to oxidiz-
ing gas and increasing it upon exposure to dry 
air. 
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Fig. 3. Sensor responses toward 500 ppb of NO2 
as a function of temperature. 

 
Fig. 4. Responses of SnS2 gas sensors sulfurized 
for (a) 30min, (b) 60min, and (c) 90min, @150ºC 
toward 500 ppb of NO2. 
 

Fig. 5 depicts the sensors responses as a func-
tion of NO2 concentration. From the graph, the 
sensors responses increased by increasing the 
gas concentration, showing a linear behavior, 
which is very important parameter for real gas 
sensing application.  
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Fig. 5. Sensor responses toward NO2 @ 150 ºC as 
a function of concentration. 

 

Conclusions 
This work reported a facile and scalable tech-
nique, to synthesize highly sensitive 2D hexag-
onal SnS2 nanosheets, directly onto the sensor 
transducer, for the detection of ppb-level of NO2 
at low operating temperature. Details on hu-
midity cross-reactivity will be shown at the con-
ference. 
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Summary:
The development of an instrument capable of performing at a level comparable to that of the biological 
nose remains a scientific challenge. In the present work, we have developed and optimized a multi-
plexed Surface Plasmon Resonance Imaging (SPRI)-based optoelectronic nose coupled to a microar-
ray of novel sensing materials for the sensitive and selective detection of Volatile Organic Compounds 
(VOCs) in the gas phase. Using pattern recognition algorithms our system is able to discriminate 
VOCs belonging to different chemical families, as well as VOCs differing by a single carbon.

Keywords: electronic nose, peptide, Surface Plasmon Resonance Imaging, VOCs.

Introduction
The development of an instrument capable of 
imitating the remarkable capabilities of biologi-
cal olfaction remains a scientific challenge. 
However, there is a growing need to reliably 
detect and monitor volatile organic compounds 
(VOCs) – the small air-borne molecules re-
sponsible for the odor of objects – in various 
fields, such as quality control for food and cos-
metic industries, medical diagnostics and envi-
ronmental monitoring.
Although sensitive and reliable, classical analyt-
ical techniques, such as Gas Chromatography 
coupled with Mass Spectrometry (GC-MS), 
require specialized personnel and are incom-
patible with on-field applications. Alternatively,
electronic noses (eNs) refer to a class of multi-
sensors designed for the detection of VOCs in 
the gas phase, drawing inspiration from biologi-
cal olfaction. These aim to provide rapid, relia-
ble and inexpensive analyses. Although con-
siderable progress has been made, the perfor-
mance of the biological nose has not yet been 
achieved by eNs.

In biological olfaction VOCs are detected by 
olfactory receptors (ORs) in the nose acting in a 
combinatorial manner, where one VOC can 
stimulate multiple ORs and vice versa. This 
allows the recognition of an amount of VOCs 
various orders of magnitude higher than the 
number of receptors in the nose.

Fig. 1. Working principle of the SPRI-based opto-eN.

Since 2012 our team has been developing an 
electronic nose based on peptides, coupled 
with surface plasmon resonance imaging 
(SPRI), a multiplexed, label-free and real-time 
transduction technique (Fig. 1) [1]. Herein, a
homemade system was designed for the detec-
tion in gas phase. Its operating principle, similar 
to that of the biological nose, consists of an 
array of cross-reactive peptides whose interac-
tions are imaged by SPRI before using ad-
vanced mathematical methods for sample dif-
ferentiation and identification. Great efforts 
have been made to optimize multiple optical 
parameters on the SPR response, resulting in a 
stable system that can be reused for at least 
three months with good repeatability.

Materials and Methods
Biochip preparation. The microarray was
composed of a gold-coated commercial prism 
(Edmund Optics, U.S.). Before use, the surface 
was treated with plasma (Diener electronic, 
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Germany) for 3 minutes to eliminate organic 
contaminants. All sensing materials were de-
posited in quadruplicates on the gold surface 
using a non-contact microspotting robot (Sci-
enion AG, Germany).  
Sensing Materials. 19 short peptides were 
designed to have diverse physicochemical 
characteristics (positively or negatively charged, 
hydrophobic, hydrophilic, etc.) to obtain a dif-
ferential response to VOCs. Additionally, an 
internal negative control (NC) that is known to 
not be sensitive to VOCs was added. All sens-
ing materials include a cysteine at one end for 
their immobilization. For confidentiality reasons, 
exact sequences are not herein disclosed. 

VOC Testing. A homemade fluidic bench was 
used to perform four-minute injections of VOCs 
of different chemical families. In each case, 50 
µL of VOC were mixed into 1.5 mL of mineral oil 
(Sigma Aldrich) to promote controlled gradual 
evaporation and avoid system saturation. 
SPRI. The SPRI system is set-up in the 
Kretschmann configuration, where the whole 
microarray is irradiated through the prism with a 
polarized beam. When the incident light is total-
ly reflected, an evanescent wave is created on 
the ad-layer between the prism and the sensing 
medium. Surface Plasmon Resonance occurs 
under certain energy conditions when the eva-
nescent wave resonates with the metal’s free 
electron plasma. Thus, binding events in the 
sensors result in variations in the reflectivity 
(Δ%R), which are captured by a CCD camera. 
These images are then analyzed to obtain ki-
netic binding curves, called sensorgrams. After 
each injection, the microarray is regenerated 
using purified dry air. Afterwards, the average 
reflectivity of sensing molecules’ replicates at 
the equilibrium is plotted, generating a distinct 
pattern for each VOC tested. Finally, principal 
component analysis (PCA) can be performed 
for VOC classification.  

Results 
Our system’s versatility allows us to analyze 
many different VOCs. Figure 2 shows the sen-
sorgrams obtained for VOCs of different chemi-
cal families, as well as their distinct equilibrium 
pattern. Additionally, the PCA in Fig. 2 E) clear-
ly shows that our system is able to differentiate 
VOCs of different chemical families.  

Great efforts have been made for the optimiza-
tion of the system [2], including of the light 
source’s wavelength, prism configuration and 
the immobilization of sensing biomolecules. 
Additionally, a passivation step to reduce the 
drift, poisoning and aging effects, the controlled 
and reproducible injection of VOCs into the 

analysis chamber, and the nature of sensing 
biomolecules for the greater sensitivity and 
selectivity of the system [3], [4]. 

 
Fig. 2. Sensorgrams (%R versus time) and equilibri-
um patterns obtained for 50µL of A) 1-Hexanol, B) 
Toluene, C)Hexanal, D) Hexanoic acid; E) PCA for 
the four aforementioned VOCs belonging to different 
chemical families. 

Comparing to existing eNs, our system has very 
good sensitivity, selectivity and stability, with 
performances getting closer to that of the hu-
man nose.   
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Summary:

In this paper, we report the development and use of a photoacoustic cell designed for gas spectrosco-
py of volatile organic compounds (VOCs) used as biomarkers of breast cancer. The cell, composed of 
a PMMA Helmholtz resonator grafted to a finite size tube. A commercial microphone mounted on the 
Helmholtz enables the measurement of the system response at its resonance frequency. The system 
was successfully characterized using different concentrations of isopropanol (0.5 to 17 ppm) using 
tunable MIRCAT QCL laser with wavelength range of 8-11µm.

Keywords: Photoacoustic, gas spectroscopy, breast cancer biomarkers, volatile organic compounds.

Introduction
In the context of non-invasive medicine, volatile 
organic compounds (VOCs) can be used as 
biomarkers in various clinical applications, such 
as early detection of breast cancer, monitoring 
treatment efficacy, and detecting recurrences. 
These are created by human body cells when 
subjected to oxidative stress [1], then 
transformed by an enzyme, Cytochrome P-450
[2], which regulates the levels of chemical 
species in the human body. These VOCs can 
be found within the cells themselves and 
transmitted via the bloodstream to breath, 
sweat, urine, feces, saliva, etc. [3],[4].
Kure et al. published a study in 2021 [5] propos-
ing a prediction model for breast cancer using 
only Isopropanol and 2-butanone as biomarkers 
with an efficacy rate of 90%. In this study, anal-
ysis was conducted on urine using mass spec-
trometry and gas chromatography. A healthy 
individual typically has an isopropanol level 
between 1 and 20 ppb, while a person with 
cancer has a concentration ranging from 10 to 
100 ppb [6].

Experimental materials
In this study, we report the development and 
use of a photoacoustic cell entirely made of 
plexiglas (PMMA), see figure 1.b, for gas spec-
troscopy. The first design step focuses mainly 
on the design of high-performance photoacous-
tic cells. Isopropanol was the targeted gas for 

our analysis. A commercial microphone (TDK 
membrane microphone) was used in this study. 
The laser used is a MIRCAT QCL from Daylight 
solution laser emitting in the far-infrared [7],
which is in the range of one of the absorption 
peaks of isopropanol at 8.73 µm (1144.47 cm-

1). Laser modulation is achieved using a me-
chanical chopper. The frequency of modulation 
is chosen close to the acoustic cavity reso-
nance frequency. The acoustic cavity is com-
posed of a Helmholtz resonator grafted to a 
finite size tube outside a pressure node as 
shown in Figure 1.a (COMSOL Multiphysics 
simulation).

Fig. 1. Schematic of the photoacoustic cell and the 
pressure field at its resonance frequency (a). Picture 
of the Photoacoustic cell (b).

Results
Figure 2 shown the schematic of the experi-
mental setup of measurements, composed of 
the acoustic cavity, QCL tunable laser, chopper 
for laser beam modulation and high resolution 
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acquisition systeme. Figure 3 display the results 
for the measured signal at different concentra-
tions of isopropanol. Accurate acquisition sys-
tem is used for this purpose (200kHz sampling 
frequency with 24bits resolution). The root 
square of the PSD is plotted in linear scale 
showing high SNR. In pure air the level of the 
signal is extremely low, we also test the excita-
tion at different laser wavelength showing a 
good agreement with isopropanol absorption 
spectrum (result not shone here). The linearity 
of the system was   evaluated and the results is 
shown figure 4.b. The sensitivity is estimated to 
be around 50mV/ppm. According to this prelim-
inary results, resolution close to few ppb can be 
achieved with this design. Ongoing works on 
the design optimization are very promising.   

 

 
Fig. 2. Schematic of the experimental setup. 

 

 
Fig. 3. Photoacoustic signal for different concentra-
tion of isopropanol (a). Linearity between the ampli-
tude’s signal and the concentration of isopropanol 
(b). 
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Summary:
Resistive gas dosimeters based on NOx storage materials as functional films accurately measure time-
ly intervals like hourly mean values of small gas concentrations like NO2 in ambient air. The gas do-
simeter principle overcomes the disadvantageously low recovery times of conventional chemiresistive 
sensors. Typically, porous screen-printed films are used as functional films, but for detection of very 
low NOx (NO2 and/or NO) doses, almost dense powder aerosol-deposited films are investigated and 
there appropriacy will be demonstrated here. 

Keywords: air quality monitoring; NOx; nitrogen oxides; powder aerosol deposition; ppb detection

Background
The determination of hourly mean values, e.g. 
for air quality or workplace limit monitoring, 
requires a timely integration of the sensor signal 
of conventional chemiresistive gas sensors over 
one hour. Often, inaccuracies and long sensor 
recovery times might lead to large errors. In
contrast, the gas dosimeter directly measures 
the dose or hourly mean value of a gas species 
since its sensor signal is proportional to the 
exposed analyte amount (the dose) [1].

Fig. 1. Scheme of the dosimeter principle and the 
processes that occur in a resistive gas dosimeter 
during one operation cycle consisting of a long 
measurement (sorption) phase and a very short
thermal regeneration phase (desorption). From [1],
permitted by the authors.

Measuring Principle of NOx-Dosimeter 
A typical gas dosimeter consists of an alumina 
substrate equipped with a screen-printed plati-
num heating element on the backside and in-
terdigital electrodes (IDEs). The IDE is covered 
by a screen-printed film (film thickness around 
10 µm) of the functional material, here a NOx
storage material based on potassium and man-
ganese impregnated on alumina powder (K/Mn-
Al2O3). The relative resistance change, ΔR/R0,
measured using impedance spectroscopy at a 
fixed frequency value is evaluated as the sens-
ing signal. The optimal working temperature 
during sorption period is between 300 - 350 °C.
In the sorption phase (Fig. 1), NOx is sorbed in 
the NOx storage material and the sensor signal 
changes linearly with increasing sorption time of 
a constant NOx concentration. During NOx ab-
sence, the sensor signal remains constant and 
is proportional to the previously dosed amount 
of NOx. Additionally, the time-derivative of 
ΔR/R0 corresponds to the current NOx concen-
tration. After a certain time, the NOx storage 
material is fully loaded, and a thermal initiated 
regeneration at 650 °C is necessary to desorb 
the sorbed molecules. Afterwards, a new detec-
tion cycle starts. [1]

Discontinuous Powder Aerosol Deposition 
To improve the resolution limit for detection of
very low NOx concentrations in the sub-ppm 
range and the resulting low NOx doses, the 
dosimeter properties of films prepared by dis-
continuous powder aerosol deposition DPAD
are investigated. With DPAD, dense ceramic 
films can be produced at room temperature 
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directly from the synthesized ceramic powder. 
[2] Here, the resulting thicknesses of the K/Mn-
Al2O3 films are in the range of 200 - 300 nm.   

Results 
The sensor signal ΔR/R0 of a porous screen-
printed K/Mn-Al2O3 film (thickness 10 µm) at 
300 °C in synthetic air atmosphere shows typi-
cal dosimeter behavior (Fig. 2). ΔR/R0 increas-
es during exposure to NO2 at ppb level (pulses 
of 50 - 300 ppb) and remains constant during 
dosing pauses. The dosimeter signal follows 
directly the timely-integrated NO2 concentration 
and directly detects the total dose of NO2. A 
linear relationship between ΔR/R0 and dose of 
NO2 follows. Additionally, the current NO2 con-
centration can be determined by the time-
derivative of ΔR/R0 (Fig. 3). d(ΔR/R0)/dt corre-
lates to the current concentration and increases 
linearly with increasing NO2 concentration.    

 
Fig. 2. Relative resistance change ΔR/R0 of a typi-
cal gas dosimeter at 300 °C during exposure to NO2 
(50 - 300 ppb) directly proportional to the integrated 
NO2 concentration or total dose of NO2 

 
Fig. 3. Timely derivative d(ΔR/R0)/dt of the dosime-
ter signal correlating with the current NO2 concentra-
tion 

The results demonstrate the advantages of a 
NOx dosimeter like very fast recovery times, but 
also show the detection limit at very low NOx 
concentrations (below 50 ppb) and small NOx 
doses, especially directly at the beginning of the 

sorption period. The investigation of dense and 
thinner PAD films as functional film for the NOx 
dosimeter provides advantages over thicker 
screen-printed porous films, shown in Fig. 4.  

 
Fig. 4. Comparison of the dosimeter signal ΔR/R0 
of a screen-printed film and a powder aerosol-
deposited film during exposure to pulses of 100 ppb 
NO at 300 and 350 °C.  

ΔR/R0 during exposure to seven pulses of 
100 ppb NO was determined at 300 and 350 °C 
for a DPAD film and a screen-printed film (both 
prepared from the same starting powder, K/Mn-
Al2O3). It is clearly recognizable that the DPAD 
film provides a higher sensor signal than the 
screen-printed layer. In particular, the first NO 
pulse can also be resolved quite well whereas it 
is almost impossible to detect it with the screen-
printed film. The DPAD layer shows very good 
dosimeter behavior up to approx. 40 - 50 
minutes. Afterwards, desorption effects become 
apparent, i.e. the sensor signal decreases dur-
ing NOx dosing pauses, and the thermal regen-
eration phase is necessary. In contrast, the 
screen-printed film still shows a smaller sensor 
signal, but no desorption effects are visible. 

It is possible to detect low ppb-NOx concentra-
tions with a dense and thin DPAD film, but the 
regeneration must be started earlier than with 
the screen-printed film. With the thicker and 
porous screen-printed film, it is more difficult to 
detect lowest NOx concentrations, but the sorp-
tion phase is significantly longer. Therefore, it is 
possible to detect higher NOx doses or over a 
longer time without regeneration.   (1) 
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Summary:
Commercially available metal oxide semiconductor gas sensors have been used to investigate the
substances emitted by raspberries. A calibration on the gas sensors was performed trough random 
gas mixtures made up with wide concentration ranges of 11 substances which compose air and are 
emitted by food. After, the sensors and different amounts of raspberries have been placed in different
food boxes for several days. Estimates based on data were able to track the emissions’ change of
some volatile organic compounds, e.g. ethanol and acetaldehyde, during the spoiling process.

Keywords: MOS sensors, calibration, spoilage process, food, VOC

Introduction
About one-third of the world's food production is 
wasted. The first step towards implementing 
effective strategies to prevent and reduce food 
waste is to fully understand the amount and the 
quality of wasted food that is generated. This 
awareness is crucial to reveal the opportunities 
for reusing wasted food in a circular economy 
context, where waste can be transformed into 
valuable resources [1].
For the assessment of food’ state, metal oxide 
semiconductor (MOS) gas sensors emerge as 
promising candidates due to their cost-
effectiveness and ability to provide real-time 
measurements on site. Moreover, the employ-
ment of temperature cycled operations on these 
sensors leads into a greater selectivity in de-
tecting various types of gases and expanding 
the quantitative ranges of detectable substanc-
es [2]. In previous works, the sensitivity of 
commercially available MOS sensors to gas 
emitted by food has been shown [3]. In this 
work, the sensors are employed to define 
chemical states, expressed as volatile organic 
compounds (VOC) emissions’ changes, of 
raspberries over the spoiling process.

Materials and Methods
Different amounts of raspberries along with
MOS sensors have been placed inside several 
closed food boxes for five days in a room tem-
perature-controlled set at 23 °C, allowing the 
sampling of the headspace of the VOC of each 
box individually.
To assess the type of gases involved and their 
respective ranges’ quantities, a calibration of 

the sensors was performed before the study of 
the raspberries: the sensors were calibrated 
with a custom-built gas mixing apparatus 
(GMA), described in detail in [4]; it was per-
formed with unique random gas mixtures made 
up with different quantities of eleven different 
substances which compose air and are emitted 
by food (selected based on literature studies of 
the typical gases emitted by raspberries [5]), cf. 
Tab. 1 for the comprehensive list. The gas mix-
tures were created with random values of each 
gas belonging to pre-selected ranges given in 
table 1. Over 150 unique mixtures, each of 
which was 25 minutes long, were considered.
Tab. 1: Table of the considered substances and 
respective ranges for the random gas mixtures.

Gas / Range Minimum Maximum

CO 100 ppb 2000 ppb

H2 500 ppb 2000 ppb

R.h. at 23 °C 25% 70%

1-Propanol 25 ppb 2500 ppb

Acetone 10 ppb 1000 ppb

Acetaldehyde 10 ppb 2500 ppb

Ethyl acetate 10 ppb 1000 ppb

Ethanol 25 ppb 2500 ppb

Ethylene 10 ppb 1000 ppb

Limonene 10 ppb 500 ppb

Methanol 25 ppb 2500 ppb
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The selected sensors are commercially availa-
ble metal oxide semiconductors, e.g., SGP40 
(Sensirion AG, Stäfa, Switzerland). The MOS 
sensors were run in a temperature cycled oper-
ation (TCO) which comprises 12 temperature 
jumps from high to low temperature in the range 
100 °C to 400 °C. The total length of each cycle 
was of 144 s. 
A feature extraction was performed: the cycles 
were divided into 144 equidistant segments of 1 
s. For each segment, mean and slope are cal-
culated resulting in 288 features for each gas-
sensitive layer of the considered sensors. A 
partial least square regression (PLSR) model 
was calculated based on the feature extraction 
followed by a dimensionality reduction per-
formed trough a principal component analysis. 
The root mean squared error (RMSE) of 10-fold 
group based cross-validation, equal to 235 ppb, 
was considered to build up the regression mod-
el. 20% was withheld for testing the trained 
model. 

Results and discussion 
Fig. 1 shows the regression plot for ethanol of 
the lab calibration of one of the SGP40. A hold 
out test was performed resulting in an RMSE 
value of 223.9 ppb. Fig 2 shows the models’ 
estimates from the sensors over the five days 
acquisition of the boxes containing 0, 24 and 
101 grams of raspberries. A variation of the 
ethanol concentration can be observed over 
each cycle that run on the sensor. Even though 
the absolute concentration has to be verified, 
the trend provided by the model reflects the 
observed behavior of the raspberries during the 
spoiling process: by the end of the first day of 
monitoring, the sensor had adapted to the air of 
the environment and recorded a gradual in-
crease of ethanol, emitted by the raspberries 
during the final ripening stage; by the second 
day, there was evidence of mold development 
on some samples, evidenced by a decrease of 
the concentration; between the third and the 
final day, all samples showed signs of mold, 
with those that developed mold first gradually 
changing the color of their mold from white to 
green, which explains the change in trend ob-
served in the concentration curve. 
Current analysis of other models of MOS sen-
sors and other gases included in the lab calibra-
tion is being carried out to define a more com-
prehensive and complete chemical profiling 
over the different states of the spoiling process. 
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Fig. 1.   Regression for sensor’s calibration over the 

different random gas mixtures. 

 
Fig. 2.   Model estimates over 3 boxes of 0, 24 and 

101 grams of raspberries. 
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Summary:
This study introduces a thick film metal oxide semiconductor (MOS) sensor as a promising alternative 
to traditional gas chromatography (GC) detectors. A gas mixing apparatus was used to simulate gas 
elution from a GC column with a custom measurement chamber for optimal coupling of sensor and gas 
flow. The experiments achieved precise quantification of ethanol at concentrations in the ppb range,
utilizing a MOS sensor temperature profile for sensitive peak detection. The results show that MOS
sensors offer a cost-effective and reliable substitute for traditional GC detectors in analytical applications.

Keywords: MOS sensors; gas chromatography; ethanol; differential surface reduction (DSR)

Motivation
Many applications, e.g. for quality control of food, 
today rely on either human sensory solutions or 
laboratory analytic devices, i.e. gas chromato-
graphy mass spectrometry (GC-MS). These so-
lutions lack either an objective analysis or entail 
high cost without real-time capability. In the pur-
suit of mobile gas analytic devices, MOS sensors 
combined with gas chromatography utilize the 
sensors excellent sensitivity in combination with 
the columns selectivity and emerge as a promis-
ing approach [1]. This work investigates the ca-
pabilities of a thick film MOS sensor (custom 
GGS 1530 T without Gaze, UST Umweltsen-
sortechnik GmbH, Geratal, Germany) as a GC-
detector, which offers significant advantages 
such as high sensitivity to VOCs, small size and 
low cost. A temperature profile is employed to 
enhance the sensitivity of the MOS sensor [2]
based on the Sauerwald-Baur model [3].

Setup and Methodology
A gas mixing apparatus (GMA) is used to simu-
late peaks eluting from a GC column [4]. Two 
gas lines enable a constant flow of 500 ml/min at 
50 % relative humidity. A predilution line injects 
10 ml/min of an adjustable ethanol concentration 
with a valve (Type 6624, Bürkert GmbH & Co. 
KG, Ingelfingen, Germany) into the total flow.
The GMA is connected to a measuring chamber 
that guides the flow into the housing of the sen-
sor, minimizing dead volumes. The schematic of 
the setup is shown in Fig. 1.

The MOS sensor is run in a temperature profile
with a sampling period of 10 ms using custom 
electronics [5]. The temperature profile includes 

three high temperatures (400 °C) and three low 
temperature stages (150 °C, 200 °C, 250 °C),
with a total duration of 15 min. During each five 
minutes interval, while the sensor is at low tem-
perature, the gas valve is opened for 5 s be-
tween 50-55 s. Ethanol is injected at concentra-
tions of 10 ppb, 30 ppb, 100 ppb and 300 ppb.
Temperature profile and sensor response of the 
MOS sensor are shown in Fig. 2.

Fig. 1: Schematic of the setup including the section 
view of the sensor housing.

Fig. 2: Temperature cycle and sensor response 𝐺𝐺
𝐺𝐺5:50

of 
the MOS sensor.
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Results 
The ethanol injections result in different sensor 
responses in terms of shape and relative con-
ductance change depending on the temperature 
plateau (cf. Fig. 2). Even the lowest injected 
dose of 50 ppb·s (10 ppb for 5 s) is easily distin-
guishable from the baseline. Fig. 3 shows 12 re-
peated injections for each dose, showing highly 
reproducible results in the sensor response with 
a change of conductivity of up to one order of 
magnitude for a dose  of 1500 ppb·s (300 ppb for 
5 s). 

The sensor response for the lowest doses 
50 ppb·s and 150 ppb·s approximately follows 
the baseline after the injection with a small offset. 
This has previously been observed in [6] with the 
differential surface reduction (DSR) method for 
MOS sensors under a similar temperature profile 
and confirms the Sauerwald-Baur model for low 
concentrations. 

 
Fig. 3: Sensor response for 60 injections with the 
doses of 0/50/150/500/1500 ppb·s between 5:30 min 
and 7:00 min at the 200 °C plateau. 

Fig. 4 shows the change of the sensor response 
vs. dose and a linear fit. Start and end values to 
calculate the change in sensor response are de-
termined by the inflection points of the sensor re-
sponse in the opening interval of the valve. The 
change of sensor response shows excellent lin-
earity over the tested range. 

It is obvious that different models are required for 
different injections dose ranges. Higher doses 
will strongly deplete ionosorbed oxygen on the 
sensitive layer according to the Sauerwald-Baur 
model. This can be observed by a decrease in 
the sensor response after detection of higher 
doses. Peaks that deplete the sensitive layer of 
oxygen could negatively influence the detection 
of following peaks, i.e. reduce the response. This 
is a challenge that needs to be addressed in the 
realization of portable GC-MOS systems. The 
MOS sensor nonetheless excels in reliably de-
tecting even the smallest doses of substance. 

 
Fig. 4: Linear fit of sensor response change for differ-
ent injections. 𝑝𝑝1 = 0.0084 ; 𝑝𝑝2 = −0.122 ; 
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.998 corresponding to  ≈  23 𝑝𝑝𝑝𝑝𝑝𝑝 ⋅ 𝑟𝑟. 

Conclusion 
In conclusion, the MOS sensor exhibits highly 
sensitive and reproducible results as detector for 
gas peaks in temperature programmed opera-
tion. This demonstrates the capability and poten-
tial for MOS sensors as detector in gas chroma-
tography systems. 

Further studies will include the quantification 
ability of the MOS sensor with coeluting sub-
stances, i.e. multiple GC peaks. 
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In this study, the visualization of CVD grown suspended CNTs intended for individual carbon nanotube 
field effect transistor gas sensors was investigated. Two visualization techniques were compared: 
SEM and Raman spectroscopy. By comparing the CNT visibility by the 514 nm laser wavelength of
Raman spectroscopy to the CNT visibility in SEM, a detection yield of 90.3% by Raman was deter-
mined. For the CNT detectability by Raman, both G and D* Raman bands were considered.

SWCNT for sensors, CNFET gas sensors, Raman spectroscopy, SEM, Detection yield

Visualizing Carbon Nanotubes
Carbon Nanotubes (CNTs) offer a vast array of
potential applications due to their exceptional
electronic, mechanical, and thermal properties 
[1]. Single-walled CNTs (SWCNTs) for example 
are particularly promising because of their low 
detection limit of different gases including NO2

[2].

Different approaches address the challenge of
integrating individual CNTs into device struc-
tures, including dielectrophoresis (wet transfer)
[3], and dry mechanical transfer techniques [4].
Wet transfer techniques come with a high risk 
of contamination. Dry transfer requires pre-
localization of CNTs before their integration into
sensors.

Several techniques can visualize as-grown 
individual CNTs. SEM can, in principle, detect 
all CNTs. However, M. Muoth et al [4] reported
electrical degradation of CNTs post-SEM.

On the other hand, Raman spectroscopy allows
for non-destructive detection of individual sus-
pended CNTs [5]. In addition, it can provide 
information on the structural and electrical 
properties of CNTs. The downside of Raman 
imaging is an expected lower CNT detection 
yield compared to SEM.

This study was motivated by the scarcity of 
research on the suspended CNT detection yield 
by Raman spectroscopy.

Samples and Measurement Methods
CNTs used in this work have expected diame-
ters ranging from 1.5 to 2.5 nm and were syn-
thesized by chemical vapor deposition in 
CH4/H2 atmosphere using an iron-based cata-
lyst precursor [6].

All Raman measurements were conducted by 
the Renishaw InVia Qontor System using the 
StreamLine™ scanning method with an ellipti-
cal laser beam and a wavelength of 514 nm.
The microscope objective had an NA of 0.75 
and a magnification of 50x. The optical depth of 
focus allowed to detect tubes at full sample-
depth (5 µm).

The CNTs were manually counted in spectral 
maps filtered by the G (around 1585 cm-1) and 
D* (around 2665 cm-1) bands. These bands, 
seen in Fig. 1., only materialize when the so-
called resonance condition for incoming or out-
going (scattered) light is fulfilled [5]. Otherwise,
the bands do not appear in Raman spectra and 
the CNT can’t be detected, as seen in Fig. 2.

Fig. 1. Vertically shifted Raman spectra of three
CNTs with differently visible G (left) and D* (right)
bands. The spectra are normalized at the dominant 
peak.
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Fig. 2. The same two trenches in a Raman meas-
urement map (left) and in a SEM image (right). The 
green color shows the CNTs visible by Raman. The 
white arrows point to a SEM-visible CNT that is invis-
ible in 514nm-Raman spectroscopy. 

Results 
1676 SEM-visible CNTs were investigated by 
Raman and the detection yields with a Raman 
laser wavelength of 514nm were determined 
and summarized in Table 1. In maps filtered by 
the G band, 85.3% (1429) of CNTs were visible. 
An additional 5% (84) of CNTs were only visible 
in D* band filtered maps, raising the CNT detec-
tion yield to 90.3%. 
Tab. 1: Yield values of visible CNTs  

 Amount of 
visible CNTs 

CNT detec-
tion yield  

SEM 1676 100% 

G band 1429 85.3% 

only D* band 84 5% 

Discussion  
The experimental results can be compared to 
theoretical expectations based on the Kataura 
plot [7], which are summarized in Table 2 for 
three different CNT diameter distributions and 
distribution types. 
Tab. 2: Theoretical CNT visibility in Raman spectros-
copy based on the Kataura Plot [7]. 

 Ø 1.9 ± 
0.27 nm 

Gaussian  

Ø 0.7-3.5 
nm 

Uniform  

Ø 3.2 ± 
0.45 nm 

Gaussian 

G band 54.4% 61.9% 77.9% 

only D* 
band 

15% 13.9% 13.3% 

The experimental detection yield obtained by 
the 514 nm Raman spectroscopy is higher than 
the theoretical values. Several reasons might 
contribute to this difference: one is the counting 
practice. Possible CNT bundles were counted 

as one CNT in SEM and as one CNT in Raman 
maps if two or more Radial Breathing Modes 
(RBM) were not simultaneously detected. The 
occurrence of more CNTs in a bundle increases 
the probability of detecting minimally one of 
them in a Raman map, thus increasing the Ra-
man yield in respect to SEM count. The same 
issue arises with multi-walled CNTs. Another 
reason may be that investigated CNTs possess 
other diameter distributions than expected. For 
example, the fourth column of Tab. 2. shows a 
significant increase in the Raman detection 
yield if the diameter distribution is shifted to 
larger values and is broader at the same time.   

In conclusion, this study shows that Raman 
spectroscopy is a good alternative for visualiz-
ing/detecting CNTs before their integration into 
sensor devices. The CNT detection yield by 
Raman spectroscopy is slightly lower than that 
of SEM. Nonetheless, Raman spectroscopy is 
much gentler to the CNTs than SEM, that was 
shown to significantly affect the properties of 
exposed CNTs.  Raman also gives additional 
information about the CNTs, such as their elec-
trical conductivity type, thus enabling selection 
of CNTs with the right properties for functional 
CNFET sensors. 

We would like to thank R. Stirnimann for his 
help with Raman spectroscopy, and L. Schürz 
for sample preparation, as well as the MNS & 
BRNC teams for making this research possible. 
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Summary:
A new parameter is introduced to benchmark the gas sensitivity of plasmonic sensors. This parameter
takes into account both the surface sensitivity and the plasmon decay of the used nanoparticles and 
considers adsorbed gas layers on the sensor surface. Its applicability was tested with a novel plasmonic 
sensor based on ellipsoidal gold nanoparticles arranged in tightly packed hexagonal lattices, exposed 
to the exchange of different inorganic gases. The controversy often present when comparing the re-
sponse of plasmonic sensors tested in liquids and gases is resolved by using this new parameter.

Keywords: Localized Surface Plasmon Resonance; Refractive Index; Gas Sensing; Modelling ad-
sorption interfaces; Gas Sensitivity

Background, Motivation an Objective
The interpretation of the gas sensing perfor-
mance of localized surface plasmon resonance 
(LSPR) based sensors is not trivial. The most 
widely used approach in the literature is using 
the bulk refractive index sensitivity (RIS), calcu-
lated by dividing the measured plasmon reso-
nance peak shift (∆λp) with the refractive index 
difference of the exchanged gases (∆nb), as in 
eq. (1). [1]. 

𝑅𝑅𝑅𝑅𝑅𝑅 =
∆𝜆𝜆𝑝𝑝 
∆𝑛𝑛𝑏𝑏

                              (1)

In this approach, the gases are characterized by 
their bulk refractive index (𝑛𝑛𝑏𝑏) only, without con-
sidering gas layers adsorbed on the surface of 
the used nanoparticles or the effect of the plas-
mon field's decay. The problem with this ap-
proach is that the resulting RIS values calculated 
by exchanging gases are usually an order of 
magnitude higher than those calculated by cali-
brating the LSPR sensor with liquids of known 
refractive index.

Description of the New Method or System
In order to resolve these apparent discrepancies 
between LSPR sensitivity calibrations in liquids 
and gases, and for the proper evaluation of the 
gas sensing performance of these sensors a 
new model was introduced that takes into ac-
count both the surface sensitivity and the plas-
mon decay of the nanoparticles to evaluate the 
measured LSPR response considering ad-
sorbed gas layers with a ∆𝑛𝑛𝑙𝑙(𝑡𝑡) function, where 
𝑡𝑡 is the thickness of the adsorbed gas layer.
Based on this model, a new benchmarking func-
tion, termed as gas sensitivity GS(t) is intro-
duced, as defined in eq. (2). GS(t) characterizes 
the gas sensing performance of a plasmonic 
sensor and – as will be demonstrated – is inde-
pendent of the type and pressure of the tested 
gases.

𝐺𝐺𝑅𝑅(𝑡𝑡) =
∆𝜆𝜆𝑝𝑝 − 𝑅𝑅𝑅𝑅𝑅𝑅∆𝑛𝑛𝑏𝑏

∆𝑛𝑛𝑙𝑙(𝑡𝑡)                      (2)
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Results 
To demonstrate the applicability of this parame-
ter, a novel plasmonic sensor based on ellipsoi-
dal gold nanoparticles arranged in tightly packed 
hexagonal lattices [2] was tested by switching 
the gas atmosphere between inorganic gases, 
namely He/Ar and Ar/CO2, at constant pressure 
and room temperature. The nanoparticle ar-
rangement of one of the tested plasmonic sen-
sors is shown in Fig. 1. 

 
Fig. 1. Scanning electron microscopy image of the 
tested gold nanoparticle arrangement [3]. 

Based on the response of the sensors upon gas 
exchange, numerical modeling and simulations 
were done to determine the plasmon decay 
length of the particles and to calculate the ∆𝑛𝑛𝑙𝑙(𝑡𝑡) 
functions for the different gases. Based on these, 
the gas sensitivity functions (GS(t)) were also 
obtained for the tested conditions, as shown in 
Fig. 2. 

 
Fig. 2. Gas sensitivity functions GS(t) for the three 
tested nanoparticle arrangements calculated for differ-
ent gas exchanges. The ‘simple, double, triple’ 
phrases stand for the different particle arrangements, 
with increasing particle density [3]. 

As can be seen in Fig. 1, for a given sensor type, 
the calculated gas sensitivity functions were in-
dependent from the type of gases or the meas-
urement conditions.  

In the presentation we will demonstrate that the 
proposed sensitivity model provides a unified 

explanation for the sensors' response, con-
sistent with their behavior both in the tested liq-
uids and gases and also, that the derivative of 
the gas sensitivity function, namely dGS(t)/dt, 
can be conveniently used as a single parameter 
for benchmarking purposes.  
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Summary: 
Heterostructures of copper oxide nanoparticles with different NiO loading, were synthesized by sol gel 
method and their detailed morphological and structural properties have been investigated by XRD, 
FESEM and EDS, FT-IR studies. Gas sensing devices were fabricated by printing thick film of the 
CuONiO nanopowders on conductometric ceramic platform. It has been successfully demonstrated that 
the CuO-NiO sensor has dual sensing capability, able to detect selectively hydrogen at the operating 
temperature of 80 ◦C, and NO2 at the temperature of 220 ◦C. 

Keywords: Hydrogen, Nitrogen Dioxide, Gas Sensor, Dual Sensor, Hybrid Nanostructure. 

Introduction 
Metal oxide-based semiconductors are low-cost 
materials that exhibit promising characteristics 
including high reactivity and surface area, 
designable structures, and tunable bandgap. 
Owing such properties, they are an optimal 
choice for gas sensors [1]. On other hand, there 
has been consistent effort to fabricate highly 
sensitive and selective sensors for monitoring 
and detection of gases for the biomedical and 
environmental sectors, such as hydrogen (H2) 
and nitrogen dioxide (NO2). These gaseous 
species are potentially harmful and even at very 
low concentration of these gases can cause 
adverse effects on human health. Therefore, 
there is a great demand to fabricate highly 
sensitive, selective, cost effective, rapid, and 
reliable noninvasive techniques for monitoring 
these pollutant gases.  

As is well known, the response of gas sensors is 
related to the interaction of the target gas with the 
surface of the sensing layer. So, the sensor 
response can be modulated changing the 
sensing film and the operating temperature of the 
sensor. Herein, we investigated the selective 
detection of H2 and NO2 varying the operating 
temperature of the sensor developed based on 

thick film of CuO-NiO powders printed on a 
conductometric ceramic platform provided with a 
pair of interdigitated platinum electrodes. 

 

2.Experimental details: 
 

a. Synthesis of CuO-NiO Hybrids NCs 
Hybrid nanocomposites were synthesized by a 
Sol-gel method [5]. First, CuO and NiO 
nanopowders were dissolved in 50 mL of HCl and 
citric acid, respectively. The mixture was 
sonicated for 30 min and then stirred vigorously 
at increasing temperature from 60 °C to 90 °C for 
2-5 hours until the solution was converted into 
gel. Thereafter, the formed gel was dried at 90 °C 
for further 4 hours. Lastly, the dried sample was 
ground down into fine powder and stored for the 
further uses.  
 

b. Gas Sensing Device Fabrication 
Electrodes for gas sensing studies were 
prepared by printing thick films (~20 μm) of the 
composite powder on alumina substrates (6 × 3 
mm2) provided with Pt interdigitated electrodes 
and a Pt heater placed on the backside. Before 
applying to the gas sensing tests, the prepared 

1 
 

1 
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electrodes have been subjected to a low (80 ◦C) 
and high (250 ◦C) temperature thermal treatment.    
  

Results and Discussion  
a. Structural studies  The XRD patterns of 

pure CuO, NiO and  
CuO/NiO nanocomposite are shown in Fig. 1. 
New reflection peaks, compared to ones 
observed on pure CuO and NiO, were noted, 
suggesting the presence of new phases likely 
linked to the CuO/NiO composites formed.   
  

  

 
2 theta (Degree) 

  
Fig.1. XRD graph of synthesized: CuO, NiO and 
CuO/NiO hybrids.  

b. Gas Sensing tests.  
The sensing properties of CuO/NiO hybrid 
sensors towards hydrogen were first 
investigated. To find the best operating 
conditions, the sensors were preliminarily 
exposed to 40000 ppm of hydrogen at different 
temperatures. As an example, in Fig. 2 is 
reported the variation of resistance at the 
introduction of hydrogen for the CuO/NiO hybrid 
sensor at the working temperature of 80 ◦C.   

  

 

  
Fig. 7 (a). Transient response of CuO/NiO hybrid 
sensors to different concentrations of H2 at the optimal 
temperature of 80 ◦C.  

  
(ii). NO2 sensing tests.  
Operating the sensor at the temperature of  
220oC, we noted that the device shows very good  
performances for NO2 sensing. The variation of 
resistance at the introduction of NO2 for the 
sensor is reported in Fig. 3.   

  

 

Fig. 3.  Transient response of CuO/NiO hybrid sensors 
to different concentrations of NO2 at the optimal 
temperature of 220 ◦C.   

   
Conclusions   
In summary, this study demonstrate that 
CuO/NiO nanocomposites demonstrates 
promising use for H2 and NO2 sensing. In 
addition, the dual selectivity of CuO/NiO hybrid 
sensor towards H2 and NO2 at two different 
temperatures was also demonstrated.  
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Summary:
Metal-oxides semiconductors (MOS) based nanoporous layers (NPL) were generated by spark abla-
tion and printed by impaction. The printed layers were used as sensing layers to detect a hydrocarbon 
gas mixture named HCmix, including, acetylene, ethane, ethene, and propene. The impact of the 
printed layer thickness on the sensing response was assessed. The presented results show that spark 
ablation is an excellent scalable aerosol route for production of nanoporous layers, suitable for gas 
sensing applications, where the nanoporous layer can be modulated adjusting the sparkling and print-
ing conditions. 

Keywords: gas sensors, spark ablation, nanoporous layers, impaction printing, metal oxides. 

1. Introduction
Chemiresistive sensors based on metal-oxide 
semiconductors (MOS) dominate the gas sens-
ing technologies owning to the relative high
sensitivity, easy miniaturization and integration
for micro-electromechanical system (MEMS)-
based sensors [1]. Nevertheless, the poor se-
lectivity severely limits the implementation of 
gas sensors in a large number of applications
[2]. Several approaches have been developed 
to overcome the difficulties induced by the 
cross-selectivity, including chemical functionali-
zation, defect engineering, crystallographic 
design, and coating with catalytic overlayer [3].
From a material perspective, a sensing layer 
with a large surface-to-volume ratio that can be 
easily nano-engineered results in an attractive 
platform to solve selectivity sensing issues [3].

Fig. 1. SEM-cross section images of (a) NiO 
and (b) SnO2 NPL used as sensing units for 
chemiresistive devices. 

Herein, we present a process to produce 
nanoporous layers used as sensing units to 
detect target gas molecules. The sensing layers 
are produced by spark ablation, an aerosol 
nanoparticle (NP) generation route, and 
deposited by a impaction deposition tool. Spark 
ablation is a fully dry method, highly 
reproducible and with a pure material output. It 
is considered as a versatile NP generator since 
any solid (semi)-conductor (pure metals, alloys 
or semiconductors properly doped) can be used 
and mixed. This a highly desirable property to 
tackle problems of gas selectivity because it 
allows to synthesize numerous material 
compositions in nanostructured form. The NP 
generator was connected to impaction 
deposition tool, coupled to a XYZ stage to 
create deposition patterns, as implemented in 
the VSParticle nanoprinter (VSP-P1).  In short, 
the impaction deposition relies on accelerating 
an aerosol through a nozzle towards a surface 
at sufficiently high velocities to impact on the
substrate. In particular, SnOX and NiOX layers 
were printed on a 4-electrodes platform chip. 
Fig.1. shows a SEM cross-section micrograph 
of both MOS-based printed nanoporous layers.  
The NPL thicknesses were varied to assess the 
impact of the layer morphology on the gas 
sensing performance in detecting a 

EUROSENSORS XXXVI 142

DOI 10.5162/EUROSENSORSXXXVI/OT5.252



hydrocarbon gas mixture. Besides the 
discussion on the gas sensing performance of 
devices based on spark ablation, the present 
work aims to set the basis for the production of 
chemiresistive devices based on spark 
ablation/impaction techniques.  

2.  Materials and Methods 
NPL were printed on a 2 cm x 2 cm Si chip with 
16 sensor structures with 4-Pt/Ti- electrodes.  

Spark ablation generator VSP-G1 (VSParticle 
B.V.) was used to produce the NP aerosol.  For 
the deposition of NiOx and SnOx two pairs of 6 
mm Ni and Sn (99.99 % purity) electrodes were 
used. Argon was used as a carrier gas with a 1 
l/min flow, and in both cases the sparking po-
tential and current were set at 1 kV and 10 mA, 
respectively. The generator was connected to 
an impaction printer VSP-P1 (VSParticle B.V.) 
that operated at 0.15 mbar and room tempera-
ture. The nozzle diameter was 100 µm. The 
substrate was placed in a holder that can be 
moved in the XYZ directions allowing prints 
without the requirement of lithography steps. A 
500 µm long line was printed between the elec-
trodes. The substrate-nozzle distance was fixed 
at 300 µm. The printing speed (100-1000 µm/s) 
and the number of passes (2-18) were varied to 
adjust the NPL thickness. To stabilize and oxi-
dize the NPL, the chips were annealed at 400 
°C flowing synthetic air for 10 minutes.   

For the gas sensing measurements, synthetic 
air with controlled humidity was used as a 
background gas. The humidity level was set to 
50% at 20°C. Specific mixture of hydrocarbon 
gases (HCmix), including acetylene, ethane, 
ethene, and propene, was used as target gas. 
The sensors operated at a temperature of 300 
°C. The sensor response, denoted as S, re-
flects the relative resistance change in percent 
due to the interaction with the test gas. It is 
calculated as follows: 

 S(%)= 100%*|Rair-RGas|/Rair  (1) 

Where RGas is the sensor resistance in the 
presence of the test gas and Rair is the sensor 
resistance in pure synthetic air. 

3. Results and discussion  
Both types of MOS-NPL, with different thick-
nesses were sensitive towards the HCmix, as 
shown Fig.2. The resistance increase/decrease 
for each NPL under the same target gas is at-
tributed to the p-type and n-type MOS of NiO 
and SnO2, respectively. The thicker layers, 
generally, lead to higher responses. A sensing 
saturation response was detected at exposures 
of 20 ppm of the HCmix. At similar NPL thick-
nesses (1.2-1.3 µm), the SnO2-based devices 

have a stronger response as compared to NiO 
ones (80 % vs 25% at 10 ppm). The recovery 
time of SnO2 devices was longer than the time 
between the exposure steps, whereas NiO-
based devices recovered in 2 minutes. In con-
clusion, the presented results provide evidence 
on the capability for producing gas sensing 
layers adopting a fully dry approach. Our meth-
od features a high control of the NPL without 
need of pattering and can be extended to a 
myriad of material compositions. Collectively, 
these properties are highly attractive to pave 
the way for the next generation of chemiresis-
tive-gas sensors.  
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Fig. 2. (a) Dynamic sensing response of NiO and 
SnO2 sensors upon exposure to HCmix. (b) Re-
sponse as function of the HCmix concentration.  
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Summary:
Metallocorrole derivatives are a versatile class of coordination complexes successfully exploited in 
different applications, ranging from medical to environmental fields, due to their peculiar tuneable
properties. Herein, a novel class of conductometric sensing films has been deposited directly onto the
interdigitated electrodes by the electropolymerization of metallocorroles and metalloporphyrins. Re-
markably, not only can the chemical sensing properties be tuned by choice of central-coordination 
metal, but the electropolymerization protocol can also modulate the conductive nature of polymers (n-
or p-type). Finally, the fabricated sensors were tested towards a large family of volatile compounds 
and gases, finding high sensitivity to nitrogen oxide also in the presence of a high humidity environ-
ment.

Keywords: Conductometric sensor, porphyrinoids, polymer, electropolymerization, electrode, gas.

1. Introduction
Corroles and related macrocycles are widely 
employed in the field of chemical sensors,
where they are used as sensing materials for 
optical, electrochemical, and conductometric 
transducers [1]. Concerning the employment in
conductive sensors, these porphyrinoids are not 
used by themselves because supramolecular 
assemblies of these molecules are scarcely 
conductive, but they are combined with conduc-
tive materials such as graphene oxide, carbon 
nanotubes, or conductive polymers. A novel 
approach to building conductive sensors with 
these sensing materials is proposed here, and it 
consists of producing porphyrin or corrole con-
ductive polymers by an electropolymerization 
approach. This technique has been mainly uti-
lized in the case of porphyrins that present elec-
tron-active substituents, with a typical example 
represented by the electrochemical oxidation of 
tetrakis(4-aminophenyl) porphyrins, which leads 
to the formation of different types of linkers as 
the phenazine bridge [2]. On the other hand, 
although corroles present many appealing fea-
tures in the field of chemical sensing, the
polymerization of these macrocycles is scarcely 
reported. Here, we synthesize and investigate 
the sensing properties of polycorroles and pol-
yporphyrins as conductive sensors. Thus, we 
exploit the role of peripheral functional groups, 
the influence of the coordinated metal and the 

role of electropolymerization protocol on the 
final sensing film properties.

2. Materials and methods
The metal complexes of corroles and porphy-
rins are synthesized according to literature 
methods [3,4]. The polymers are prepared by 
electropolymerization of porphyrinoids directly 
onto interdigitated electrodes (IDE) (see Fig-
ures 1A, 1B, and 1C). The polymerization is 
performed by cyclic voltammetry (CV) or chron-
oamperometry (CA). The IDEs are immersed in 
a solution of precursor monomers (1 mM) in 
CH2Cl2 containing 0.1M supporting electrolyte 
tetrabutylammonium perchlorate, TBAClO4. The 
influence of the number of scanning cycles on 
the optical and sensing properties of the film is
evaluated.
Finally, conductive organic sensors are allocat-
ed in a chamber connected to a mass flow con-
troller system to deliver the desired gas concen-
trations in synthetic air. Different concentrations 
of nitric oxide (NO), carbon monoxide (CO), 
molecular hydrogen (H2), and carbon dioxide 
(CO2) are tested. The resistances of sensors 
are measured at 1 sample/s with a multichannel 
multimeter connected to a computer; relative 
changes in responses have been considered as 
features, and data analysis is performed in 
Matlab®.
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Fig. 1. A) Set-up for sensor fabrication via cyclic voltammetry. B) Typical cyclic voltammogram upon polymer 
formation. C) Mechanism of polymeric film growth and electrode connection. D) SEM image of polycorrole film. E) 
Selectivity of polycorrole films; tuning the sensing properties to obtain a high selective sensor to NO is possible. 
F) As well it is possible to tune the selectivity toward VOCs to produce a conductometric e-nose  

3. Result and discussion: 
The conductive polymers are formed via the 
oxidation of peripheral anilino groups of the 
monomeric precursors and consecutive cou-
pling to the second monomer molecule. The 
continuous increase of the anodic current am-
plitudes with repeated potential scans evidenc-
es the growth of a conductive polymeric film 
onto the substrate (Figure 1B). The films have 
been characterized by spectroscopic tech-
niques (UV-Vis), Scanning Electron Microscopy 
(SEM, Figure 1D), and Electrochemical Imped-
ance Spectroscopy (EIS). The sensing perfor-
mances of the most promising materials have 
been investigated by testing gases (NO, CO, 
H2, CO2) and volatile compounds (such as hu-
midity, alcohols, and hydrocarbons). Remarka-
bly, we found out that the electropolymerization 
protocol can influence the nature of the result-
ing polymers and, the selection of p- or n-type 
semiconductor film formation. This outcome has 
been evidenced by the behavior of sensors 
toward oxidizing and reducing gas. The conduc-
tive polymer based on [5,10,15-(4-aminophenyl) 
corrolato] copper showed very high sensitivity 
to NO (with a detection limit in the order of tens 
of ppb, see Figure 1E) and negligible sensitivity 
variations to this compound under environmen-
tal relative humidity changes. This first outcome 
suggests this kind of sensor's potential role for 
detecting NO in human breath for medical ap-
plications.  

Second, we produce a sensor array to investi-
gate the possibility of realizing a conductometric 
electronic nose based on porphyrinoids poly-

mers. The results showed the capability of a 
minimal set of sensors to correctly group and 
recognize both tested VOCs and gases (selec-
tivity pattern modulation is reported in Figure 
1F). This may be a great breakthrough for ap-
plying porphyrins and corroles since they are 
scarcely applied in conductometric sensors, 
which can be considered the cheapest and 
easiest way to miniaturize a class of sensors. 
Finally, the possibility of modulating the semi-
conducting nature of this material may open the 
way to the fabrication of more sophisticated 
sensors based on non-linear organic electronic 
elements. 
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Summary: 

We demonstrate proof-of-concept Molybdenum sulphide (MoS2) sensors for environmental monitoring of ultra-
low concentration of NO2. Robust detection in a wide range of NO2 concentrations, 100 ppb-50 ppm, was 
achieved, highlighting the great potential for electrochemically exfoliated MoS2-based NO2 sensors. The 
measurements were performed in a complex environment, combining NO2/synthetic air, traces of other pollutant 
gases, and in room temperature to achieve fully deployable sensor for the environmental conditions. It is shown;
with the aid of density functional theory (DFT) calculations; that the performance of the electrochemically 
exfoliated MoS2 sensor can outperform sensors based on mechanically exfoliated MoS2 owing to their large 
surface defects and vacancies.  

Keywords: MoS2; 2D material; Electrochemical exfoliation; NO2 sensor

Introduction

Two dimensional (2D) materials with high surface area 
and high reactivity have attracted the attention in the 
field of sensors [1]. Nitrogen dioxide (NO2) is an 
oxidizing gas which is toxic and dangerous for 
environment. NO2 at levels greater than 1 ppm can 
cause serious damage to the human respiration 
system and lung tissues and contributes to the 
formation of ozone, which is the major cause of 
photochemical smog and acid rain [2]. So far, most 
NO2 electrical sensors are mainly based on metal 
oxide materials, which usually require high operating 
temperatures [3]. This shortcoming, coupled with their 
poor selectivity, severely hampers their application in 
target gas detection. Therefore, room-temperature 
operation, portability, low power consumption,
sensitive and highly selective gas sensors are of 
immediate requirement.

Molybdenum disulphide (MoS2) have grabbed the 
attention due to the tunable layer-dependent electronic 
and optical properties [4]. Since 2D MoS2 has a large 
surface area with sulphur vacancies and edge states,
it has a potential to show a large change in the surface 
conductivity on exposure to the target gases. Herein, 
we demonstrated an ideal MoS2 2D material 
synthesized via electrochemical exfoliation for high-
performance (~ 100 ppb) NO2 sensing at room 
temperature.

Method

For the electrochemical exfoliation, the bulk MoS2 is 
inserted in the electrochemical cell and negative 
voltage is applied, which results in the expansion of the 
bulk crystal due to the insertion of solvent ion into the 
crystal. The solution on immediate sonication in 
presence of stabilizing agent yield dispersed MoS2

flakes. These sheets collected by centrifugation were 
dispersed in isopropyl alcohol to form an ink. MoS2

nanosheet films were then deposited onto PET 
substrate with Inter-Digitated Electrodes (IDEs) with 
100nm gold electrodes. Two terminal electrical 
characterization and sensor tests of the MoS2 devices 
was performed using Keithley 2450 Source Meter 
interfaced with the semi customized Nextron probe 
station. 
Results & Discussion
Deposited MoS2 film has the thickness of the film is 
about 25-30nm. To understand the electrical structure 
and the oxidation states of the MoS2, XPS 
measurements showed atomic percentage ratio
between Mo4+and S2-/S22- is 1: 1.8 (± 0.1) which
deviates from the stoichiometric ratio (1:2) for ideal 
MoS2, indicating the fabrication of the sulphur-deficient 
MoS2 nanosheets prepared by the electrochemical 
exfoliation method.
Sensor characterization of the MoS2 device were 
performed towards a range of NO2 concentration (100 
ppb-100 ppm). Two terminal electrical measurements 
were carried out on the MoS2 devices under the 
ambient, synthetic air and NO2/synthetic air mixed 
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environment. The device shows a non-linear I-V 
behavior with the current in the order of nano-ampere 
range (Fig. 1a). The same device was then exposed to 
different concentrations of the target pollutant gas of 
NO2 . It is evident from Fig. 1b that on exposure to NO2 
for 10 min, the sensor current decreases while it 
comes back to the initial state when NO2 gas flow is 

 
Fig. 1.  (a) IV curve of the two-terminal device. (b) The 
transient response of the device for NO2 gas at 1V 
bias. (c) Response curve from minimum to maximum 
concentration of NO2 gas. (d) The response curve for 
individual gases. 

stopped. The decrease in current with NO2 
exposure is attributed to the sulphur vacancies in the 
system that causes n-type behavior. These sensors 
showed ~90 % response to 1 ppm of NO2 with a room 
temperature response and recovery time of 
approximately 6 and 20 minutes, respectively.  By 
employing UV irradiation, we enhanced the recovery 
time of the sensors from 20 minutes to under 1 minute. 
We have achieved significant response even for 100 
ppb at room temperature. The average response and 
recovery times were estimated as 7 min and 15 min 
respectively. The sensor response is about 24% even 
for concentration as low as 100 ppb (Fig. 1c). 
Evaluation of the sensors was also performed within a 
6.5 m3 atmospheric simulation chamber yielding a 
consistent performance in response and recovery 
times similar to the smaller scale set up.     
 DFT calculation have identified three primary possible 
mechanisms for the detection of NO2 through electron 
trapping of electrons: (i) NO2 physisorption on 
defective MoS2-x layers, (ii) the passivation of sulphur 
vacancies of MoS2-x and (iii) the formation of nitrate 
radical anions.   

Sensor tests in a binary and ternary mixture of gases 
(CH4, SO2, NO2) depicts the primary response only 
from NO2 in a binary and tertiary mixture (Fig. 1d). This 
clearly indicates that the byproducts obtained in 
mixture of gases are also not interfering with the 
sensor signal. The device shows good stability (within 

5% difference between subsequent NO2 pulse) at the 
highest (1 ppm) and lowest (100 ppb) concentration of 
NO2. Electrochemically exfoliated MoS2 shows much 
better performance compared to mechanically 
exfoliated.  

In summary, we have found that electrochemically 
exfoliated MoS2 with a large density of defects is an 
ideal candidate for room temperature NO2 sensing 
with high sensitivity NO2 (~100 ppb) and selectivity at 
room temperature with fast recovery. MoS2 thin film 
device can clearly discriminate NO2 from a mix 
gaseous environment.    
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Summary:
We demonstrate highly effective ambipolar Si-junction less nanowire transistors (JNTs) with a distinct dual 
reaction to oxidative pollutant NO2. DFT study reveals NO2 acts as an electron acceptor and produces holes; 
acting as pseudo dopant for Si JNTs; significantly altering different JNT parameters. Different Si-JNT 
characteristics showed dynamic change on both the p- and n-sides, i.e. dual response; of the ambipolar transistor 
devices upon exposure to NO2 in a wide mixing ratio (250 ppb-50 ppm). Additionally, we have improved the 
discrimination between different gases (NO2, NH3, SO2 and CH4) by using multivariate calibration.  
Keywords: Silicon nanowire, Junction less transistor, Ambipolar device, Machine Learning, NO2 sensor

Introduction
NO2 plays an important role in the chemistry of the 
atmosphere. Long-term exposure to high levels of NO2

can also cause respiratory problems and has been 
linked to increased risk of heart and lung disease.

The current techniques to detect NO2 are based on 
spectroscopy, electrochemical process, and electrical 
methods based on metal oxides. They do, however, 
have limitations in terms of selectivity, sensitivity, 
portability, high temperature [1]. Due to their high 
surface-to-volume ratio, the ability to interact 
chemically with analytes on the surface, and operation 
at ambient temperature, Si nanowires (NWs) offer 
unique opportunities as efficient sensor material [2].
Additionally, Si NW also offers benefits from their ease 
in fabrication, compatibility with existing 
semiconductor technology, high carrier mobility, and 
great sensitivity to analytes adsorbed on their surface.
In this regard, Si NW Junction-less Transistor (Si JNT);
a nanowire transistor with no gate junction [3]; are 
interesting proposition as NO2 sensor. JNTs are much 
simpler to manufacture as the source and drain areas 
do not need to be separately doped16. Additionally, the 
bulk conductance in JNTs is near the center of the 
channel promoting extreme sensitivity to any variation 
in the electrostatic potential on the Si-JNT channel 
surface with variation in electrical parameters.
Incidentally, ambipolar transistors, a type of transistors 
that allow for simultaneous transit of both positive 
(holes) and negative (electrons) charge carriers within 
the semiconducting channel, can provide a dual 
response to a single analyte using a single device [4].
Thus, a variety of electrical parameters could be 
explored for a single ambipolar Si-JNT upon analyte

interaction, offering variety of sensing properties and 
extremely selective gas detection.

In this work, we show how NO2 can alter different Si-
JNT properties and function as a pseudo dopant for Si 
JNTs. This NO2-Si interaction effectively influence 
different electrical parameters in ambipolar Si-JNTs
with a distinct and selective dual response to oxidative 
pollutant NO2.

Matarials and Methods
The Si-JNT (20 nm NW width) devices were fabricated 
from ultra-thin silicon-on-insulator (SOI) substrates. Si-
JNTs were fabricated following a top-down approach 
using electron beam lithography (EBL) and reactive 
ion etching (RIE). Flash lamp annealing (FLA), which 
leads to form Nickel Silicide at the interface of Silicon 
and Nickel controls the unipolar or ambipolar nature. 
Fig. 1.a shows top-view SEM image of the 
representative Si-JNT device. 

Electrical and sensor characterization of Si-JNTs was 
performed by using an electrical analysis system (two 
Keithley 2450 Source Meter) interfaced with the 
Nextron gastight probe station. Si-JNTs were tested 
and compared towards different mixing ratios of NO2

at room temperature and at atmospheric pressure.

Results and Discussion
The transfer curve of the Si NW JNT measured under 
ambient conditions exhibits typical ambipolar 
characteristics (Fig. 1b). The transport characteristics 
involve both electron (or hole) depletion and hole (or 
electron) accumulation. A clear change in on-current 
(Ion) is observed upon NO2 exposure (25 and 50 ppm 
NO2) to the Si-JNTs (Fig. 1b). The I–V curves retained 
ambipolar characteristics upon exposure to NO2.
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However, current in both p and n conduction channels 
(left: p-type, right: n-type) shifted with the exposure of 
NO2 at different concentrations. An increase in the 
drain current has been observed with increasing 
mixing ratios of NO2 in the p-side (from 25 ppm to 50 
ppm) whereas a decrease in the n-type current was 
observed with NO2 exposure of same concentrations.   
This is classified as dual interaction. Interaction with 
NO2 alters the carrier concentration in the JNT 
channel, with NO2 acting as an electron acceptor and 
inducing holes, as supported by Density Functional 
Theory (DFT) calculations, providing a pathway for 
charge transfer and “pseudo” molecular doping in 
ambipolar Si-JNTs. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  (a) SEM top view image of the Si-JNT devices. (b) 
Transfer characteristics of Si-JNT  upon NO2 exposure. (c) 
Effect of gas interaction on different parameters of ambipolar 
Si-JNTs for NO2 (red) and NH3 (blue). Top and bottom row 
represent device parameters for p and n-type conduction 
respectively.  
 

The threshold voltage in hole-channel conduction 
(hole accumulation) shifts to the positive side 
(decreases) whereas it shifts to the negative direction 
(increases) in electron-channel conduction upon NO2 
exposures for all the studied Si-JNT devices. Both 
observations are due to the electron-trapping effect 
from NO219. The NO2 exposure also generates the 

largest influence on hole mobility in Si-JNTs with 
native oxide layer.  

To demonstrate the sensing performance of the 
ambipolar Si-JNTs, we tested and compared the 
interaction of Si-JNTs towards four gases, NO2, NH3, 
CH4, and SO2 at a low concentration regime (0.25-2 
ppm). Fig. 1c shows the change in two representative 
JNT parameters (Ion and threshold voltage Vth) upon 
exposure to different mixing ratios of NO2.   For the 
strong oxidative gas NO2 steady linear increase of on-
current on hole-conducting channel (p-type) and 
decrease in Ion on the electron-conducting channel (n-
type) was clearly observed (Fig. 1c) at low 
concentrations. Similarly, the threshold voltage and 
mobility show change to that of high mixing ratio of 
NO2.  For p-type transport a more prominent change in 
Vth is observed than change for n-type transport.  

 In contrast to NO2, the reductive gas NH3 causes an 
inverse response in Si-JNT electrical characteristics, 
whereas other gases such as SO2 and CH4 show 
significantly low response for each JNT parameters. 
Under the same conditions, the unipolar devices will 
only present one type of response. To clearly 
demonstrate the responsivity of the multiple 
parameters, a pattern graphic based on the absolute 
current change value, threshold voltage and carrier 
mobility for ambipolar devices were extracted for 
different combination of 4 interfering gases (NO2, NH3, 
SO2 and CH4). The significant different response for 
each JNT parameters easily distinguishes the target 
analyte, NO2. 

In summary, different Si-JNT characteristics including 
Ion, Vth and µ have demonstrated dynamic change on 
both the p- and n- transport channel of the ambipolar 
JNT towards very low NO2 concentration, resulting in 
gate-tunable gas sensing behaviors.  
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Summary:
The variation of thermal conductivity with temperature for gaseous species is studied here to investi-
gate if an improvement of the specificity can be achieved with a field TCD-based gas chromatography
system. However, theoretical predictions as well as experiments indicate that the necessary local ana-
lyte concentrations are by far (two orders of magnitude) beyond the typical concentrations encoun-
tered by portable trace analyzers.
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Background, Motivation and Objective
In the context of field gas chromatography
(GC), a peak might be difficult to identify if two 
potential components elute at very close reten-
tion times. In the case where the sensor is a 
TCD, we propose to investigate if operating the 
sensor at different bias voltages could bring 
some kind of specificity to the portable system.

Description of the System
Thermal Conductivity Detectors (TCD) are uni-
versal sensors [1], whose working principle 
relies on the emergence of a thermal imbalance 
between membranes located in a reference 
channel (pure carrier gas) and membranes 
located in the analytical channel (carrier gas + 
analyte). The final membrane temperature itself 
originates from the competition between its 
heating by Joule effect (supplied electrical pow-
er) and its cooling through the surrounding gas
(dissipated power via diffusion). Any emer-
gence of a TCD signal is therefore the signature 
of the presence of a gas with a thermal conduc-
tivity  different from the carrier gas thermal 
conductivity.

The thermal conductivity of any compound var-
ies as a function of temperature according to its 
own law (T), therefore it should be possible to 
introduce some kind of discrimination when 
interrogating the gas at different temperatures.

Predictive approach
In the case of a binary gas mixture (trace ana-
lyte in a majority carrier gas), the TCD signal 
will be proportional to the analyte concentration 
and to the difference of thermal conductivities 

between analyte and carrier gas (here, Helium).
In order to be independent on the concentra-
tion, the ratio of the TCD signal S2 at a bias V2

(leading to an equilibrium temperature T2) to the 
TCD signal S1 at a bias V1 (leading to an equi-
librium temperature T1) contains a factor that is 
characteristic of the analyte A in presence:

In the case of neighbor compounds like C10

(decane C10H22), C11 (undecane C11H24) and 
cumene (isopropylbenzene C9H12), those ratios 
only differ by 0.3% when applying V1 = 9V and 
V2 = 15V for example. To be able to discrimi-
nate between such small differences in the 
ratios, the impact of the measurement noise (±
5µV taken as a realistic value) has to be negli-
gible, which typically happens when the TCD 
signals are high, i.e. at high analyte concentra-
tions. This is illustrated by the convergence of 
curves when the analyte concentration increas-
es locally (see Fig. 1). Only when the analyte 
concentration exceeds a certain value (red ver-
tical bar), can the compounds be unambiguous-
ly discriminated: around 5%vol local concentra-
tion at the TCD membranes.

Experimental approach
In order to corroborate the predictive approach, 
an experimental set-up was implemented (see 
Fig. 2). In practice, we used two in-house fabri-
cated TCD chips [2] (with a unique membrane 
design) biased at two different voltages V1 and 
V2 (respectively 3V and 9V), but we could also 
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have used a unique TCD sensor successively 
biased at V1 and V2. 

 
Fig. 1. Graph of predicted ratios of TCD signals 
(S2/S1) vs analyte local concentration for three dif-
ferent compounds (horizontal lines: theoretical val-
ues; dotted lines: when introducing measurement 
noise). 

A gaseous mixture of BTEX (Benzene, Tolu-
ene, Ethylbenzene, o-Xylene at 10ppmvol or 
500ppbvol) was injected via a rapid desorption 
of a Silicon pre-concentration chip [3], went 
through in the TCD reference channels, was 
separated by a chromatographic column (from 
Supelco SLB-5ms column, 5m long, ID 0.25µm, 
phase thickness 0.25mm), and went back in the 
TCD analysis channels. 

 
Fig. 2. Outline schematic of the experimental set-
up (Silicon pre-concentration chip not represented). 

The measurements were repeated several 
times to get representative statistics. Typical 
chromatograms are shown in Fig. 3.   

Fig. 3. Typical chromatograms obtained for the 
BTEX mixture analysis (TCD traces at two different 
biases 3V and 9V). 

The ratios of TCD signals were plotted in Fig.4: 
the expected tendency is found, i.e. a conver-
gence of the dots distribution (less spreading 
with increasing local analyte concentration). 

 
Fig. 4. Experimental ratios of TCD signals (S2/S1) 
vs analyte local concentration for three different 
compounds. 

However, the measurement uncertainty re-
mains too high to be able to distinguish the 
components on the only basis of S2/S1 ratios. 
Furthermore, the investigated concentrations 
here are beyond the usual scope of trace anal-
ysis (local range 300ppm to 1%vol). 

Conclusion 
In conclusion, it seems that the ratio of TCD 
signals at two different biases is not relevant for 
a doubt removal, when a potential identification 
confusion exists with two compounds eluting at 
the same retention time, because this approach 
would require working at high local concentra-
tions (~ 5%vol). This prediction was confirmed 
experimentally with compounds eluting at dis-
tinct times: even at high local concentrations, 
(300ppm – 1%vol), the double measurement 
does not allow to clearly identify which com-
pound is eluting, and such values are inade-
quate for a trace analyzer system. 
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Hydrogel-based Sensing Technology for Quantitative 
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Summary:
We report a hydrogel-based sensing technology for the measurement of proteins with a limit of detec-
tion of 0.003 ppm or 53 pM for an exemplar analyte, streptavidin, while being less laborious than the 
state-of-the-art method, enzyme-linked immunosorbent assay. Equally, we showed that the presence 
of high molecular weight interferents such as mucin at 100- and 1000-times higher concentrations 
than the exemplar analyte did not influence protein measurement.

Keywords: Hydrogel, sensing, pre-concentration, labelling, proteins

Background, Motivation an Objective
Finger-prick blood and saliva can be collected 
minimally- and non-invasively, respectively, and 
contain proteins that can serve as diagnostic 
indicators of diseases [1]. However, such pro-
teins are present in low concentrations particu-
larly in early stages of diseases [1] and hence 
are difficult to measure. The state-of-the-art
method for the measurement of low concentra-
tions of proteins is enzyme-linked immuno-
sorbent assay (ELISA) [2], which is tedious and 
time-consuming. Our motivation is to develop 
sensing technologies for accurate, easy, and 
rapid detection of low concentrations of proteins 
in biological samples. Our sensing technology 
is based on a smart hydrogel [3] for protein pre-
concentration, fluorescent labelling, and release
as shown in Fig. 1. The released proteins can 
be selectively captured and detected by fluo-
rescence (see Fig. 1). Using our hydrogel-
based sensing technology, we can measure at 
least 0.01 ppm of proteins while being less la-
borious than ELISA.

Fig. 1. A schematic showing the use of our hydro-
gel for pre-concentration, labelling and release of 
proteins for their selective capture and detection.

Description of the hydrogel
Our hydrogel is a co-polymer of acrylamide/ bis-
acrylamide and methacrylamide attached to 

fluorescein isothiocyanate (FITC) via a light-
cleavable (nitroveratryl, NVOC) group and a 
poly(ethylene glycol) (PEG) linker. The chemi-
cal structures of the active (FITC-NVOC-
PEG3400-methacrylamide) and inactive (acryla-
mide) monomers and bis-acrylamide crosslinker 
used to make hydrogels are shown in Fig. 2.

Fig. 2. Chemical structures of monomers and 
crosslinker used to make our hydrogels.

Herein, we investigated the suitability of our 
hydrogel-based sensing technology for quanti-
tative measurements of proteins and for detec-
tion of proteins of interest (herein, streptavidin) 
in the presence of interferents, mucin and bo-
vine serum albumin (BSA), found in abundance 
in saliva and blood samples, respectively.

Methodology
Hydrogel disks (shown in Fig. 2) were formed 
by APS/TEMED initiated polymerization of 29:1 
acrylamide: bis-acrylamide and FITC-NVOC-
PEG3400-methacrylamide with a total monomer 
concentration of 5% (w:v). The molar ratio of 
FITC-NVOC-PEG3400-methacrylamide and 
acrylamide monomers was 1 to 40. The hydro-
gel disks were stored in 10 mM phosphate buff-
ered saline (PBS), pH 7.4 in darkness.

Hydrogel disks were immersed for 24 h in 10 
mL solutions of streptavidin in PBS without and 
with either mucin or BSA. Subsequently, the 
disks were washed for 24 h in 10 mL PBS, im-
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mersed in 200 µL PBS and irradiated with 365 
nm light for 60 min to release proteins. The 
solutions containing released proteins were 
pipetted in wells of microtiter plates coated with 
biotin and left for 30 min. Wells were washed 
with PBS, illuminated with 470 nm light and the 
fluorescence emission spectra were collected. 

To coat each well with biotin, we pipetted 300 
µL of 1.5% (w:v) chitosan solution and oven 
dried at 75 °C for 2 h.  We then added 200 µL 
of 20 mg/ml NHS-PEG-biotin for 3 h, washed 
with PBS, added 200 µL of 20 mg/ml of NHS-
PEG-methyl for 3 h, and washed with PBS.  

Results 
The fluorescence emission spectra of streptavi-
din solutions obtained by irradiating hydrogel 
disks after immersion in different concentrations 
of the protein solutions are shown in Fig. 3.  
Fig. 3 confirms that our hydrogel-based sensing 
technology can allow quantitative measure-
ments of proteins with a limit of detection 0.003 
ppm or 53 pM as determined by three times the 
standard deviation of the intercept divided by 
the slope of the calibration curve. 
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Fig. 3. Fluorescence spectra of solutions contain-
ing proteins released from our hydrogels after the 
hydrogels were immersed in streptavidin solutions of 
different concentrations for 24 h. 

We then immersed the hydrogel disks in 0.005 
ppm streptavidin solutions without and with an 
interferent, mucin. Fig. 4 shows that the pres-
ence of 100- and 1000-times more concentrat-
ed mucin than streptavidin had minimal effect 
on the fluorescence signal. This observation 
can be explained by considering that the mo-
lecular weight of streptavidin and monomeric 
mucin are 66 kDa and 640 kDa, respectively, 
which would mean that diffusion of mucin into 
the hydrogel would be much slower than for 
streptavidin. As a result, the ratio of concentra-
tions of streptavidin to mucin in hydrogel disks 
would have been much higher than in solutions. 

Fig. 5 shows that fluorescence of 1000x BSA 
was higher than buffer, suggesting that BSA 

released from hydrogels may non-specifically 
adsorb to wells of microtiter plates. Equally, Fig. 
5 shows that the presence of 1000x BSA in 
streptavidin solutions reduced the fluorescence 
signal compared to streptavidin in buffer. This 
may be because proteins can diffuse and hence 
would compete for isothiocyanate groups in 
hydrogel disks. This means less streptavidin 
would be captured by hydrogel disks, resulting 
in reduced fluorescence signal.  
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Fig. 4. Fluorescence of solutions containing spe-
cies released from our hydrogels after immersion in 
different types of solutions for 24 h. 
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Fig. 5. Fluorescence of solutions containing spe-
cies released from our hydrogels after immersion in 
different types of solutions for 24 h. 
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Summary:
Due to climate change, infections in plants have become increasingly frequent and damaging. For this 
reason, methods to provide early detection of infection are crucial to allow for timely treatment to prevent 
the spread of the infection and to safeguard the crop. In this work, we have developed a microfluidic 
device to amplify DNA through rolling circle amplification using microbeads as a solid platform to immo-
bilize the DNA. We demonstrate the application of this device towards the detection of Botrytis cinerea,
a pathogen that has a major impact on several crops.  

Keywords: microfluidics, microbeads, rolling circle amplification, agrofood, infections

Introduction
Climate changes are having an immense impact 
in agriculture, which can lead to the loss of crops 
due to several factors, such as the increase in
infections. This can affect the production of sev-
eral food products, such as grapes, strawberries 
and tomatoes. Microbiological infections are pre-
sent in many food products both at the produc-
tion stage and in the post-harvest processing. 
Therefore, having a way of detecting these infec-
tions early on and employ the appropriate treat-
ments is key, and the development of a device 
that can detect these pathogens in a fast, low-
cost and sensitive way in the field or at the pro-
duction site is of extreme importance. To achieve 
these goals, microfluidics is the ideal platform 
due to its inherent small size, which allows for 
low reagent volumes, enhanced assay kinetics 
and low fabrication costs. Additionally, isother-
mal DNA amplification, particularly padlock-roll-
ing circle amplification (PLP-RCA), is a powerful 
tool that allows for a very sensitive and specific 
detection of pathogens and can easily be inte-
grated into a portable microfluidic device to be 
used at the point of impact. Given that one of the 
pathogens that greatly impacts several crops is 
Botrytis cinerea it is the targeted pathogen in this 
work.

Methods and results 
In this work we have successfully captured,
quantified and amplified our target DNA in a mi-
crofluidic system using microbeads as a solid 
support system. First, a calibration curve for the 

fluorescence signal emitted by Alexa430 la-
belled DNA on Q-Sepharose beads was ob-
tained to be used for the quantification of the 
capture of target DNA (Fig 1.). 

Fig. 1. Calibration curve of the capture of Alexa430 
labelled DNA in Q-Sepharose beads. 

To evaluate the efficiency and specificity of the 
PLP, we evaluated two target capture strategies
(primer and anchor) with a ssDNA labelled with 
Alexa430 (Fig 2.). In the primer capture, the bio-
tinylated primer is immobilized on the streptavi-
din beads followed by hybridization with the back 
of the PLP, which then circularizes in the pres-
ence of the target, which hybridizes with its two
ends, if complementary. On the other hand, with 
the anchor capture, the biotinylated anchor is im-
mobilized on the streptavidin beads followed by 
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hybridization with a section of the target, then hy-
bridization of the PLP with the target, as in the 
first strategy. Positive and negative controls for 
the capture assay were also performed with no 
biotinylated capture element (primer or anchor) 
and with a non-complementary labelled DNA, 
highlighting the specificity of the developed strat-
egies.  To assess how much target DNA was 
captured during the assay, after flowing the la-
beled ssDNA through the channel with streptav-
idin beads with previously immobilized anchor or 
primer and PLP, the solution with the uncaptured 
target is collected at the outlet and flowed 
through a second channel with Q-Sepharose 
beads. From the signal of the labelled cDNA in 
the Q-Sepharose beads (light blue and green 
bars in Fig 2.) and using the calibration curve 
(Fig 1.)  and a mass balance strategy, we were 
then able to calculate how much target DNA was 
successfully captured, resulting in 87% capture 
efficiency with the primer capture and 61% with 
the anchor strategy. 

Fig. 2. Target DNA capture and quantification assay 
for the anchor (in green) and primer capture (in blue) 
strategy, and respective controls. The capture quanti-
fication side of the graphic represents the fluores-
cence signals obtained in both the streptavidin and Q-
Sepharose beads for the capture quantification assay. 
The controls side of the graphic represents the posi-
tive and negative controls.  

Lastly, amplification of Botrytis cinerea ssDNA 
(Fig. 3) was also achieved using both target cap-
ture strategies (primer and anchor) and RCA, 
which upon immobilization of the DNA on the mi-
crobeads is carried out, by flowing the solutions 
sequentially. When the PLP hybridizes with the 
cDNA a gap is left between its two ends which is 
closed by a DNA ligase. Following the successful 
ligation, a DNA polymerase with strand displace-
ment activity, carries out the amplification of a 

long ssDNA strand by going around the PLP 
multiple rounds. [1] Lastly, the amplification 
product is detected through the use of oligonu-
cleotides labelled with Alexa430.  

Fig. 3. A) Schematic representation of the RCA as-
say. B) RCA of Botrytis cinerea ssDNA for both anchor 
and primer capture strategies, with the controls where 
no target DNA was flown through the channel with ex-
perimental images of the anchor capture positive and 
control experiments.  

Although we were able to successfully detect the 
target DNA, further optimization will be carried 
out, to increase the assay sensitivity. A DNA ex-
traction protocol will also be developed and then 
implemented in the microfluidic device. All of this 
will allow for pathogen detection upon DNA am-
plification from real samples, such as grapes. 

Acknowledgements 
R. Rosa acknowledges FCT for a PhD grant 
(2022.13021.BD). The authors thank FCT for 
funding through the project VineSense 
(PTDC/BAA-DIG/4735/2020) 
[http://doi.org/10.54499/PTDC/BAA-
DIG/4735.INESC MN acknowledges FCT for 
funding through the Reseach Unit 
UIDB/0536/2020 and UIDP/0536/2020. 

References 
[1] R.Soares, N.Madaboosi, M.Nilsson, Rolling Circle 

Amplification in integrated mycrosystems: An Un-
cut Gem toward massively multiplexed pathogen 
diagnostics and genotyping, Accounts of Chemical 
Research 54, 3979-3990. DOI: 10.1021/acs.ac-
counts.1c00438 

EUROSENSORS XXXVI 155

DOI 10.5162/EUROSENSORSXXXVI/OT6.15



Development and Characterization of Microfluidic Channels 
for Chromatography-on-a-Chip Applications

Rodolfo G. Rodrigues1, Rafael Batista1, Ana M. Azevedo2,3, Virginia Chu1, João Pedro Conde1,3,

1 Instituto de Engenharia de Sistemas e Computadores–Microsistemas e Nanotecnologias (INESC
MN), Rua Alves Redol, 1000-029 Lisbon, Portugal,

2 IBB—Institute for Bioengineering and Biosciences, Instituto Superior Técnico, Universidade de 
Lisboa, 1049-001 Lisboa, Portugal,

3 Department of Bioengineering, Instituto Superior Técnico, Avenida Rovisco Pais, 1049-001 Lisbon, 
Portugal

Corresponding Author’s e-mail address: joao.conde@tecnico.ulisboa.pt

Summary:
In this work, we designed and fabricated a microfluidic device to perform chromatographic separa-
tions. The device consists of a column filled with silica microbeads between smaller height channels
working as a frit. To characterize the column efficiency, the breakthrough method was used with a 
solution of fluorescein isothiocyanate (FITC) in ethanol and by measuring the fluorescence signal.
Several mobile phase velocities were tested to obtain retention times and plate heights.

Keywords: Microfluidics, Liquid Chromatography, Cyclic Olefin Copolymer, Breakthrough Curves,
Silica Microbeads

Background
Liquid chromatography is a separation tech-
nique widely used for the detection of mole-
cules present in complex solutions [1], but it 
requires trained users in a laboratory and con-
sumes a large quantity of reagents. On the 
other hand, microfluidics is a technology that 
has the potential to significantly improve biolog-
ical and chemical analysis by being inexpen-
sive, portable, and fast [2]. The miniaturization 
of liquid chromatography using microfluidics 
combines both technologies but has not been 
studied in detail. This work aims to develop 
microfluidic channels for liquid chromatography 
that can have separation performances compa-
rable to those obtained at macroscale.

Methodology
Computer numerical control (CNC) milling was 
used directly in cyclic olefin copolymer (COC) 
plates with a flat endmill with 0.4 mm diameter. 
The feed rate was maintained at 100 mm/min at 
12000 rpm. The device sealing and connections 
are described elsewhere [2]. Briefly, the ma-
chined COC is drilled and sealed against the 
same type of COC by thermal bonding. After 
the sealing, PEEK connectors are glued to the 
device. Silica (SiO2) microbeads with a diame-
ter between 45 and 75 µm diluted in PEG 8000 
30% (w/w) are loaded into the device with the 

help of a syringe pump. The design used (see 
Fig. 1) consists of three 1 cm long channels 
with 100 µm height, and between them are 20 
µm height channels to trap the microbeads 
inside the middle channel.

Fig. 1. Schematics of the chip design and a fabricat-
ed device in-use.

For breakthrough curve experiments, a solution 
of 12 µg/mL of fluorescein isothiocyanate 
(FITC) in ethanol was used, and the signal was 
acquired by fluorescence and quantified using 
ImageJ. The solution is flowed into the device 
at the desired flow, and time zero is taken when 
the fluorescence solution reaches the beginning 
of the microbeads. Several flow rates of the 
mobile phase were tested between 0.5 µL/min
and 5 µL/min.
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Results 
In this device, we have a column of 1 cm in 
length packed with SiO2 beads. A simple way to 
assess the column performance is by using the 
breakthrough curve method (or frontal chroma-
tography). By performing breakthrough curves, 
we are observing the concentration of adsorbed 
analyte as a function of time, expecting the 
system to be fully saturated at the end of the 
experiment. In this case, our analyte was the 
fluorophore FITC, so the increasing adsorption 
was observed using a fluorescence micro-
scope. In Fig. 2A are represented the break-
through curves obtained for each flowrate test-
ed (0.5 µL/min, 1 µL/min, 2.5 µL/min, and 5 
µL/min).  

 
Fig. 2. A) Breakthrough curves and B) First Deriva-
tive plotted as a function of time for each flowrate. 

To analyze the breakthrough data, the first de-
rivative is calculated to obtain a pulse function, 
as seen in Fig. 1B. For all flowrates except for 
the 0.5 µL/min, a clear peak is observed, and 
as expected, the higher the flowrate, the closer 
to the origin is the peak. This system shows no 
retention of the FITC due to chemical interac-
tions with SiO2 beads, but the flow path is still 
interrupted by the beads, hence the retention 
times obtained. As for the 0.5 µL/min condition, 
the observed behavior may possibly be due to 
the B term of the van Deemter equation, the 
axial diffusion. Since the flow rate is lower, the 
residence time is longer, allowing the FITC to 

have more time to diffuse longitudinally and 
perhaps also within the pores. From the peak 
analysis it is possible to obtain the retention 
time (Rt) and the full width at half maximum 
(FWHM), and with these values to calculate the 
number of plates (N) and the plate height (H). 
At 1 µL/min we obtained 286 plates with a Rt of 
6.17 min, resulting in a plate height of 34.99 
µm. As expected, the retention time decreased 
for the other flow rates, being 3.37 min and 0.86 
min for 2.5 µL/min and 5 µL/min, respectively, 
resulting in a decrease of the number of plates 
and increase of the plate height. For 2.5 µL/min 
we obtained 180 plates and H = 55.49 µm for 5 
µL/min we obtained 9 plates and H = 1081.44 
µm. 

According to these results, using our microfluid-
ic device we achieved the lowest plate height at 
1 µL/min. By normalizing the number of plates, 
we obtained 28580 plates/m which is close to 
the range needed for HPLC [3]. 

Conclusions 
Using our microfluidic device with a 1 cm long 
column and silica microbeads with a diameter 
between 45 and 75 µm we were able to achieve 
separation performances near the HPLC range. 
Increasing column length and decreasing mi-
crobead diameter to 5 µm is expected to drasti-
cally improve our separation efficiency, allowing 
us to obtain a device directly comparable to 
macroscale liquid chromatographic systems. 
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Summary:
We experimentally revealed that the effect of temperature can theoretically be compensated in our pro-
posed measurement method of the molecular weight of gas using whistles. The effect of temperature 
change on the molecular weight was around 0.03/°C, which is almost consistent with the theory. Fur-
thermore, gas measurement with unknown molecular weight collected from cattle rumen fluid was 
demonstrated, with a molecular weight resolution of at least less than 1.5.

Keywords: sound and acoustic, gas sensor, molecular weight, Whistle, cattle

Introduction
There has been an increasing demand for simple
measurement methods of gases; methane gas 
emitted by cattle has attracted much attention as 
a cause of global warming, and a simple method 
for measuring exhaled gas is required.

Recently, simple gas measurement methods
based on acoustic signals have been proposed:
the detection of hydrogen leakage by acoustic 
signals [1] and the detection of oxygen gas con-
centration [2]. The average molecular weight of 
gas changes when hydrogen leaks or oxygen 
concentration changes, which results in the 
change of sound velocity and resonant fre-
quency of acoustic sound.

We're also developing a new sensing method to 
measure gas molecular weight using acoustic 
signals from two whistles [3][4]. Previous studies 
have demonstrated the basic principles and fun-
damental experimental results; however, they 
have not evaluated the impact of temperature 
[3],[4]. It remains uncertain whether temperature 
has only a negligible influence on these charac-
teristics, or if other factors, such as changes in 
the whistle's characteristics with varying 

temperatures, might also play a role in the ob-
served outcomes. In this paper, we experimen-
tally evaluated the effect of temperature. Further-
more, gas measurement of unknown molecular 
weight was tested using gases from cattle rumen 
fluid.

Sensing mechanism [3][4]
The proposed sensing mechanism of gas molec-
ular weight using whistles is shown in Fig. 1. The 
fundamental frequency f when gas flows into the 
whistle can be expressed by the following:

𝑓𝑓 = 𝑎𝑎√𝑘𝑘𝑘𝑘𝑘𝑘
𝑀𝑀 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐            (1)

where M, Q, and T are the molecular weight, flow 
rate, and temperature of the gas, respectively, 
and k and R are the specific heat ratio and gas 
constant. The a is a whistle-specific constant, 
and the b and c are constants determined by the 
type and combination of whistles. The gas's mo-
lecular weight and flow rate can be calculated 
from each whistle's multiple frequency measure-
ment results.

From above equation, changes in temperature 
are expected to be theoretically calculated. 
However, temperature T may affect the specific 
heat ratio K and the properties of the whistles
themselves and cause further errors. Therefore, 
we will attempt to evaluate the experimental 
effect of temperature T on this study.

Experiment methods
The shapes of the whistles used in this study are 
shown in Fig. 2. Two whistles with  different sizes 
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were fabricated by a 3D printer (Keyence Corpo-
ration, Agilista) using acrylic UV curable resin 
(Keyence Corporation, AR-M2).  

The frequency shift by temperature was evalu-
ated by inserting two types of gases (N2: molec-
ular weight 28 and CO2: molecular weight 44) 
with different temperatures from 22 to 28°C to 
each whistle. The sounds generated by the whis-
tles were measured by a microphone (Ono Sokki 
Co., Ltd., MI-1271), and fundamental frequency 
was obtained.  

As a demonstration, we also attempted to gas 
measurement of unknown molecular weight. 
With cattle breath analysis in mind, the molecular 
weight of the gas generated from cattle rumen 
fluid was collected and measured using the pro-
posed method. For reference, the gas was also 
measured by using gas chromatograph (SHI-
MADZU CORPORATION, GC-2014) to know the 
actual molecular weight.  

Experimental results 
Figure 3 shows the effect of the temperature on 
each whistle in the case of measuring N2 gas. It 
shows that the frequency is almost linear with the 
change in temperature, meaning that the effect 
of temperature is expected to be theoretically 
calculated. Because the experiment was con-
ducted using plastic materials, which are consid-
ered susceptible to thermal effects, it seems that 
there is a theoretical possibility of compensating 
for temperature. 

Noted that a change of 1 °C in temperature 
(which corresponds to an approximate 0.03 
change in sqrt(T)) means that the frequency 
changes by 2-3 Hz/°C. It corresponds to the mo-
lecular weight change of around 0.03/°C, almost 
consistent with the theory. Though improvement 
of the accuracy to the molecular weight is the 
first requirement because it is still around 0.45 
[4], theoretical temperature compensation is 
needed for accuracy measurement in the future  

Figure 4 shows the measurement result of un-
known gas generated from rumen liquid. The 
molecular weight error was at least less than 1.5. 
We intend to enhance the sensitivity further by 
refining the whistle in future experiments. 

Conclusions 
We revealed that the effect of temperature can 
theoretically compensated in the proposed 
measurement method of the molecular weight of 
gas using whistles. The effect of temperature on 
the molecular weight was around 0.03/°C, which 
almost consistent with the theory. Furthermore, 
measurement of gas with unknown molecular 
weight was demonstrated, and the molecular 
weight resolution was at least less than 1.5. 
Noted that the sensitivity could be further im-
proved by improving the measurement system 
and the whistle. 
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Fig. 3. Effect of temperature on the fundamental fre-

quency of each whistle in case of N2 gas. 

 
Fig. 4. The measurement result of unknown gas   

collected from rumen liquid. 
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Fig. 2. The images of the used two whistles.  
(a) Whistle 1, (b) Whistle 2. 
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Exudate Analysis

Daniel Patko1,*, Sepideh Izaddoust1,2, Lionel X. Dupuy3,4, Lourdes Basabe-Desmonts2,4 and Fernando 
Benito-Lopez1,*

1Microfluidics Cluster UPV/EHU, Analytical Microsystems & Materials for Lab-on-a-Chip Group, Ana-
lytical Chemistry Department, University of the Basque Country UPV/EHU, Leioa, Spain

2Microfluidics Cluster UPV/EHU, BIOMICs microfluidics Group, Lascaray Research Center, University 
of the Basque Country UPV/EHU, Vitoria-Gasteiz, Spain

3NEIKER, Derio, Spain
4IKERBASQUE, Basque Foundation for Science, Bilbao, Spain

*daniel.patko@gmail.com, fernando.benito@ehu.eus

Summary:
In order to develop a sustainable agriculture it is essential to use natural processes. Root exudates can 
attract beneficial microbes, increase the nutrient uptake from the soil and they can be a good indicator 
of the plant’s stress responses. Unfortunately, the commonly used exudate collection methods cannot 
provide spatially and temporally detailed information. We developed a novel, wax patterned paper based 
microfluidic system to extract root exudates spatially and temporally. Using an integrated colorimetric 
glucose sensor we could reveal phenotypic differences between wheat varieties.

Keywords: Plant-on-a-chip, Paper-fluidics, Root exudates, Wax printing, Colorimetric detection 

Background, Motivation and Objective
Our modern agriculture is far from being sustain-
able. A huge amount of the applied agrochemi-
cals, such as fertilisers, leach into the environ-
ment [1,2] making an economic loss and an en-
vironmental damage. Using natural processes, 
like microbial interactions can address this chal-
lenge.

Soil microbiota has an undeniable role in the life 
of a plant. Microbes can increase its stress resil-
ience or improve its nutrient uptake [3] . Using 
these interactions as plant fertilizers can de-
crease the ecological impact of agriculture, how-
ever we lack of essential knowledge regarding 
the nature of these processes. It is known that 
plants exude a wide range of molecules, such as 
sugars, to attract beneficial microorganisms
[3,4], but the time dependency of this process is 
unknown, especially on single plant level.

The traditional way to detect root exudates is a 
labour active, time-consuming process, includ-
ing purification steps and it requires trained per-
sonnel and a growth facility for the plants [5].

We developed an easy to use, cost-effective, 
modular, wax printed paper-based microfluidic 
system to overcome the above mentioned limita-
tions (Figure 1). The developed chip is able to
extract root exudates from a defined part of the 

root system, and able to follow the exudation 
changes over time. Moreover, it is possible to fol-
low these changes on the single plant level. 

Figure 1: Scheme of the developed paper based mi-
crofluidic system for the investigation of root exudates. 
The exuded molecules can be delivered to the sen-
sors using a flow generated by evaporation. The dif-
ferent root segments can be analyzed individually 
over time.

Description of the new System
The developed microfluidic system consists of a 
wax printed filter paper, a microscope slide and 
a polydimethylsiloxane (PDMS) slide. The wax is 
melted into the fiber structure of the filter paper 
creating hydrophobic barriers forming horizontal 
channels in parallel (Figure 2). The paper is also 
the growth substrate for the plant. For the exper-
iments, as a relevant crop, we used wheat (Triti-
cum aestivum).

An integrated a colorimetric TiO2-alginate hydro-
gel based glucose sensor, developed by us [6],
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was integrated at the outlet part of the paper 
channels to detect the exuded glucose by the 
plant root (Figure 2 right, picture). 

 
Figure 2. Picture of the microfluidic system with inte-
grated glucose sensors (left) and magnified image of 
the sensors after exudate extraction (right).  The col-
orimetric TiO2-alginate hydrogel based glucose sen-
sor clearly shows different colour intensities at differ-
ent positions of the root.  

Results 
Using the developed patterned paper based 

microfluidic system the exuded glucose, by the 
root system, was detected and, along the root, 
we could capture the intensity differences in ex-
udation. Moreover, glucose concentrations were 
determined colorimetrically and it was possible 
to differentiate between the exudation activity at 
different positions of root (Figure 3.).  

Our method was capable to show, that the 
exudation starts at the top part of the root and 
with ageing, the younger parts are getting active 
too.  

 
Figure 3. Graph presenting the produced amount of 
glucose during the 7 days of observation at different 
parts of the root system. 
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Summary:
A new fabrication method for realizing fluidic nanochannels with funnel-like inlet structures in silicon 
technology is presented. Nanochannels are a useful tool for DNA analysis since the molecules must 
first be linearized to enter the nanochannels and the linearization is a prerequisite for DNA mapping or 
sequencing. Inlet structures, like funnels, help guiding the DNA and bringing it into the channels. The 
nanochannels demonstrated in this work are realized using standard MEMS processes and photolithog-
raphy, enabling cheap and scalable production for a wide range of biotechnology applications.

Keywords: Nanochannel, Inlet structure, Funnel, MEMS Fabrication, DNA Analysis

Background and Motivation
Micro-biosensors bring many benefits through 
their miniaturization [1]. Micro- and nanoscale 
features allow manipulation of single cells or 
even molecules and the integration of their anal-
ysis on lab-on-chip systems. The sequencing 
and mapping of single DNA molecules is made 
possible by the linearization of single DNA mole-
cules inside of a nanochannel [2]. When the di-
mensions of a structure are smaller than the per-
sistence length of DNA, the DNA is forced to ex-
tend instead of the entropically-favorable coiled 
state, as sketched in figure 1. The negatively 
charged DNA can be pulled into a nanochannel 
by an electric field. Nevertheless, inserting the 
DNA into the channels is challenging. To change 
its conformation from coiled to linear the so-
called entropic barrier has to be overcome [3].

Fig. 1. Schematic of linearized DNA inserted into a 
nanochannel

Adding a funnel-like inlet to the nanochannel cre-
ates a gradient between the volume in front of 
the nanochannel and the channel itself, which 
makes the overcoming of the entropic barrier 
easier and lowers the needed electrical force [3].
A funneled inlet can also increase the capture 
rate of molecules in the channel and avoid hair-
pin formation and clogging of nanochannels 
[2,4].

Therefore, creating nanochannels with funnel-in-
lets with a cheap and scalable process is vital for 
the fabrication of DNA analysis systems. How-
ever, the fabrication of nanostructures poses 
challenges. Since the standard fabrication pro-
cesses for microsystems are limited by the 
wavelength of the light used for photolithography
structures smaller than 1 µm are difficult to 
achieve. There are methods to overcome this, 
like deep-UV lithography or electron beam lithog-
raphy. A different method is focused ion beam
milling (FIB) to directly create the nanostructures 
or a stamp to use in nanoimprint lithography 
(NIL). These mentioned methods are expensive 
and often not scalable [1]. To circumvent these 
expensive methods and the limit of photolithog-
raphy, certain workarounds can be used to cre-
ate nanostructures only with standard fabrication 
processes. For example, nanochannels can be 
fabricated by thin-film evaporation and etching of 
a sacrificial layer [5]. But the addition of funnel 
inlet structure to the channels is only reported in 
systems fabricated with NIL or FIB [2,3,4], and 
not for structures fabricated using only standard 
processes. Such a process was investigated for
the first time and will be discussed here.

Description of the New Fabrication Method
The fabrication of long nanochannels with hori-
zontal funnel-shaped inlet structures to facilitate 
the analysis of DNA molecules is shown sche-
matically in Figure 2. The nanochannel is 

DNA 
in microchannel

Linearized DNA in 
nanochannel
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created by selectively under-etching a sacrificial 
layer under a top layer. Therefore, the channel 
dimensions depend on the thickness of the sac-
rificial layer and the under etch time. The chan-
nel is then closed by a capping layer. Microchan-
nels, that contact the nanochannels, are etched 
with an anisotropic process. To fabricate the fun-
nel-shaped inlets of the channels, an additional 
etch step is added, which etches the material 
next to the nanochannel faster at the entrance 
than the inside of the channel. This step creates 
a horizontal funnel inlet. 

Fig. 2. Fabrication scheme of nanochannel (a-d), 
microchannel (e) and funnel-inlet (f). 

Results 
Nanochannels with a length of 50 µm have been 
fabricated, but channels with lengths up to sev-
eral millimeters are possible with this fabrication 
method since the length is not the limiting factor 
in the fabrication. A cross section of a channel 
with a width of 250 nm and a height of 40 nm is 
displayed in figure 3.  

Fig. 3. Electron microscope picture of a nanochan-
nel cross section with its dimensions. 

The existence of a continuous nanochannel can 
be demonstrated with the help of a fluorescent 
solution. The solution is introduced in the upper 
microchannel, then fills the nanochannels by ca-
pillary forces and reaches the lower microchan-
nel (see figure 4). 

Different funnel inlet sizes can be created by var-
ying the duration of etch step, with the funnel in-
let getting larger and the angle shallower with in-
creasing time, as seen in figure 5. The inlet size 
widens from roughly 200 nm nanochannel width 
to 1 µm. The influence of other parameters of the 
etch step on the funnel shape, like  

Fig. 4. Picture of a microchannel with several na-
nochannels. The fluorescein solution added in the up-
per microchannel got through the nanochannels into 
the lower microchannel. 

Fig. 5. Picture of funnel inlet shapes after different 
etching times (t1 < t2 < t3). 

pressure and flow rate of the etchant will be 
tested to create inlets with arbitrary shapes.  

In conclusion, it can be said that nanochannels 
with inlet structures of different sizes have been 
successfully fabricated. The size of the inlets can 
be varied by the duration of the etch step. Inlet 
sizes of 1 µm have been created for a 200 nm 
wide channel. 

This work was supported by BMBF FKZ 
03ZU1208BH: nanodiag BW. 
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Summary:
Electroporation is a reliable, reproducible technique to induce biological cell membrane poration. Be-
cause of the biological and clinical interest in this technique, recently, many Lab-On-Chip platforms have 
been proposed to understand more about deep electroporation mechanisms. This led to the discovery
of many electroporation side effects, such as cell contractivity and blebbing. In this work, we propose a 
new sensing system based on Lab-On-Chip and machine learning to correlate these side effects ob-
served by brightfield time-lapse microscopy with electroporation efficiency.

Keywords: Electroporation, Lab-On-Chip, Machine Learning, Time-Lapse Microscopy,

Background, Motivation and Objective
Since its discovery in 1968, electroporation 
spread its applicability in biological and clinical 
research [1]. Delivering high electric fields on a 
biological tissue for short periods, usually nano-
seconds or microseconds, permits the genera-
tions of nanopores on cells. Changing these pa-
rameters guarantees great flexibility of the tech-
nique in multiple applications, spanning elec-
trochemotherapy, cell lysis, fusion, or bacteria in-
activation.

Even though electroporation has been known for 
a long time, its inner mechanisms are still under 
study. For example, from the morphological point 
of view, it was discovered that cells react to the 
electric field application by contracting and 
blebbing [2].

These findings were significantly made possible 
by the slight transition in studying these phenom-
ena from classical biological support (e.g., cul-
ture dishes) to Lab-On-Chip platforms, which al-
low the set-up of more complex experiments in a 
minimal environment. 

Information extracted from these devices can 
sometimes be challenging to analyze without us-
ing more complex models, such as machine 
learning algorithms. Particularly in microscopy 
image analysis, these models permit extracting 

hidden features and intricate trends that are im-
possible to catch quantitatively by hand.

In this work, we present a sensing system based 
on a low-cost Lab-On-Chip platform able to cor-
relate the electroporation efficiency with its side 
effects by applying a tailored machine learning 
algorithm on brightfield time-lapse microscopy
images.

Method description
A Lab-On-Chip based on transferred Laser-In-
duced-Graphene (LIG) was designed and fabri-
cated using a technique we recently proposed
[3]. Briefly, LIG electrodes are first generated by 
laser scribing a polyimide sheet. Then, the 
printed geometries are transferred to a transpar-
ent, biocompatible PMMA substrate by surface 
solubilization.

The chip exhibited six pairs of interdigitated elec-
trodes with different pitches, used to stimulate 
the U-87 glioblastoma cell line with several volt-
ages and electric fields (Fig. 1). During the stim-
ulation, fluorescence and brightfield time-lapse 
microscopy monitored calcium intake and cell 
contractility, respectively.

A custom machine-learning algorithm based on 
Particle Image Velocimetry (PIV) and cell seg-
mentation computed single-cell contractivity and 
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internal calcium quantity tracking during the 
time-lapse [4].  

Finally, the extrapolated peaks of cumulative ve-
locity were thresholded and used to estimate the 
electroporation efficiency in the acquired frame. 
Similarly, we used the detected calcium intake 
spikes as the ground truth, calculating the real 
electroporation efficiency.  

 
Fig.1. A Lab-On-Chip is designed to have six different 
interdigitated electrodes and separated chambers for 
cell culture. Each electrode pair is connected to a 
high-voltage pulse generator. Fluorescence and 
brightfield time-lapse microscopy are acquired at the 
same time. Each time-lapse frame is then analyzed 
using a tailored machine, computing cell contractivity 
and calcium intake. 

Results 
To better understand the behaviour of cell cul-
ture after electroporation, it was necessary to 
study cell movements and calcium presence be-
fore the stimulus. As expected, cells exhibited an 
independent movement, which was necessary to 
subtract from the one induced by the electric field 
application. Moreover, U-87 cells were demon-
strated to contain a significant amount of calcium 
ions in their cytoplasm also before the poration 
stimulus.  

Once the pulsed electric field was applied, cells 
started to contract and bleb, generating a peak 
in contraction detected by PIV. Calcium diffusion 
was observed to be almost instantaneous, while 
cell contractivity follows a second-scale dy-
namic. Moreover, as expected, the beginning of 
cell contractivity perfectly correlates with the flu-
orescence peak induced by calcium intake 
caused by cell poration (Fig. 2a).  

Finally, velocity and fluorescence peaks from 
single cells were then separately thresholded 
and used to compute the electroporation effi-
ciency of the experiment. As can be evinced 
from Fig. 2b, there is an almost complete corre-
spondence between the efficiency computed by 
fluorescence and the one calculated from con-
traction (𝑅𝑅2 = 0.931 around the bisector). More-
over, these results were obtained by aggregating 
data from different electrodes and electric fields. 
This indicates that our sensing system can pre-
dict electroporation from brightfield time-lapse 

microscopy without additional fluorescent chan-
nels independent of the experimental conditions.  

 
Fig 2. a) Fluorescence intensities from single cells dur-
ing the time-lapse experiments are compared with the 
contractivity velocity calculated by PIV analysis. b) Av-
erage fluorescence intensity is correlated with the 
peak velocity. Cell population heterogeneity and dif-
ferent electrode geometries contribute to performance 
variability. 
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Summary:
A Point-of-care device was developed using Ion-selective field-effect transistors (ISFETs) for real-time 
detection of molecular targets, eliminating the requirement for a highly controlled environment. This 
device successfully detected the translocation between chromosomes 12 and 21 (t(12;21)), which is 
one of the most common mutations associated with childhood acute lymphoblastic leukemia (ALL).

Keywords: ISFET, leukemia, point-of-care, potenciometry, genosensor.

Title
Development of an isfet-based system for ge-
netic detection of leukemia oncogene.

Introduction
Acute lymphoblastic leukemia (ALL) is the most 
common childhood cancer, accounting for ap-
proximately 25% of cancer diagnoses. Accurate 
determination of the genetic mutations associ-
ated with leukemia is crucial for patient progno-
sis. One of the most recurrent mutations in ALL 
is the translocation between chromosomes 12 
and 21 (t (12;21)) [1]. Current genetic diagnos-
tic methods, such as fluorescence in situ hy-
bridization (FISH) and reverse transcription 
quantitative polymerase chain reaction (RT-
qPCR), are efficient in detecting these muta-
tions. However, they often require lengthy ex-
perimental protocols and a highly controlled 
laboratory environment [2]. In contrast, point-of-
care devices enable real-time detection of mo-
lecular targets without the need for a highly 
controlled environment. Ion-selective field-effect 
transistors (ISFETs) are miniaturized devices 
that can be utilized for genetic analysis through 

the hybridization of complementary DNA se-
quences [3].

Objective
In this study, we developed an ISFET-based 
system for the detection of t (12;21) in the pedi-
atric population.

Methods
Therefore, the ISFET system was used for the 
detection of genetic markers in childhood ALL 
that had never been studied before in biosen-
sors field (Fig.1a). For this The ISFET was ini-
tially characterized using different pH buffers to 
assess its ionic selectivity. Subsequently, the 
ISFET was coated with a layer of TESUD, and 
a specific DNA probe for t (12;21) was immobi-
lized on its surface. The biorecognition process 
was evaluated through hybridization tests with 
plasmid samples at various concentrations. 
Potentiometry was employed to characterize all 
steps of the process.

Results and Discussion
The ISFET exhibited a decrease in drain-to-
source current (IDS) plateau with an increase in 
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pH (Fig.1b). In addition, the threshold potential 
(VT) increased with higher pH levels, indicating 
the system's sensitivity to ion concentration 
(Fig.1c) [3].  

 
Fig. 1. ISFET system (a) and influence of pH on IDS 

(b) and VT (c) ISFETpH 3.09, 4.99, 7.01, 9.07 and 11. 

In the hybridization tests, an increase in VT and 
were observed with increasing sample concen-
trations in the same pH buffer, suggesting suc-
cessful biorecognition through the hybridization 
process. This occurs because DNA is negative-
ly charged due to phosphate groups in its struc-
ture. Thus, the hybridization process of the onto 
the ISFET increases the fixation of negative 
charge on the surface, leading to a change in 
the gate potential [4] In addition to surface 
charge alteration, the DNA hybridization pro-
cess can also cause ionic redistribution in the 
medium [4]. Thus, a good linearity of response 
was achieved by correlating ∆VT x Plasmid 
Concentration, indicating the system's detection 
sensitivity (Fig.2b). 

 
Fig. 2. Influence of hybridization on ISFET (a) and 
linear plot assays of VT variation of ISFET (b). 

Conclusion 
The evaluated ISFET-based systems demon-
strated promising performance for genetic de-
tection of leukemic oncogenes, offering poten-
tial applications in clinical settings. 
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Summary:
In this study, we demonstrate novel bacterial detection using DNA hybridization-based electrochemical 
biosensors for enterotoxigenic Escherichia coli (ETEC). The ion-sensitive field-effect transducer
(ISFET) was immobilized with LT-probe, which is specifically for the heat-labile gene of ETEC. Poten-
tiometric measurement and Electrochemical impedance spectroscopy (EIS) are performed to improve 
the successful development of the detection of ETEC, which represents a promising technique for 
rapid and sensitive bacterial detection.

Keywords: ISFET biosensors, DNA-based biosensors, ETEC, Bacterial detection, DNA hybridization

Background
Enterotoxigenic Escherichia coli (ETEC) is
foodborne pathogenic bacteria, that causes 
cholerae-like diarrhea in children younger than 
5 years old. Due to the fecal-route infection, 
ETEC can be transmitted via contaminated food 
and beverage. The detection of ETEC is com-
monly identified by molecular-based detection, 
such as polymerase chain reaction (PCR) and 
real-time PCR (qPCR), which use a heat-labile 
toxin (LT) gene as a target. Although these 
methods are highly sensitive and specific to 
ETEC, they require expensive equipment and 
well-trained staff. Moreover, they may require 
an enrichment process, which is time-
consuming [1], [2], [3]. Thus, the development 
of rapid, easy, and point-of-care (POC) detec-
tion is a challenge for bacterial detection. In 
recent years, ion-sensitive field effect transduc-
er (ISFET)-based biosensors have gained in-
terest in the fields of detection, due to miniaturi-
zation, cost-effectiveness, and high sensitivity
[4], [5]. In this study, we developed a more rap-
id, highly sensitive, and highly specific DNA-

based ISFET biosensor for the detection of 
ETEC contaminated in water. 

Methods
The ISFET’s surface was activated by 
UV/Ozone procleaner to modify hydroxyl 
groups on the surface and then were silanized 
with 11-(triethoxysilyl) undecanal (TESUD) by 
the vapor-phase method. After functionalization, 
the ISFET was placed in an oven at 100°C for 
1h. The aminated-LT-probe was dropped and 
incubated overnight at 4°C. After that, the im-
mobilized ISFET was rinsed with TE buffer pH 8
and dried with N2. 1% Ethanolamine was 
dropped on the ISFET and incubated for 1 h at 
RT to block unspecific binding molecules. The 
DNA sample, extracted from ETEC, was heated 
for 5 min to denaturation of double-stranded 
DNA structure and incubated with the immobi-
lized ISFET for 10 min. The ISFET was rinsed 
with PBS buffer pH 7.4 and dried with N2. The 
potentiometry and electrochemical impedance 
spectroscopy (EIS) of the ISFET were deter-
mined using PBS buffer pH 7.4 
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Results 
LT-probe immobilized ISFET was investigated 
by analyzing various concentrations of extract-
ed DNA from ETEC (1.9x10-5 to 1.9x10-1 
µg/mL). Filtrate PBS was used as a negative 
control to provide the reference signal of the 
ISFET sensor. Potentiometry and EIS were 
measured in PBS solution pH 7.4. Fig. 1 
demonstrates the responsible ISFET to various 
DNA samples, measured by drain current (IDS) 
and transconductance (Gm) vs. gate-to-source 
voltage (VGS) at drain-to-source voltage (VDS) = 
0.5 V. IDS and Gm vs. VGS have slightly shifted to 
the negative value when increasing the concen-
tration of ETEC’s DNA. The threshold voltage 
(VT), extracted from IDS and Gm vs. VGS, demon-
strated the decrease of VT when increasing the 
bacterial concentration.  

 
Fig. 1. IDS and Gm vs VGS obtained by analyzing 
ETEC’s DNA samples in TE buffer (1.9x10-5 to 
1.9x10-1 µg/mL) at VDS = 0.5 V.  

Due to the narrow change of the potentiometric 
signal, EIS measurement was used to reach the 
sensitivity of the detection. The Nyquist plot of 
EIS at different concentrations of DNA samples 
(1.9x10-5 to 1.9x10-1 µg/mL) decreased the 
charge transfer resistance on the modified 
ISFET surface, compared with the reference, 
ETEC 0 µg/mL, as shown in Fig 2.  

These results improve the successful develop-
ment of a label-free DNA-based ISFET sensor 
for the detection of ETEC’s DNA using LT-
probe. 

 

Fig. 2. Nyquist plots obtained by analyzing ETEC’s 
DNA samples in TE buffer (1.9x10-5 to 1.9x10-1 
µg/mL). EIS frequency was ranged from 100 Hz to 
200 KHz, with Eac 100 mV and Edc 0 V. 

Conclusion 
This work has proven the successful develop-
ment of a DNA-based ISFET biosensor for the 
detection of heat-labile toxin gene which is spe-
cifically for ETEC. Potentiometry and EIS 
measurements were used to determine the 
efficiency of the ISFET sensor, which provided 
a decreasing trend when increasing the con-
centration of the DNA samples. It can represent 
the rapid detection of bacterial detection, which 
is a promising technique for point-of-care detec-
tion.  
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Summary:
Laser-induced graphene was obtained from polyimide films by lasing with a commercial CO2

laser. Then porphyrinoids were electrosynthesized on the electrodes using cyclic voltammetry. These 
electrodes were employed as working electrodes in an extended gated field-effect transistor configura-
tion. The array exhibits excellent sensitivity towards ascorbic acid and dopamine. Furthermore, artifi-
cial tears were tested with and without ascorbic acid as real samples.

Keywords: EGFET, laser-induced graphene, ascorbic acid, porphyrinoids, electrosynthesis. 

1. Introduction:
L-ascorbic acid is a well-known water-

soluble antioxidant present in many biological 
systems, and there are several ways to detect it
[1]. ChemFET sensors are one of the recent 
interests in biological applications. Extended 
gate field effect transistor (EGFET) is quite 
modified from ion sensitive-FET sensors where 
the transducer is away from the electrolytic 
solution which gives the device long-term stabil-
ity. Because MOSFETs are reusable in this 
technique, but the working electrode needs to 
be replaced, we need to pay attention to devel-
oping sensing materials. Preparation of elec-
trodes is always a crucial part of the develop-
ment of I sensors, where laser-induced gra-
phene (LIG) is an easy method to obtain highly 
conductive graphene. Porphyrinoids are excel-
lent ionophores materials that have been ex-
ploited in potentiometric sensors [2]. In this 
work, we electrosynthesized the porphyrinoids 
on laser-induced graphene (LIG) and used a 
sensor array using the EGFET technique to 
detect ascorbic acid in artificial tears.

2. Materials and methods:
A 125 µM polyimide sheet was lasered 

to produce LIG. The polyimide was cleaned 
with ethanol before laser illumination.  Double 
lasing was performed with laser power of 10 W/ 
cm2, at a rate of 20 cm/s and a resolution of 
1000 PPI. The LIG obtained was used to elec-
trosynthesis porphyrinoids in 0.1M TBAC.  Elec-

tropolymerization was carried out as reported in 
our previous work [3]. This forms a sensor array 
consisting of 8 sensors: LIG, LIG/Cu(NH2)3TPC, 
LIG/ Cu(NH2)3TPC_LUT, LIG/ Co-
PPh3(NH2)3TPC, LIG/ Mn-Cl(NH2)3TPC , LIG/ 
Cu-5,10(NH2)2TPP, LIG/ 5,15(NH2)2TPP and 
LIG/ 5,10(NH2)2TPP (left to right). Each elec-
trode was connected to the gate terminal and a 
saturated calomel electrode was used to bias 
the gate as shown in Fig. 1. 100 µl of artificial
tears (purchased from a pharmacy) were tested 
as a real sample in 1X PBS at.
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VDS8
ALD210800A

Ω Ω

Vcc

A0

+
-

MAX5352

A1
1 8

Figure 1. Schematic of the experimental setup.

3. Result and discussion:
Fig. 3 shows the principal component 

analysis (PCA) of the sensor array. The sensor 
was evaluated with ascorbic acid, dopamine,
and artificial tears with and without ascorbic 
acid. The score plot shows the residual of the 
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repeated measurements. Fig 2 a) represents 
the scope plot of the sensor array based on 
ascorbic acid, dopamine, the mixture of dopami-
ne and ascorbic, and synthetic tears with and 
without ascorbic acid Both PC1 and PC2 corre-
spond to 97.77% of the total variance. The 
measurements were repeated twice with a two-
sensor replica. Fig 3 b) Load plots indicate the 
execution of the sensor array where the sensor 
projects in different directions. It is noteworthy 
that Cu-5,10(NH2)2TPP is projected in the op-
posite direction with respect to the bare LIG 
electrode. On the other hand, LIG/ Cu 
(NH2)3TPC_LUT doesn’t provide any infor-
mation with respect to LIG. It is noticed that LIG 
contributes a lot more towards dopamine than 
electrosynthesized sensors. 
 

a)

b)

 
Fig 2. PCA of sensor array a) score plot based on 
ascorbic acid, dopamine, a mixture of dopamine and 
ascorbic, synthetic tears with and without ascorbic 
acid, b) biplot.  
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Summary:
In this work, we address key scientific questions regarding the use of graphene for lung cancer bi-
omarker detection. The volatile organic compound (VOC) biomarkers of lung cancer were classified 
into nonpolar, polar with small dipole moments, and polar with large dipole moments. Using density 
functional theory (DFT) calculations, we examine the adsorption capacities of various VOC biomarkers 
on graphene surface. The analysis of binding energies provides valuable insights for designing sensi-
tive and selective sensors for detecting lung cancer VOC biomarkers using graphene, potentially ad-
vancing early diagnosis and treatment of this disease.

Keywords: graphene, volatile organic compounds, lung cancer, density functional theory, adsorption.

Background and Motivation 
Volatile organic compounds present in exhaled 
human breath and/or bioliquids e.g., blood can 
be considered as bioindicators of lung cancer 
[1]. There are at least 22 polar or non-polar 
VOCs [2, 3] that discriminate between healthy
and lung cancer patients. Many studies have 
been dedicated to the detection and identifica-
tion of VOCs of lung cancer by using conven-
tional techniques, such as gas chromatography, 
mass spectrometry, radiography, tomography, 
cytology, and fluorescence bronchoscopy [4-6]. 
Yet, these methods encounter significant chal-
lenges: i) time-intensive breath analysis; ii) non-
portable screening equipment; iii) high costs; iv) 
limited sensitivity to small lung cancer tumors 
and picomolar VOC concentrations. Recent 
efforts focus on finding gas-sensitive materials 
capable of detecting picomolar VOC concentra-
tions linked to lung cancer. Conductive poly-
mers, metal oxides, carbon nanotubes, gold 
nanoparticles, and graphene-based nano-
materials (GBM) have shown promise in devel-
oping sensing platforms [7-9]. GBM, in particu-
lar, holds great potential for commercializing 
affordable, rapid, and reproducible sensors for 
biomolecule identification. Such an enhanced 
potential of these materials in biosensing field is 
governed by the unique properties of GBM
(huge carrier mobility, high electrical conductivi-
ty, high signal-to-noise ratio, large surface area 
of 2630 m2/g, high electron-transfer rates, and 

low toxicity) [10]. These features create condi-
tions for precise detection of foreign substances 
due to a large detection area, fast optical and 
electronic response of the system, change of 
the conductivity even at small concentrations of 
surface functional groups and bioanalytes. In-
deed, different authors reported on fabrication 
of biosensors using oxidized graphene to detect 
such VOCs of lung cancer as p-xylene [11], 
decane [12], hexanal, heptanal, undecane [5].

Despite GBM's advantages in detecting 
VOCs as lung cancer indicators, previous stud-
ies lack systematic results, hindering scientists' 
understanding of practical graphene-family 
nanomaterial implementation. Challenges re-
main: (i) lack of a standardized database for 
graphene-biomarker interactions and specific 
interaction fingerprints, (ii) unclear physical 
mechanisms for sensing polar and nonpolar 
lung cancer biomarkers, and (iii) low sensitivity 
to nonpolar VOCs. The differences in adsorp-
tion abilities of graphene to polar and nonpolar 
lung cancer biomarkers depending on solvent 
effect are never discussed, and a comprehen-
sive DFT analysis on adsorption capacity of 
GBM to VOC biomarkers of lung cancer has not 
been carried out, yet. Considering the key is-
sues mentioned, we explore ways to address 
these unexplored scientific questions.

Method
Gaussian 16 package is utilized to perform all
DFT calculations of VOC adsorption on gra-
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phene using highly parametrized, empirical 
M05-2X exchange-correlation functional, with 6-
31G(d) basis set. The binding energy of VOCs 
of lung cancer to a graphene is defined as: 
Eb=EG+VOC-(EG+EVOC), where EG+VOC is the total 
energy of the interacting graphene-VOC sys-
tem, EG is the total energy of isolated graphene, 
EVOC is the total energy of VOC molecule.  

Results 
To classify and systemize the VOC biomarkers, 
we first calculated their dipole moments (see 
Fig. 1). Overall, these VOCs can be divided into 
three major classes: (i) nonpolar VOCs (dec-
ane, benzene, 1,4-dimethyl-benzene, cyclohex-
ane), (ii) polar VOCs with small dipole moments 
(2,2,4,6,6-pentamethylheptane,2-methylhepta-
ne, undecane, methylcyclopentane, 1-methyl-2-
pentylcyclopropane, 3-methyloctane, 3-
methylnonane, 2,4-dimethylheptane)  and (iii) 
polar VOCs with large dipole moments (hex-
anal, heptanal, 1,2,4-trimethylbenzene, 1-
hexene, 1-heptene, 1-methylethenylbenzene, 
isoprene, styrene, trichlorofluoromethane). In 
addition, all these biomarkers can be classified 
as those that: (i) contain aromatic benzene 
rings (styrene, benzene, propylbenzene, 1,2,4-
trimethylbenzene, 1,4-dimethyl-benzene,1-
methylethenylbenzene) and (ii) do not contain 
hexagon carbon ring (others). These features 
strongly influence the interaction between 
VOCs and graphene-family nanomaterials. 
Molecules with hexagonal carbon rings align 
parallel to the graphene plane due to π-π stack-
ing interaction. 

 
Fig. 1. Dipole moments of various VOCs. 
      Figure 2 shows the binding energies for 
each VOC on graphene. Some molecules such 
as 2,2,4,6,6-pentamethylheptane, undecane, 
and 1-methylethenylbenzene exhibit relatively 
high binding energies, indicating strong interac-
tions with graphene. Aromatic compounds like 
styrene, propylbenzene, and benzene show 
moderate to high binding energies, likely due to 
π-π interactions with the graphene surface. 
VOCs with longer aliphatic chains (e.g., 
2,2,4,6,6-pentamethylheptane, undecane) also 
show significant binding energies, possibly due 
to increased van der Waals interactions. The 
presence of functional groups (e.g., double 

bonds in 1-hexene, 1,4-dimethyl-benzene) may 
influence binding energies. The variability in 
binding energies suggests that a sensor based 
on graphene could selectively detect specific 
VOC biomarkers, improving the selectivity of 
lung cancer detection. By understanding the 
adsorption energies, sensor design can be op-
timized to target VOCs with the highest binding 
energies, improving sensor sensitivity. 

 
Fig. 2. Binding energy of VOCs. A more negative 
binding energy suggests a stronger bond to gra-
phene. 
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Summary:
In this work a microfluidic device was created with nanostructured integrated platinum electrodes to 
enhance the sensitivity of Electrochemical Impedance Spectroscopy (EIS) in cell analytical applications.
The sensing microelectrodes were structured using Focused Ion Beam milling creating two separate 
electrodes with gap sizes ranging from 200 nm to 1 μm. The decreased electrode distance allows im-
proved sensitivity in EIS measurements, especially when a micrometer size particle or cell is trapped 
between the electrodes. The electrode design is supported by finite element modelling of the evolving 
electromagnetic field in the microfluidic channel.

Keywords: microfluidics, lab-on-a-chip, bioimpedance, electrochemical impedance spectroscopy

EIS measurements in cell analysis
In vitro study of individual cells or cell popu-

lations in a controlled chemical environment us-
ing specifically designed multifunctional micro-
fluidic devices, such as Organ-on-Chips, offers 
sensitive and specific measurements that may 
facilitate drug discovery, screening, and the de-
velopment of therapeutic strategies [1]. Combin-
ing these devices with integrated sensing sys-
tems, such as microelectrodes, can simultane-
ously maintain and monitor the behavior of cell 
populations real-time, meanwhile treating them
with different chemical agents. This multidiscipli-
nary approach can be essential in personalized 
medicine with further applications for antibiotic 
susceptibility testing [2].

Electrochemical Impedance Spectroscopy 
(EIS) is a non-invasive real-time technique that 
allows characterization of complex electrical 
properties of the cells while measuring the fre-
quency dependent impedance of the system. Mi-
croelectrodes integrated inside a microfluidic 
system can be used for specific EIS measure-
ments that enable cell analysis such as viability 
and growth monitoring. In biological applications
of EIS an extensive range of frequencies is cov-
ered from 1 Hz to 10 GHz to get an insight into 

the inner electrochemical processes of the sys-
tem regarding the electrode, the media, and the 
cellular properties as well. Accordingly, the spec-
tra are divided into distinct dispersions regions α,
β and γ [3]. Here, the α and β regions were 
measured to study both cellular and electrode 
properties.

Microfluidic system for EIS analysis
A compact multi-channel microfluidic sys-

tem was created that can measure the EIS spec-
tra of trapped cells using 2- or 4-electrodes ar-
chitecture (Fig. 1). The central sensing microe-
lectrodes were sectioned by Focused Ion Beam 
milling, creating two individual electrodes with a 
small gap ranging from 200 nm to 1 μm (Fig. 2).
The system offers enhanced sensitivity owing to 
the nanometer scale electrode distances.

Fig. 1. Layout of the cell analytical microfluidic sys-
tem and the position of the electrodes.
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ig. 2. Sectioning the Pt electrodes with FIB milling. 
The gap size between the central electrodes is 1 μm. 

Results 
EIS measurements in 2-electrodes archi-

tecture were conducted using a PalmSens4 de-
vice, 4-electrode measurements were con-
ducted by a bioimpedance analyzer developed 
by Vizvari et al. [4]. The Pt electrodes were fab-
ricated on glass substrate, patterned by lift-off li-
thography. The microfluidic system contains two 
main inlet channels and 4 cross-channels for EIS 
measurements using the underlying electrodes. 
The cross-channels contain a trapping region, 
where cells or particles falling in the range of the 
channels’ dimensions (e.g. yeast cells) can be 
localized over the sensing electrodes. The 10 µm 
deep microfluidic channels were fabricated in 
SU-8 by photolithography, then they were cov-
ered by a PDMS layer. The system is connected 
to the impedance spectroscopes via specifically 
designed PCBs (Fig. 3). 

 
Fig. 3. The ready-to-use microfluidic device containing 
the cell trapping channels and the integrated elec-
trodes. 

During the measurements, the effects of the 
electrode distances, the stability and the repro-
ducibility of the analytical system was character-
ized using different solutions, including cell cul-
ture media and cellular suspensions containing 
Saccharomyces cerevisiae. A finite element 
model was also developed to comprehend the 
electrical processes of the cellular system. The 
electric field developed in the channel was sim-
ulated by COMSOL Multiphysics with or without 
cells, the corresponding EIS spectra were com-
pared to the corresponding measurements (Fig. 
4). Initial tests with PBS, cell culture media (HEP 

G2) and cellular solutions yielded great repro-
ducibility (Fig. 5). Comparison of 2- and 4-elec-
trode measurements proved the benefit of using 
4-electrodes in the low frequency range to elimi-
nate parasitic effects.

 

Fig. 4. FEM simulation of the electric filed over the 
electrodes when a cell is trapped at low (top) and high 
(bottom) frequencies. 

Fig. 5. Two electrode EIS spectra in PBS between 
two inner (red, yellow) and two outer electrodes (blue, 
green) in two different channels. 
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Summary:
Carbamazepine (CBZ) is an active compound in commonly used drug and is highly durable in the 
environment, particularly in wastewater, which raises concerns about potential risks to animals and 
humans. We present an aptamer-based electrochemical sensor labelled with a redox probe which 
conformational change upon binding event is recorded by square-waved voltammetry. The electro-
chemical sensor operated in concentrations range from 2.5 pM to 250 μM in buffer. This technology 
provides a potential method to enable the monitoring of CBZ in treated water. 

Keywords: Aptamer, electrochemical sensor, carbamazepine, environment, wastewater 

Introduction
Carbamazepine (CBZ) is an anticonvulsant and 
anti-epileptic drug that was classified in the 
contaminants of emerging concern (CECs) list 
due to its unintended persistence in the envi-
ronment notably in treated wastewater (up to 10 
nM for long term exposure) [1]. Commonly used 
techniques to detect CBZ are liquid chromatog-
raphy-tandem mass spectroscopy (LC-MS/MS), 
high-performance liquid chromatography 
(HPLC), immunoassays and solid-phase extrac-
tion (SPE) coupled with chromatography. While 
these methods are accurate, they are time-
consuming and require sophisticated instru-
mentation. Furthermore, they cannot be applied 
for on-site detection. Several efforts have been 
made to develop portable assay formats using 
electrochemical techniques for rapid detection 
of carbamazepine (CBZ) and its metabolites, 
aiming to address this challenge. Direct electro-
chemical methods utilize target reduc-
tion/oxidation (redox) processes for quantifica-
tion without the need for affinity reagents. While 
these methods are straightforward, electroac-
tive molecules present in the medium to ana-
lyze can lead to a false positive. Molecular 
imprinted polymers were also reported as artifi-
cial biomimetic receptors to improve the low 
specificity of direct detection however, they are 
less selective than anti-bodies. Alternatively, 
aptamers are a class of short single-stranded 
nucleic acids that can selectively interact with 
their target rivalling those of antibodies. Specific 
sequences are generated by an in vitro molecu-
lar evolution method known as systematic evo-
lution of ligands by exponential enrichment

(SELEX). They are particularly interesting for 
the detection of small molecules, such as CBZ, 
that do not have enough immunogenicity to 
generate a specific antibody. In this work, we 
developed an electrochemical aptasensor 
where a conformational change is induced by 
CBZ target binding within the aptamer structure, 
which subsequently alters electron transfer 
between a redox tag appended at a distance 
and the surface of an electrode. The aptamer 
was modified with a thiol group on the 5′-end for 
immobilization on the gold sensing electrode 
and a methylene blue (MB) tag on the 3′-end for 
readout [2].

Results

Fig 1. Picture of a) the sensing platform, b) the 3D 
printing cartridge and c) the sensor plugged in the 
HDMI mini connector with the cartridge integrated.

The gold electrodes were patterned on a silicon 
substrate with conventional clean room micro-
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fabrication processes. Ag/AgCl electrode was 
deposited by aerosol jet printing technique. The 
chip is further integrated in an in-house devel-
oped sensing platform with a HDMI mini con-
nector for an easy plug-and-play system. A 3D 
printed cartridge is integrated for drop-casting 
the sample on the sensor (see Fig.1). CBZ ap-
tamer was covalently attached with the thiol 
function on the 3’-end by self-assembled-
monolayer (SAM) on the gold working electrode 
overnight. For the sensor characterization, CBZ 
was diluted in PBS buffer (pH=7.4) at different 
concentrations and square-wave voltammetry 
(SWV) was recorded when the signal was stabi-
lized. In Fig. 2, an increase of CBZ concentra-
tion is correlated with a decrease of the current.  

 
Fig. 2 SWV of the aptasensor showing its reversibility 
after overnight incubation in DI water. 

It can be explained with the initial aptamer state 
being close to the gold electrode and allowing 
high-electron transfer rate with the MB. Upon 
binding with CBZ, the aptamer conformation 
switching moves the MB further away from the 
electrode which is transduced by a decrease of 
the current. A consequent advantage of ap-
tamers is their reversible denaturation. By incu-
bating the sensor in deionized (DI) water, the 

aptamer loses its conformation and CBZ is re-
leased in the solution. When it is reintroduced in 
PBS buffer, the aptamer goes back to its initial 
conformation and similar performances are 
observed as shown in Fig. 3. 

 
Fig. 3 Calibration curves of the aptasensor before (1st 
detection) and after (2nd detection) incubation in 
water 

Conclusion 
In this study, we have demonstrated the re-
versible detection of CBZ with a MB labelled 
aptamer electrochemical sensor. The devel-
oped sensor showed high sensitivity to CBZ 
down to 2.5 pM. Therefore, it holds great poten-
tial for the development of the next generation 
of portable on-site assays for the monitoring of 
CBZ in the environment.  
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Summary:
Nicotine is the main active component of tobacco. Its quantification in aerosols and particularly the 
amount delivered in lungs is of great interest to track its impact on health. Current detection methods 
rely on the use of mass spectroscopy coupled with liquid chromatography. However, this requires highly 
qualified personnel and expensive equipment. In this context, we demonstrated that Molecular Imprinted 
Polymers (MIP) as sensing layer deposited on electrodes are very efficient to allow fast and cheaper 
quantification of nicotine in aerosols.

Keywords: Molecularly imprinted polymers, nicotine detection, electrochemical sensors, fast re-
sponse

Inhalation toxicological investigations and the 
development and pre-clinical testing of inhalable 
drugs require assessing the deposition kinetics 
of aerosol constituents on the epithelia of the 
respiratory tract or on in vitro models. A common
in vitro approach is the deposition of the test aer-
osol on a trapping surface under controlled con-
ditions, followed by quantification of deposited 
individual targeted aerosol constituents. This re-
quires highly sensitive and selective analytical 
methodologies such as coupled chromatography 
- mass spectrometry, needing highly qualified 
personnel and expensive equipment and are not 
easily accessible. In this context, a promising 
technology for the quantification of aerosol dep-
osition are chemically selective sensors and 
among them, molecularly imprinted polymers 
(MIP) showed very interesting abilities to selec-
tively concentrate the target molecule for a better 
read-out. Matsui [1] reported one of the first nic-
otine MIPs in 1996. Nicotine MIPs were firstly 
used to preconcentrate nicotine before chroma-
tography analysis [2] but quickly, attention turned 
on the analysis of cigarette smokes [3]. They 
also had interest for the delivery of nicotine 
through patches. Sensors were also developed 
for the analysis of residues in urines [4]. Finally, 
regarding detection methods, besides QCM [5],
capacitive measurement [6] and optical detec-
tion [7] were used. No MIP for electrochemical 
detection of nicotine was mentioned. In this 
work, MIP were combined with electrochemical 
chips to build the nicotine sensors. Two ap-
proaches were evaluated: UV-curing of MIP on 
the electrode and electrodeposition.

MIP-based sensors are usually built by deposit-
ing preformed nanoparticles of MIP, but this 

leads to rather thick layers. We therefore fo-
cused on a polymer-based MIP formulation de-
posited as a thin film on the electrode and cured 
by UV exposure. The formulation is based on 
divinylbenzene and methacrylic acid, dicumyl 
peroxide being the activator of polymerization.
Despite the polymer layer is insulating, we man-
aged to deposit a very thin film (few 10ths of na-
nometers) to ensure sufficient recorded signal by 
using Pico-Pulse Jetting.  

 

Fig. 1: detection of nicotine by MIP deposited by Pico-
Pulse Jetting on working electrode of screen-printed 
carbon electrodes with Ag/AgCl reference.

MIP-based nicotine sensors were thus printed 
and further characterized. Direct monitoring of 
nicotine at its rather high redox potential was 
found to damage the sensing layer. Therefore, 
an indirect electrochemical measurement was 
developed using Fe(II)/Fe(III) as probe, avoiding 
high potential and deterioration of the MIP layer. 
This Fe(II)/Fe(III) potential value is directly linked 
to the presence of Nicotine and Fig. 1 shows an 
example of nicotine detection with this approach.
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For such kind of sensors, calibration is then 
needed, and Fig. 2 shows a calibration curve ob-
tained with our sensor over the nicotine concen-
tration range of interest.  

Fig. 2: calibration of MIP-based nicotine sensors fab-
ricated by Pico-Pulse Jetting 

Finally, we also investigated its sensitivity, its se-
lectivity, and its stability. Very low amounts of 
nicotine (down to few ng/ml) were detectable in 
short times (10-15 min) allowing straightforward 
and fast measurements. The selectivity was very 
high even in presence of nicotine metabolites 
such as cotinine (Fig. 3). The sensor was ex-
posed to various pH, solvents and biological me-
dia conditions and showed sufficient reliability for 
the foreseen application. 

 
Fig. 3: selectivity of the MIP-based sensor fabricated 
by Pico-Pulse Jetting 

Due to some limitations with in-situ UV-curing, 
we also studied MIP electrodeposition. For this 
purpose, we developed formulations and meth-
ods to reproducibly deposit MIP layers on elec-
trodes by electrochemistry. Compared to stand-
ard MIP bulk-synthesis, this approach required 
the use of new electropolymerizable monomers 
such as aniline, pyrrole or thiophene. Several pa-
rameters allow a fine control on the created elec-
trografted layer. The number of grafting cycles 
impacts the growth of the layer whereas the po-
tential window used controls eventual cross-link-
ing of the layer.   
Formulations were then refined to increase the 
sensitivity and the selectivity by incorporating co-
monomers such as acrylic acid or methyl acry-
late. Those functional monomers promote more 

specific interactions with the target molecule nic-
otine which, in theory, enhances the selectivity. 
We were thus able to reach a very high sensitiv-
ity (in nanomolar/ppb range) together with keep-
ing short analysis times (typically 3 to 5 minutes) 
and high selectivity. 

We thus developed nicotine electrochemical 
sensors allowing fast and precise determination 
of nicotine in solution. Performances and robust-
ness were optimized to achieve on-line meas-
urement of nicotine levels in aerosols.  
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Summary: 

Dry electrodes with high human biopotential signal recording quality is the promising future for weara-
ble long-term health monitoring devices. Here, we present an ultrathin and flexible textile-like electrode 
composed of double-layered SU-8/PMMA microstructure fabricated using lithography-based microfab-
rication techniques featuring structures as fine as 100𝜇m. Graphene oxide (GO) is introduced to the 
electrodes as an electrically conductive material using a single-step dip-coating method. To improve 
the electrical conductivity of the coated GO and hence, the performance of the electrodes, a reduction 
step using eco-friendly vitamin C (L-ascorbic acid) was carried out to transform GO to reduced gra-
phene oxide (rGO). Our experimentation involved recording lead-I ECG signal acquisition using the 
fabricated electrodes, demonstrating their superior performance compared with Ag/AgCl wet elec-
trodes with similarity up to 98.84% with distinguishable QRS peaks. The results pave the way towards 
a clinical-grade ECG signal performance.  

Keywords: dry electrode, ECG, graphene oxide, microfabrication, vitamin C.

Introduction 

Cardiovascular monitoring using electrocardiog-
raphy (ECG) is an established technique to 
monitor the activity of the heart [1]. Typically 
Ag/AgCl wet electrodes are used to acquire 
biopotential signals such ECG [2]. Although 
these wet electrodes show highly accurate per-
formance, they have various issues like the 
conductive gels drying out over time and prob-
lems with skin irritation [3]. In this study we 
propose a novel fabrication flow with the use of 
a hard mask (protection layer) avoiding the use 
of electron beam lithography (EBL). This work 
utilized industrial acrylic-based PMMA and SU-
8; an epoxy-based material, to create textile-like 
mesh. The mesh arrangement of textile weaves 
makes these electrodes suitable for biopotential 
measurements on the skin, as this structure 
inherently guides signal energy in the "z" direc-
tion, perpendicular to the skin surface. To func-
tionalize the electrode, graphene oxide was 
utilized, taking advantage of the superior capa-
bilities of a simple, eco-friendly green reduction 
method using L-ascorbic acid.  

Electrode fabrication 

The fabrication (Fig. 1a) starts with depositing a 
200 nm of SiO2 as sacrificial layer. Then as 
supportive material 50 um negative photoresists 
SU-8-50 was spin coated at 3000 rpm then soft-

baked at 65 °C for 7 min and 95 °C for 20 min 
then exposed to a dose of 140 mJ ultraviolet 
(UV) to produce a square-type microarray, post-
exposure bake was then performed at 65 °C for 
1 min and 95 °C for 6 min. The sample was 
then immersed in SU-8 developer. The next 
layer was PMMA, 495K MW PMMA-C4 was 
spin coated at 4000 rpm and was baked at 180° 
C for 10 min to produce 300nm. To selectively 
etch the PMMA, a layer of copper (Cu) was 
deposited on top of it. The copper layer was 
then patterned by spin-coating AZ5214 photo-
resist (PR) and exposed to UV light. Then O2 
plasma was performed for 3 minutes to etch the 
exposed regions of PMMA. After patterning the 
PMMA the Cu layer was removed by an etchant 
mixture of acetic acid and hydrogen solution. 
Finally, the electrode was released by immer-
sion inside buffered oxide etch BOE 7:1 for 5 h. 
The released SU-8/PMMA sample was drop-
casted by diluted GO graphene oxide suspen-
sion (4mg/mL) on a hydrophobic Teflon surface 
to confirm a uniform coating and dried at room 
temperature for one day. Next, the sample was 
immersed in 0.5 g/ml L-ascorbic acid and de-
ionized water for three days at room tempera-
ture. After the reduction, the sample was 
washed by deionized water and left to dry (Fig. 
1b). The electrode internal layers after wiring 
are demonstrated in Fig. 1c.  
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ECG signal recording 

Data acquisition utilized an open-source unit 
(Cyton Board, OpenBCI) and recorded signals 
were processed using MATLAB. Electrocardio-
gram signals were recorded and compared with 
microfabricated electrodes against clinical-
grade wet Ag/AgCl electrodes in a single-lead 
setup. The placement and an image of the mi-
crofabricated electrode during signal acquisition 
were illustrated in Fig. 1d.  

Results and Conclusion 

The resistance of the textile-like electrode was 
measured by a desktop multimeter and showed 
a relatively low resistance of 0.5 kΩ upon re-
duction. The flexibility of the electrodes was 
demonstrated in Fig. 1e, and their microscope 
images with and without rGO. The correlation 
function between the signals over a 10-second 
period was calculated to be 98.84%, indicating 
a strong correlation. This high correlation 
serves as validation for the high performance of 
the TPM electrode in capturing biopotential 

signals. Fig. 1f displays the two signals record-
ed over 10-second intervals. 
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Summary:
In this study, the evolving hydrodynamic phenomena were modelled and characterized in complex two-
phase micro-fluidic systems, aiming to enhance their applicability in advanced droplet-based single-cell 
sorting and analytical methodologies. An innovative Computational Fluid Dynamics (CFD) driven multi-
dimensional optimization strategy was introduced and applied to explore the influence of geometric con-
figurations and flow parameters. The droplet generation process has been studied by finite element 
modelling (FEM), utilizing the Laminar Flow and Level Set modules within COMSOL Multiphysics for 
numerical simulations. The proposed microfluidic system was manufactured and its behaviour was com-
pared to the simulated characteristics. The experimental results supported the comprehension of the
droplet formation in case variable volumetric flow rates and the interaction between flow dynamics and 
channel geometry. The effective control of the resultant droplet size distribution enables to determine 
the numbers of particles and cells confined.

Keywords: finite element modelling (FEM), two-phase microfluidics, single-cell, droplet formation, LoC

Motivation and Objectives
In the past twenty years, the adoption of mi-

cro-engineered systems has transformed the 
high-throughput analysis methods applied in the 
fields of chemical and biological sciences. Drop-
let-based microfluidic systems generate and ma-
nipulate distinct, physically separated fluid vol-
umes or droplets. These multi-phase flow sys-
tems enable to utilise a wide range of easily ac-
cessible techniques for manipulating droplets, 
including splitting, merging, mixing, dilution and 
incubation. Droplets produced within two-phase 
microfluidic setups serve as optimal vessels for 
high-throughput cell screening applications. The 
response of individual cells to physical and 
chemical effects can be precisely examined in 
the micro-environment at the scale of cell size. 
This study employs high-performance finite ele-
ment modelling (FEM) of these multi-phase sys-
tems for a thorough examination of hydrody-
namic droplet generation process, primarily fo-
cusing on the effects of different flow rates and 
geometric parameters [1].

Fluid Dynamic Simulation Methods
COMSOL Multiphysics simulation code was 

employed to examine the droplet formation pro-
cess in 3D two-phase models, aiming for a more 

precise understanding of the evolving flow char-
acteristics. The analysis relies on numerically 
solving the governing Navier-Stokes and conti-
nuity equations. To characterize and compare 
microfluidic systems, the Capillary number (Ca) 
served as a commonly utilized parameter. Re-
garding droplet generation, including evolving 
droplet diameters and generation frequencies, 
the effects of volume flow ratios at the inlets, fluid 
viscosity, and interface tension were explored 
through successive parametric sweep simula-
tions. Details of the main material properties of 
the fluids are provided in Table 1.
Tab. 1: Main material parameters of fluids

Material Dynamic viscosity 
(µ)

Density 
(ρ)

Water 1.95∙10-3 Pa∙s 103 kg/m3

Silicon Oil 20∙10-3 Pa∙s 103 kg/m3

To manage reliable simulation of multiphase fluid 
flow, the Level Set technique, a robust computa-
tional approach was employed [2, 3]. This 
method was integrated with the Laminar Flow 
module to obtain precise results within the micro-
fluidic approaches characterized by a predomi-
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nance of low Reynolds numbers. The droplet di-
ameters were calculated using a self-developed 
MATLAB script, which based on image analysis. 

Numerical Results 
According to the simulations, a significant 

change can be detected in the droplet diameters 
as the function of the flow rate and different ge-
ometric properties (Fig. 1). The average diame-
ter was decreased from 98.27 µm to 62.16 µm 
when the flow rate of oil increased from 1.2 µl/s 
to 3.2 µl/s. The flow rate of water remained con-
stant (0.2 µl/s). The size distribution of generated 
droplets was visualised by histograms created 
using the MATLAB software (Fig. 2). 

Fig. 1. Droplet generation in the 3D FEM model in 
the case of two different flow rates. The applied flow 
rates were: 0.2 µl/s (water), 1.2 µl/s (oil) in Figure 1.a 
and 0.2 µl/s (water), 3.2 µl/s (oil) in Figure 1.b. 

Fig. 2. Droplet size distributions based on the image 
analysis of the simulated droplet generation. While the 
flow rate of water was set to a constant value of 0.2 
µl/s, three different oil flow rates were varied between 
1.2 µl/s (1), 2 µl/s (2), and 3.2 µl/s (3). 

Experimental Validation 
To validate the numerical model, microflu-

idic devices were manufactured using soft lithog-
raphy techniques in Polydimethylsiloxane 
(PDMS) polymer, featuring various geometrical 
configurations for droplet generation (Fig. 3). Ex-
perimental results indicate that factors such as 
the wetting characteristics of the aqueous phase 
significantly affect the frequency of droplet for-
mation, whereas the velocity of the oil phase im-
pacts the droplet size. Elevating either the flow 
rate of the oil phase or the Capillary number 
leads to a momentous reduction in droplet diam-
eter. 

The obtained results can support the establish-
ment and optimisation of multi-phase microflu-
idic systems to achieve proposed size of micro-
droplets applicable as miniaturized reactors or 
cell containers in Lab-on-a-Chip and Organ-on-
chip applications. 

Fig. 3. Laboratory experiment to support the valida-
tion simulation results. The flow rate was set as 
0.1 µl/s (water), 0.2 µl/s (oil). The droplet diameters 
were determined by MATLAB. The average diameter 
was 44.57 µm in this case. 
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Summary:
Therapeutic Drug Monitoring (TDM) would be a game changer for cancer therapy, however due to the 
current methods applied to follow the drug concentrations in the blood are expensive and require spe-
cialized expertise and instruments. Point-of-Care (PoC) TDM system has never realized. Here we pre-
sent a fluorescence-based PoC microfluidic solution to monitor blood levels of anticancer agents. Using 
blood samples from mouse models of malignancies and veterinary cancer patients we prove our ap-
proach to be suitable for TDM in an experimental environment and have the potential to ultimately per-
sonalize chemotherapy.

Keywords: chemotherapy, therapeutic drug monitoring, drug resistance, microfluidics, fluorescence

Background, Motivation an Objective
Cancer claims almost 10 million lives annually, 
making it one of the major causes of death. 
Chemotherapy (CT) is a widely used option to 
treat malignancies, however CT protocols are 
established on a “one size fits all” basis and ig-
nore inter-patient differences in drug pharmaco-
kinetics which influence the blood levels of anti-
cancer drugs, therefore leading to improper dos-
ing in 50% of patients [1]. Missing target blood 
concentration will lead to drug resistance and/or 
unwanted side effects. Therapeutic Drug Moni-
toring (TDM) could be the key to improve and 
personalize CT, however the lack of an afforda-
ble Point-of-Care method is preventing its intro-
duction to oncology. Mass spectrometry (MS) is 
the golden standard analytical approach to de-
termine blood drug levels, but the instrument and 
specialized expertise to operate it are rarely 
available in the clinical environment. The high 
volume of blood required for MS analysis is also 
a challenge, because cancer patients are regu-
larly weakened.

A Novel Microfluidic TDM Method
Exploiting the strong and specific fluorescence 
of anthracyclines [2], the most used CT agents, 
we propose a radically new microfluidic chip-
based approach to rapidly determine plasma 
concentrations of several widely applied anti-
cancer drugs (Figure 1.). Microvolume plasma 
separation and collection from a drop of blood 
(>50 l) will be done with a specifically designed 
microfluidic chip, then plasma anthracycline con-
centration will be measured using a compatible 
spectrophotometer.

Fig 1. Our novel concept for microfluidic TDM.
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Results 
Anthracyclines (doxorubicin, daunorubicin, epi-
rubicin, idarubicin, mitoxantrone, pixantrone) are 
not only the most effective anticancer chemo-
therapeutics, but they are also highly fluores-
cent. First, we showed that after sample prepa-
ration this autofluorescence is enough to detect 
doxorubicin (DOX, excitation: 490 nm, emission: 
590 nm) in different solvents in a concentration 
dependent manner using 100 l sample in a 
Tecan Spark fluorescent plate reader. To further 
reduce the required volume of sample, we de-
signed a simple microfluidic chip with autono-
mous sample transport and proved the signifi-
cant sample volume reduction (to ~ 7 l) had no 
significant effect on the efficiency of fluores-
cence detection. The sensitivity and precision of 
the fluorescent measurements were validated by 
mass spectrometry based (Sciex 5600+ QTof) 
concentration determination. For the in vivo eval-
uation of our approach, we treated a mouse 
model of triple negative breast cancer with 
6 mg/kg of pegylated liposomal doxorubicin 
(PLD) intravenously and took blood samples at 
5 time points through retro-orbital bleeding. As 
Figure 2. shows, the individual pharmacokinetics 
of a mouse was determined, and the results 
were highly similar to the mass spectrometry 
measurements. 

Fig 2. A representative pharmacokinetics curve of a 
single mouse treated with 6 mg/kg PLD. Blood con-
centrations measured by our point-of-care TDM chip 
(POC-TDM, green) was also determined by mass 
spectrometry (MS, red). 

Furthermore, we tested our method in the veter-
inary clinical setting by analyzing blood samples 
from a cat cancer patient diagnosed with feline 
injection-site sarcoma (FISS). First, the patient 
was treated with epirubicin (25 mg/m2, constant 
rate infusion for 60 minutes), but after there was 
no tumor response and the disease further pro-
gressed, the therapy was changed to PLD 
(1 mg/kg, constant rate infusion for 60 minutes) 
which stabilized the tumor and reduced its size. 
Comparing the pharmacokinetics of epirubicin 
and PLD revealed that, while epirubicin levels 

dropped significantly 60 minutes after admin-
istration, DOX concentrations was approxi-
mately 10 times higher, and it was not changed 
significantly in 270 minutes (Fig 3.). 

Fig 3. Our TDM method is capable of measuring epi-
rubicin and DOX levels in veterinary patients. The pro-
gression of the FISS tumor was not influenced by epi-
rubicin (blue) treatment, but PLD (red) therapy was 
partially successful due to the higher blood concentra-
tions and longer circulation time. 

PLD’s increased concentration and retention 
time over epirubicin was a result of the liposomal 
formulation which shields DOX from enzymatic 
inactivation and metabolism [3]. 

Conclusion 
As new anthracycline-based combinational ther-
apies proved to be surprisingly efficient in vari-
ous cancers [4], the need for more patient-tai-
lored dosing is rising. We have established a 
novel POC-TDM microfluidic chip and a method 
to measure personal pharmacokinetics of indi-
vidual patients treated with anthracycline 
chemotherapies ultimately opening a new ave-
nue to personalized cancer care.  
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Summary: 

An innovative electrochemical methodology is proposed for the quantitative in situ detection of trace 
metals in marine environment. This new method uses electrocatalysis to detect the catalyst instead of 
the substrate of the catalyst. As an example, we demonstrate that peak potential of proton reduction 
on copper during cyclic voltammetry is an effective method for the accurate detection of copper traces 
in aqueous media, with a detection limit (LOD) significantly lower than that of conventional electro-
chemical stripping methods (LOD = 1 nMol/L compared with 40 nMol/L, respectively). 

Keywords: Copper sensor, Modified graphite electrode, Electrolyte engineering, Hydrogen evolution 
reaction, Peak shift analysis. 

Tilte 

Electrochemical assay for metal traces in mari-
ne environment by the Peaks Shift Analysis 
during catalysis  

Background, Motivation an Objective 

The detection of copper (Cu) at nanomolar con-
centrations represents a major challenge for 
marine water monitoring. Due to their relatively 
high sensitivity, selectivity and adaptability to in-
situ measurements, electrochemical Cu(II) sen-
sors appear to be ideally suited [1]. 

Description of the New Method 

This innovative approach is based on a two-
step procedure: (i) metal preconcentration at 
the surface of a specially modified electrode 
and (ii) the use of a reaction that can be elec-
trocatalyzed by the metal, such as the HER 
(Hydrogen Evolution Reaction). Here, the origi-
nality lies in the use electrocatalysis to assay 
the catalyst (Cu) rather than the substrate. This 
approach uses the concentration-dependence 
of the peak potential in cyclic voltammetry to 
precisely determine metal surface concentra-
tion. Indeed, as stated by equation (1) for a 
case of Nernstian charge transfer (i.e. fast and 
reversible), the catalytic peak potential increas-
es logarithmically with catalyst surface concen-
tration :  
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substrate, k the rate constant of the catalytic 
reaction and ʋ the scan rate. 

The so-called Peak Shift Analysis (PSA) meth-
od is based on collecting experimental data 
(peak potentials, metal stripping) to construct a 
calibration curve. 

We illustrate this new procedure with copper 
detection. For this purpose, we fonctionalized 
pencil graphite electrodes (PGE) surfaces with 
different chelating molecules through a diazoni-
um approach. The copper accumulated on the 
modified electrode was then used as catalyst 
for proton reduction in acidic media for further  
peak potential analysis.  
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Results 

We first used p-aminobenzyl-C-functionalized 
Cyclam for electrode modification for its selec-
tivity towards Cu(II) and its powerful chelating 
capability. However, this selectivity limits its 
application to other ions. To broaden the scope 
of our detection method, we sought a non-
selective grafting molecule. Our choice fell on 
4-Aminobenzoic acid (ABA), which promotes
metal accumulation on the electrode through
electrostatic interaction.

Electrodes modified with Cyclam (data not 
shown) and ABA shows an obvious concentra-
tion-dependence of the HER peak potential in 
cyclic voltammetry, as illustrated in Fig.1: in-
creasing the concentration of copper in solution 
shifts the potential towards positive values. For 
the Cyclam and ABA-modified electrode, a 
copper concentration of less than 40 nmol/L 
can be detected with the PSA, while this is not 
possible with the conventional stripping analy-
sis. 

Fig. 1. Forward scan of the catalytic peaks meas-
ured after incubation of PGE/ABA in solution contain-
ing increasing Cu2+ concentrations (v=50mV/s, 0.1 
mol/L Na2So4, pH=2.5) 

Finally, 4-Bromobenzenediazonium tetra-
fluoroborate (BDT) was used as an ideal nega-
tive control due to its lack of electrostatic inte 
action with copper(II). No peak shift was rec-
orded using this modified electrode. 

The next step of this work is to demonstrate the 
versatility of this procedure in testing iron and 
manganese detection with PSA.  
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Summary:
Solid-phase synthesis of molecularly imprinted polymers yields nanoparticles that inherently may re-
place antibodies in bioassays. Herein, we demonstrate the approach for mass-sensitive detection of
two medical drugs, namely salbutamol and vancomycin. While both yield appreciable sensor respons-
es on quartz crystal microbalances – for salbutamol including a competitive assay, the responses to 
vancomycin are limited due to template size (and, thus, fewer binding events). One way to overcome 
this is to link the MIP nanoparticles to heavier particles to increase the response per binding event.

Keywords: mass-sensitive sensing, molecularly imprinted polymers, nanoparticles, solid-phase syn-
thesis, proteins, peptides

Background, Motivation an Objective
The last three decades have seen substantial 
progress in molecularly imprinted polymers 
(MIP), which – among others – have also firmly 
established themselves for designing chemical 
sensors [1]. Even though straightforward to 
synthesize and cost-effective, especially com-
pared to natural antibodies, MIP come with 
certain limitations not least regarding batch-to-
batch reproducibility [2]. This has so far pre-
vented them from delivering on the promise of 
replacing natural systems in sensing formats 
and assays. The groups of S. Piletsky [3] and 
K. Haupt [4] have proposed a solid-phase ap-
proach to synthesize MIP nanoparticles (nano-
MIPs) from immobilized template species,
which display high binding site homogeneity 
and affinities comparable to those of natural 
antibodies.

Experimental Background
The research presented focuses on the devel-
opment of nanoMIP-based gravimetric assay 
systems for the detection of medically relevant 
compounds. Combining nanoMIPs with highly 
sensitive quartz crystal microbalance (QCM) 
transducers allows for the design of reliable, 
robust, yet inexpensive sensing devices that 

can be used without the need for expensive 
laboratory equipment and trained personnel.

Via solid phase synthesis, nanoMIPs for the 
detection of salbutamol (SAL), a beta-agonist 
commonly used for asthma treatment and as 
leanness-enhancing agent in the meat industry 
as well as the antibiotic vancomycin were ob-
tained and tested. The process involves immo-
bilizing the respective template on silica gel by 
usual APTES modification followed by 
EDC/NHS-catayzed coupling. Consecutive 
washing steps with cold and hot water, respec-
tively, allows for selectively enriching high-
affinity particles for the respective analyte. 

Furthermore, MIP nanobodies were conjugated
to heavier inorganic nanoparticles to increase 
the QCM signal, owing to the higher mass in-
crease per binding event. 

Results
Binding affinity of the nanoMIPs was studied on 
dual channel QCM chips with one analyte-
functionalized sensor surface, while the second 
measurement electrode was used for selectivity 
investigations.

As shown in Figure 1, injecting SAL-imprinted 
nanoMIPs results in strong, concentration-
dependent frequency shifts for the template-
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Fig. 1. Frequency response of QCMs modified with 
either SAL, bisphenol A or dopamine upon injection 
of varying concentrations of SAL-imprinted nano-
MIPs.  

functionalized electrode. Only negligible binding 
is visible on sensor surfaces modified with do-
pamine and bisphenol A, respectively. 

Overall, this suggests appreciable affinity and 
selectivity of the SAL-MIPs. To establish a 
competitive assay, nanoMIPs at a fixed concen-
tration of 300 ppm were mixed with varying 
concentrations of the analyte. As shown in Fig-
ure 2, one can observe an inverse relationship 
between SAL concentration and frequency shift, 
yielding a limit of detection of 2.85 ppm and a 
dynamic range of 2.5-50 ppm SAL in solution. 

 
Fig. 2. Calibration curve for the competitive SAL-
assay using mixtures of 300 ppm SAL-imprinted 
nanoMIPs and varying SAL-concentrations. 

While for VM-imprinted MIPs, good selectivity 
compared to human serum albumin (HAS) is 
observed, the frequency response was signifi-
cantly lower. This might be attributed to the size 
difference between the two analytes. With a 
sixfold molecular weight compared to SAL, the 
number of VM molecules that can be immobi-
lized onto the sensor surface serving as nano-

MIP binding site is significantly reduced. Thus, 
a concentration of 100 ppm of VM-imprinted 
nanoMIPs yields relatively low frequency shifts 
of -24 ± 4 Hz. To improve the limit of detection, 
the MIP particles were coupled to aminated 
TiO2 nanoparticles via carbodiimide crosslink-
ing. TiO2 surface modification and coupling 
protocol were optimized towards minimal clus-
ter formation. As shown in figure 3, first binding 
experiments on VM functionalized QCMs sug-
gest a strong signal enhancing effect of the 
coupled MNPs with sensitivities in the sub-ppm 
region, proving that conjugation is a promising 
method for improving the obtainable limit of 
detection. 

 
Fig. 3. QCM measurement with VM (red) and HSA 
(black) functionalized channel using increasing con-
centrations of VM-imprinted nanoMIPs conjugated to 
TiO2 NPs. 
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Summary:
A textile electrochemical sensor based on Ag coated embroidered fibers is presented to determine glu-
cose concentration. The sensor design consists of 3-electrodes with different shapes and length. This 
design permits to perform a cyclic voltametric test with the sensor to observe the electrical properties 
changes produced by dropping of different glucose solutions. The increase of the current measured 
between the sensor electrodes provides enough information to identify the increase of the glucose con-
centration along the solutions.

Keywords: embroidered, textile, chemical, sensor, flexible

Background, Motivation an Objective
Electrochemical sensors have been one of the 
main challenges for the researchers who work 
integrating sensors over flexible substrates [1],
[2], [3]. The electrochemical sensors integrated 
over substrates as textiles or clothes could pro-
vide the users a wide possibility of health care 
control applications.

Glucose is one of the main health parameters 
where the interest has been focused over the 
last years. The importance to control the concen-
tration of glucose in blood/sweat is high to pre-
vent hypoglycemia or hyperglycemia from dia-
betic people. Textile technologies have proved 
the possibility to integrate or built electrochemi-
cal sensor to measure the glucose concentration
[4], [5]. To do it, some chemical treatments over 
the yarns need to be done to obtain the appro-
priate sensitivity. Chemical coatings or enzy-
matic treatments are performed over conven-
tional yarns to obtain sensitive sensors to glu-
cose or other chemical substances. 

In this work, a textile embroidered electrochemi-
cal sensor has been designed to detect different 
concentrations of chemical substances. The 
sensor has been built using commercially avail-
able silver (Ag) conductive yarns without addi-
tional chemical or enzymatic treatments.

Description of the New Sensor and Experi-
mental
The embroidered electrochemical sensor has 
been built following a 3-electrode sensor design

where the longest electrode is the counter elec-
trode (CE) the center electrode is the working 
electrode (WE) and the right electrode is the ref-
erence electrode (RE). Figure 1 shows the em-
broidered electrochemical sensor.

Fig 1. Embroidered electrochemical sensor with 3 
electrodes. From Left to Right: CE, WE and RE elec-
trodes.

To embroider the sensor a commercially silver 
conductive yarn, produced by Shieldex com-
pany[6], is used. The yarn has been made by 
coating with pure silver a polyamide multifila-
ment yarn. Neither chemical treatment nor enzy-
matic treatment are applied to any of the elec-
trodes to provide sensitivity to any chemical sub-
stance. The embroidered sensor is character-
ized with a Keithley Source Measurement unit 
SMU2636B (SMU). The process conducted to 
perform a cyclic voltammetry follows by: First the 
CE and WE electrodes are connected to the feed 
channel of the SMU and WE and RE to the 
measurement channel. Secondly, the cyclic volt-
ammetry values are defined as the feed tension 
between -200 to 200 mV and scan rate 50mV/s. 
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To conclude a drop of the glucose solution sam-
ple is poured on the sensor and the test is con-
ducted. The SMU obtain the current of both 
channels and the voltage generated on meas-
urement channel.  

To test the response of the sensor, four glucose 
solutions are prepared. The glucose concentra-
tions present in the solutions are 90, 180, 1800 
and 3600mg/dL, respectively.  

Results 
Sensor values are obtained performing a cyclic 
voltammetry with different glucose concentra-
tions. To be more accurate with the results, four 
different embroidered sensors are prepared. Fig-
ure 2 shows the cyclic voltammetry graph of the 
sensors for each glucose concentration solution.  

 

 
Fig 2. Cyclic voltammetry for the different glucose so-
lutions. 

It is observed how the increment in positive side 
voltage of the cyclic voltammetry values follows 
the increase of the glucose concentration over 
the solutions. The tendency observed demon-
strates how the current values increases for the 
concentration increase on the sample solutions. 
The cyclic voltammetry shows a thin shape along 
the voltage swept due to the absence of chemi-
cal and enzymatic treatments to increase the 
sensitivity. Meaning that oxidation and reduction 
values during the cycle are very similar.  Figure 
3 shows one of the tension feeds points where 
the glucose effect on the sensor can be ob-
served. 

 
Fig 3. Linear regression for 200mV tension feed. 

As it is shown in the graph, the tendency ob-
served in 200mV of tension feed point shows a 
linear regression value of y(µA)= 
0.0031x(mg/dL) + 13 with a R2=0.946.   

The embroidered sensor presented not only 
shows its ability to detect chemical substance 
concentration in solutions but also to be a good 
base to prepare selective sensor on wearable 
application by providing a stable sensor pro-
duced by Ag fibers.  
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Summary:
Chlorogenic acid (CGA) is widely used for biological and pharmacological activities. CGA can be 
harmful in high concentrations, so its control in wastewater became essential. Indicators or optical 
sensors are a practical and convenient way to detect CGA. In this context, porphyrins are widely used 
as optical receptors since they have a strong visible absorbance and may be fluorophores. Here, the 
UV-vis and fluorescence spectra revealed that meso-tetra (N-methyl-4-pyridyl) porphyrin (TMPyP) 
interacts with CGA at low molar ratios, suggesting its potential use for an optical sensor.

Keywords: fluorescence, porphyrin, polyphenol, sensor, wastewater.

Background, Motivation and Objective
Chlorogenic acid (CGA) is one of the most 
common polyphenols in plant, food, and bio-
medical products. Monitoring this antioxidant 
molecule is essential to evaluating the quality of 
manufacturing, such as coffee, and environ-
mental aspects. The elevated abundance of 
CGA makes it an indicator of the total amount 
of polyphenols and an indicator of the quality of
products [1]. As a consequence, the monitoring 
of CGA in water became of extreme importance 
to control the quality and contamination of 
waste. 
In this context, optical and fluorescence sen-
sors are appealing platforms in which the inter-
action between receptors and analytes can be 
detected by optical transducers. Fluorimetry is 
very attractive since it is a highly sensitive tech-
nique. On the other hand, the optical response 
occurring by analyte and sensing molecule 
interaction turns quick and easy visual monitor
(change of color) [2,3]. Porphyrins are colored
molecules with high extinction molar coeffi-
cients; they may be fluorescent with long emis-
sion wavelengths and have high chemical sta-
bility. This way, the target analyte interaction
may be triggered by a change in absorbance or 
fluorescence spectra [4]. Sensors using porphy-
rins applied to CGA polyphenol have scarcely 
been reported [5] in the literature, with no ex-
amples of optical-based devices. Therefore, this 
study aimed to evaluate the possibility of devel-
oping an optical sensor based on meso-tetra 

(N-methyl-4-pyridyl) porphyrin (TMPyP) for
detecting polyphenol CGA.

Description of the New Method or System
CGA (Sigma-Aldrich) monitoring was evaluated
using the water-soluble porphyrin TMPyP.
TMPyP is dissolved in DI water at 1.2 10-6 M
concentration. Then CGA is added to the solu-
tion, considering TMPyP:CGA molar ratios 
ranging from 1:0.1 to 1:5 (1.2 10-7 – 6 10-6 mol 
L-1). The spectroscopic methods were per-
formed using ultraviolet-visible (UV-vis) range 
from 350 to 550 nm and fluorescence from 550 
to 750 nm (with excitation at 422 nm).

Results
The initial results show that adding of CGA 
produces a decrease and a red shift of TMPyP 
absorbance spectra, proportional to the analyte 
concentration, as shown in Figure 1.

EUROSENSORS XXXVI 194

DOI 10.5162/EUROSENSORSXXXVI/OT6.243



Fig. 1. TMPyP UV-vis spectrum vs CGA analyte 
ratio.  

At the same time, the TMPyP fluorescence 
response in Figure 2 exhibits an intensity 
increase with the CGA addiction in this 
range evaluated (1.2 10-7 – 6 10-6 M). Re-
markably, the concentration limit in 
wastewater by World Health Organization 
(WHO) is 2.8 10-7 M. 

Fig. 2. TMPyP fluorescence spectrum vs CGA 
analyte ratio.  

Conclusions 
The results showed a potential use of TMPyP, a 
water-soluble porphyrin, as a chemical sensor 
to be applied in spectroscopic detection (UV-vis 
and fluorescence) of CGA polyphenol. The 
possibility to utilize this indicator in the solid 
state by its immobilization on substrates (such 
as filter papers, color catchers, nitrocellulo-
se, etc.) or onto nanoporous structures (such as 
zeolite) may pave the way to the fabrication of 

susceptible sensors for this class of com-
pounds. 
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Summary:

Integrating Photonic-Integrated Circuits (PICs) into microfluidic devices for diagnostics faces several 
challenges such as handling small PICs, ensuring interface access, managing temperature and UV 
sensitive coatings, and maintaining bubble-free sample transfer. CSEM offers unique services merg-
ing cleanroom packaging, microfluidic design, and prototyping, aiding PIC and diagnostics industry 
partners. Collaborations with different partners have led to tailored PIC integration solutions for sepsis 
detection, bioreactor contamination detection, food safety testing, and extracellular vesicle detection. 

Keywords: hybrid PIC, microfluidic cartridge, chip integration, assembly, high volume production

Introduction
The integration of Photonic-Integrated Circuits 
(PICs) into microfluidic devices has wide ranging 
applications in the field of diagnostics. However, 
the requirements for the integration of PICs into 
microfluidics can vary significantly depending on 
the design and application of the PIC. For exam-
ple, difficulties with handling due to the small size 
of PICs, the accessibility of optical and/or electri-
cal interfaces, temperature and UV sensitive 
coatings, and bubble-free sample transfer are all 
challenges that are faced in microfluidic PIC in-
tegration. To aid our partners in the PIC and di-
agnostics industry, CSEM provides a unique 
combination of services by leveraging our in-
house cleanroom packaging technologies and 
expertise with our microfluidic prototyping capa-
bilities that are compatible with mass production.

CSEM has successfully collaborated with nu-
merous partners on various integration solutions 
for PICs used for diagnostics, sepsis detection, 
contamination detection in bioreactors, food 
safety, as well as detection and counting of ex-
tracellular vesicles. Often, these solutions are 
specifically designed for passive or hybrid PICs, 
which may or may not have integrated light 
sources and photo detectors. Additionally, after 
several years of development, CSEM has devel-
oped a process for packaging small PICs 
(around 10 mm2), allowing our partners to dras-
tically reduce costs up to 10-fold, and signifi-
cantly increase their market competitiveness.

Finally, CSEM has developed innovative solu-
tions for in-line degassing, on-cartridge heating, 
and on-cartridge liquid storages.

Challenges
Chip geometry - Every customer uses a differ-
ent PIC as outline in Figure 1. They have either 
been used for research purposes or towards a 
diagnostic disposable product.

Figure 1. (1) Bialoom PIC on stage – size 25mm x 
25mm; (2) PHOTO-SENS PIC with VCSEL, photodi-
odes and NTC thermistor on chip – PIC size 3mm x 5 
mm. 

Reusable or low-cost fluidics - During the de-
velopment phase, our customers often prefer to 
work with a reusable microfluidic solution while 
in the final application a disposable solution is in-
evitable. CSEM has therefore developed differ-
ent PIC integration methods as outlined in Figure 
2.

Figure 2. PIC integration methods. (left) sandwiching 
with a gasket, (middle) double adhesive bonding, 
(right) in-cartridge integration (not necessarily a PCB, 
also plastic substrate possible).

High sensitivity by preventing fouling - To 
prevent the loss of analytes from the sample res-
ervoir to the detection site an antifouling surface 
is required. We have successfully applied 
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several different coatings from CSEM Optodex 
B, CSEM blocking agent but also Surfix’s Coat & 
Close process. However, these coatings require 
solvent cleaning and plasma activation steps. 

No air bubbles on sensor allowed - Depending 
on the PIC technology and measurement proce-
dure, air bubbles passing the sensor might be 
detrimental to the measurement. For this reason, 
we have developed a miniaturized degassing so-
lution. A degassing membrane is integrated in-
line with the fluidic channel which allows for effi-
cient degassing. 

UV-sensitive bio-functionalization - Depend-
ing on the application (such as sepsis detection, 
food safety and others), the sensing areas of the 
PICs have to be bio-functionalized with the ap-
propriate receptor such as an antibody or ap-
tamer. To ensure the highest sensitivity, these 
receptors need to be locally deposited on the 
sensing element. Examples will be shown. 

Continuous and non-pulsating flow with pre-
loaded liquids - CSEM has developed different 
ways to store and deliver liquids. In the project 
BIOCDx, liquids were stored in pre-filled syringe-
like structures. In the project PHOTO-SENS, an 
alternative approach used pre-filled blisters. 
Emptying these blisters, however, results in a 
very high flow variability. To minimize this varia-
bility, we integrated an intermediate reservoir in 
the shape of a meander in which the volume of 
the blister can be emptied before being trans-
ferred to the PIC in a controlled way for priming, 
calibration, and washing. 

Implementation example 
In the project BIOCDx the goal was to detect pro-
tein signatures indicative of breast or prostate 
cancer for companion diagnostics. Lionix pro-
vided PICs (10mm x 10mm = 100mm2) preas-
sembled with a VCSEL and two arrays of 4 pho-
todiodes which were encapsulated to protect the 
active components during the functionalization 
and spotting process. The PIC was bonded with 
a double adhesive tape onto a PCB from where 
wire bonds were made, and glop topped. This 
assembly was then bonded with a double adhe-
sive onto the fluidic channel. The syringes are 
pre-filled and use a sacrificial valve to minimize 
the evaporation. Furthermore, the cartridge con-
tains a blood separation membrane and on-car-
tridge valves to control the processes. In Figure 
3 the cartridge is shown in the assembled state. 

 
Figure 3. Photographs of the cartridges developed for 
(left) BIOCDx (right) PHOTO-SENS. 

In the project PHOTO-SENS (www.photo-
sens.eu) the goal was to detect pathogens in aq-
uacultures to minimize the amount of antibiotics 
used. Surfix provided PICs (3mm x 5mm = 15 
mm2) which have been assembled with VCSEL, 
two arrays of 4 photodiodes and an NTC by 
PHIX (see figure 1 (images 2)). The cartridge de-
signed by CSEM features a PCB bottom part and 
COC fluidic lid, which have both been anti-foul-
ing coated by Surfix. Before encapsulation by 
CSEM, the hybrid PIC was placed flush to the 
PCB surface, and conductive glue was locally 
applied on the backside of the PIC for electrical 
contact with the on-chip heater. The fluidic lid 
was equipped with a double adhesive tape and 
blisters and sent to Surfix for bio-functionaliza-
tion. In a final step, the lid was placed onto the 
PCB and a compression force was used to acti-
vate the adhesive. 

The cartridge was then placed into the measure-
ment instrument developed by LRE medical. 
where the cartridge is positioned, and the blisters 
are compressed to initiate fluid flow. 

Summary and Conclusion 
So far with every new PIC a different use case 
(e.g. sepsis detection, contamination detection 
in bio reactors, food safety, detection and count-
ing of extra cellular vesicles, pathogen detection 
in aquacultures, cancer detection) was ad-
dressed, which resulted in a different microfluidic 
cartridge design and assembly strategy. Specific 
building blocks such as heaters, liquid reser-
voirs, sample injection, metering, flow front de-
tection, degassing, and sample preparation have 
been developed alongside different PIC integra-
tion strategies. Currently, these different blocks 
can be combined to fulfill unique requirements 
for new use cases. A strong focus is always put 
on the compatibility with mass producible strate-
gies (design for manufacturability) to ensure 
seamless technology transfer. 
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Summary:

This study introduces an innovative 3D-printed mouthguard incorporating an integrated microfluidic 
drug dispenser. Fabricated from biocompatible resin utilizing Digital Light Processing (DLP) technol-
ogy, the device allows for facile redesign and customization to accommodate individual dental anat-
omy. The integrated microfluidic system is equipped with two check valves, enabling simple and re-
peatable refilling, and dispensing of liquids from the internal reservoirs.

Keywords: 3D printing, microfluidics, drug dispensing, dental health

Introduction
Over the past decade, 3D printing has signifi-
cantly impacted the dental industry, enabling the 
development of customized dental splints and 
mouthguards tailored for conditions such as 
bruxism and malocclusion [1, 2]. These ad-
vancements utilize 3D scans of the oral cavity to 
create models for designing personalized dental 
appliances. In this study, we propose a solution 
that integrates a microfluidic delivery system with 
a dental mouthguard, facilitating the dispensing 
of liquids for intraoral healing and therapy.

Materials and methods 
The device was manufactured using Digital Light 
Processing (DLP) technology (Asiga), commonly 
employed for producing orthodontic appliances. 
An FDA-approved UV-curable resin (Pro3Dure) 
served as the construction material. The 
mouthguard's design is based on a standard 
dental splint model (Fig. 1a) and incorporates 
two integrated microfluidic dispensers, each with 
a liquid reservoir capacity of 105 µL.

Fig. 1. 3D printed mouthguard: a) digital model con-
taining two symmetrical drug dispensers, b) the 
mouthguard mounted in the human dental model (mi-
crofluidic system filled with a blue dye for contrast).

The upper and lower layers of the reservoir are 
designed as membranes that dispense the sam-
ple when compressed by teeth clenching. Each 
dispenser features two microfluidic channels 
with individual check valves operating in oppo-
site directions, facilitating easy filling, and dis-
pensing of the sample plug (Fig. 2). The dis-
penser's location can be customized according 
to a 3D scan of the dental structure (Fig. 1b). 

Fig. 2. schematic of the ball choke valve in open and 
closed mode.

Within the valve chamber, a steel microbead 
(Cospheric) was placed via an additional side 
channel, which was subsequently sealed after 
UV exposure to a resin droplet (Fig. 3). During 
compression, the microbead in the inlet valve 
moves toward its conical section, preventing 
flow, while the outlet valve remains open. In the 
refill stage, the valves operate oppositely, pre-
venting the liquid from flowing back into the res-
ervoir.
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Fig. 3. Workflow sequence of the microfluidic drug dis-
penser: a) device empty, b) loading liquid through the 
input channel (inlet valve open, outlet valve closed), c) 
filling the reservoir with a liquid, d) device filled up, e) 
dispensing of the liquid from the reservoir forced by 
deflection of the membrane (inlet valve close, outlet 
valve opened. 

Results 
The design of the integrated microfluidic dis-
penser was optimized through a series of exper-
iments using a pressure regulator, water tank, 
and measuring cylinder. Various microbeads 
with diameters ranging from 600 to 800 µm were 
tested, with the most extreme values of forward 
flow (open valve) and reverse flow (closed valve) 
observed for the 700 µm bead (Fig. 4a). The 
study identified that reverse flow (leakage) was 
caused by imperfections on the valve cone's sur-
face, stemming from the printer's resolution limit 
of 35 µm. Nonetheless, the difference in flow be-
tween the open and closed modes was over 80 
times greater. Additionally, it was confirmed that 
while forward flow increases linearly with pres-
sure, reverse flow remains nearly constant 
(Fig. 4b). 

 

 
Fig. 4. Results of the forward (valve open) and reverse 
(valve closed) flow measurements of the microfluidic 
check valve: a) water flow in a function of ball size for 
constant pressure of 100 mbar, b) water flow in a func-
tion of applied pressure for ball size of 700 µm. 

Summary  
For the first time, a 3D-printed biocompatible 
mouthguard with an integrated microfluidic dis-
penser, equipped with a liquid refilling and distri-
bution system, has been presented. The device 
can be easily replicated and customized to meet 
individual patient needs, paving the way for the 
development of 3D-printed intraoral microfluidic 
devices for personalized medicine.  
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Summary:
GaN/AlGaN high electron mobility transistors (HEMT) were used as a pH-sensors, employing a Wheat-
stone bridge design in order to reduce parasitic effects on the sensor response. A Pt counter electrode 
was patterned directly on the sensor to achieve a more compact design and showed good operation 
characteristics. However, the signal stability was worse compared to an external counter electrode. In 
addition, we investigated the effect of different pH-sensitive gate layers, such as TiO2 and Ta2O5, as 
well as the compensation of temperature effects and light-induced drift in the Wheatstone design. 

Keywords: GaN/AlGaN, ISFET, Wheatstone Bridge, Heterostructure, pH-sensor

Introduction
Ion-sensitive field effect transistors (ISFETs) 
have attracted high research interest since their 
discovery by Bergveld in 1970 [1]. GaN/AlGaN 
HEMT structures have been demonstrated to ex-
hibit excellent pH-sensor characteristics, such 
as a high, linear response, chemically inert sur-
face and thus a small chemically induced drift [2]. 
However, these ISFETs also respond to other 
environmental parameters such as temperature 
or light and exhibit related signal drifts [3].

To reduce these effects, a Wheatstone bridge 
design was fabricated, consisting of one sensi-
tive ISFET with the GaN gate exposed to the 
electrolyte FETs for which the gate was passiv-
ated by a 500 nm thick layer of sputter-deposited 
Al2O3. Thus, the latter ones do not show a pH 
response but are still affected by parasitic pa-
rameters. In addition, a Pt counter electrode was 
also processed on the chip to reduce the overall 
size of the sensor.

Methods
The Wheatstone bridges were fabricated on 
commercial wafers AlGaN/GaN HEMT struc-
tures (150 nm GaN/ 20 nm Al0.25Ga0.75N/ 3 nm 
GaN on HR-Si substrate, 2DEG charge density 
of > 8e12 cm-2 and mobility of > 1800 cm2/Vs, 
supplied by soitec) with standard photolitho-
graphic methods. Heterostructures with and 
without 3 nm GaN cap were compared. A sketch 
of the sensor is depicted in Fig. 1. 

The sensors were glued on a printed circuit 
board and the contacts were wire bonded to the 

board. For measurement in electrolyte the con-
tacts were covered with silicone glue. The meas-
urements were performed with a three-electrode 
setup in a temperature-controlled beaker. The 
used electrolyte was phosphate-buffered saline 
(PBS 0.05 mM). For the pH-measurements titra-
tions with diluted HCl were performed.

Fig. 1 Schematic of the device. The dimensions
are 6 mm in length and 3.5 mm in width.

(1)
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Results 
To compare the on-chip electrode with an exter-
nal counter electrode, pH-measurements with 
the sensitive ISFET only were performed. The 
drain-source current IDS was regulated constant 
with the gate-source voltage VGS. In Fig. 2. the 
measurement an external counter electrode is 
shown, Fig. 3 displays the results for the on-chip 
electrode. The sensors with an on-chip electrode 
exhibit a higher noise level, most likely due to the 
smaller distance to the gate, thus leading to a 
higher leakage current as it is also visible in the 
transfer characteristics. 

 

 
Fig. 2 pH-measurement with external counter 
electrode. 

 
Fig. 3 pH-measurement with on-chip counter 
electrode.  
 

A measurement with the on-chip electrode in the 
Wheatstone bridge configuration is depicted in 
Fig. 4. The bridge sensitivity of ≈ 2.5 mV/pH is 
similar to values reported in [4] (2.3 mV/pH).  

Furthermore, temperature-dependent measure-
ments were performed to analyse the compen-
sation effects of the bridge and a significant re-
duction from 55 mV/°C to 7mV/°C. was found. 
Also, ultrathin coatings of the sensitive gate area 
with TiO2 and Ta2O5 realized by Atomic Layer 

Deposition were carried out and their effect on 
the sensor performance was studied.  

 

 
Fig. 4 pH-measurement in the Wheatstone 
Bridge configuration. 

Perspective 
The intention is to have a small and compact 
sensor. To add an on-chip reference electrode in 
addition would reduce the size of the sensor. 
Also, a combination of two different gate dielec-
trics on two sensitive ISFETs with differential 
read-out is a promising approach in that direc-
tion.   

 (1) 
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Summary:

In biosensor research, it’s important for the sensor to be non-invasive, label-free, and enable real-time 
sensing. Microwave dielectric sensors offer a promising solution. Our study proposed a dielectric sen-
sor system integrating sensors and CMOS readout circuits. It measures substance permittivity by ana-
lyzing LC oscillator frequency and amplitude via an interdigit electrode antenna. Validation included 
measuring ethanol and methanol concentrations, showing strong correlation with VNA-measured per-
mittivity. Real-time capabilities were verified by injecting air and DI water using a pump.

Keywords: dielectric constant, LC oscillator, interdigital electrode, permittivity, biosensor.

Introduction
When measuring biological samples, it's crucial 
for the sensor to be non-invasive, non-labeling, 
and capable of real-time sensing. Recently, 
antenna sensor architecture has emerged as a 
solution to meet these unmet needs. It utilizes 
electromagnetic waves to measure the permit-
tivity of samples, which represents the relation-
ship between electric displacement and applied 
electric fields. In a fundamental impedance 
experiment, we can calculate the complex per-
mittivity as eq. (1) and (2). Admittance measu-
rement reveals complex permittivity and distin-
guishes materials.

(1)

(2)

Our study proposed a dielectric sensor system 
to measure the permittivity of materials under 
test. This sensor utilizes an interdigit antenna to 
generate an electric field. In addition, it employs 
an LC oscillator and incorporates digital readout 
circuits. Analysis of antenna resonance fre-
quency and amplitude enables material per-
mittivity inference and identification of biological 
substances.

Design of Dielectric Sensor System
Fig.1 shows the block diagram of the Dielectric 
Sensor System, which comprises a CMOS die-
lectric sensor [1], an amplitude readout circuit 
and a frequency readout circuit. The readout 
circuits help us digitalize the sensor’s signal. 
The designed circuitry was fabricated by using 
the TSMC 0.18μm process. Besides, we have 
developed a digital microcontroller (STM32-
L452REP) to interface with the readout circuits. 

Fig.1 The block diagram of the Dielectric Sensor 
System.

The CMOS dielectric sensor uses interdigital 
electrodes as capacitors coupled with off-chip 
inductors to form an LC oscillator. Cross-
coupled pair transistors cancel tank resistance 
( )for stable resonance.
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Fig.2 depicts the schematic of the cross-
coupled LC oscillator. At resonance, parallel 
inductance-capacitance admittance reaches 
zero, allowing the resonant frequency and am-
plitude to be derived from eq. (3) and (4) re-
spectively [1]. 

  (3) 

  (4) 

 
Fig. 2 The cross-coupled LC oscillator. (a) Schemat-
ic(b) Equivalent circuit [1] 

By solving eq. (1), (2), (3), and (4), we can es-
tablish the relationship between the oscillating 
signal and permittivity. Eq. (5) and (6) show that 

 is linear with , and  is linear with . 

 (5) 

  (6) 

The frequency readout circuit comprises a cur-
rent mode logic circuit (CML), frequency divi-
ders, and a timer input capture circuit. The CML 
converts the oscillating signal to digital logic 
levels, allowing division by D flip-flop (DFF) 
dividers. Through 9-stage DFF division, the 
frequency becomes low enough for detection 
via the microcontroller's timer input capture 
mode. Positive edges of the sensor's signal 
trigger storing the counter value in the compare 
and capture register (CCR). Sensor frequency 
is calculated using eq. (7). 

   (7) 

We measure the oscillating signal's amplitude 
by connecting one of the NMOS transistors 
from the cross-coupled pair to a low-pass filter. 
After filtering, it becomes a DC signal. The 
microcontroller reads this DC signal digitally 
through the embedded SAR SDC at 12-bit reso-
lution, with VLSB at 0.439 mV. This digital out-
put is further filtered using a moving average 
filter to minimize environmental interference. 

Experiments and Results 
Fig. 3 shows the device of our dielectric sensor 
system. We tested its performance by measu-
ring 5 concentrations of ethanol and methanol 
samples. Parafilm was used to isolate the 
samples for non-invasive sensing. A 10 mL 

sample, with a diameter of 55 mm, was placed 
directly over the electrode, covering it entirely, 
at a height of about 4.2 mm. After a one-minute 
settling time, the system recorded one minute 
of sensor signals, from which average and 
standard deviation were calculated. 

 
Fig. 3 The device of dielectric sensor system(a) The 
die photo of CMOS dielectric sensor. (b) The measu-
rement setup. 

Fig. 4 shows our sensor's signal correlation with 
substance permittivity from Vector Network 
Analyzer (VNA), following eq. (5) and (6). 
These results affirm high correlation, validating 
our dielectric sensor system's accuracy and 
reliability in permittivity measurement. 

 
Fig. 4 Sensor output vs. substance’s permittivity 

(a) (b) . 

To verify it’s real-time sensing capability, we use a 
pump to inject DI water and observe the sensor’s 
response over time. Our assumption is that both 
frequency and amplitude will decrease as DI water 
has a higher permittivity than air. Once the DI water 
is fully injected, the pump switches to injecting air. 
The signal will increase but won’t return to its initial 
level due to the remaining water. Fig. 5 depicts these 
results, showing a signal decrease at 25 seconds 
and an increase at 270 seconds, matching our pump 
settings. These results confirm the real-time sensing 
capability of our dielectric sensor system. 

 
Fig. 4 Sensor output vs. time (a)Frequency vs. time 
(b)Amplitude vs. time. 
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Summary:
Sensor based systems for cell analysis are well established and actively used in biomedical research 
and drug development. However, sensor materials and detection principles embedded in the current 
systems are not optimal. We describe advanced solid-state sensing materials which provide photolu-
minescence lifetime based sensing of pH and O2 and calibration-free operation on existing detection 
platforms. They are demonstrated with mammalian cells and tissue samples, measuring their Oxygen 
Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR).

Keywords: Photoluminescent oxygen and pH sensors; Luminescence lifetime based sensing; OCR 
and ECA measurement; Cell metabolism and bioenergetics;

Introduction
Optochemical sensors, mainly the photolumi-
nescent O2 and pH sensors, have been suc-
cessful in cell analysis. By allowing high 
throughput contact-less measurement of the 
oxidative phosphorylation (OCR) and glycolytic 
(ECAR) fluxes of cultured cells under different 
physiological conditions, they enable a detailed 
analysis of cell bioenergetics and metabolism.
The two main sensing approaches are Luxcel 
Mitoxpress probes and Seahorse XF (eXtracel-
lular Flux) analyzer.

Luxcel’s open architecture platform uses solu-
ble phosphorescent O2 and pH probes and 
detection on a standard plate reader in stand-
ard microplates (with oil seal for the OCR) [1]. 
Having moderate sensitivity, this platform pro-
vides highly accurate, multiplexed, calibration-
free detection, via lifetime based sensing of 
both O2 and pH. While the integrated opto-
mechanical XF analyzer operates with dedicat-
ed microchamber plates reversibly sealed with 
moving pistons which also contain solid-state 
O2 and pH sensor coatings. Although the XF 
allows user-friendly hands-free operation with 
sensitive and sequential OCR and ECAR 
measurement and effector additions [2], it uses 
non-optimal and outdated sensor chemistries
and intensity based sensing of O2 and pH. So, 
there is a need in improved sensing materials 
and detection systems for such applications,
particularly for pH and dual pH/O2 sensing.

Description of the New Method or System
Recently, we have developed a panel of new 
solid-state fluorescent pH sensitive materials 
comprising fluorescent porphyrin dyes embed-
ded in plasticized PVC matrix, together with a 
proton transfer agent (a lipophilic borate salt) 
[3]. Such materials show prominent reversible 
response to pH (pKa 6-7, tunable), changing 
their fluorescence intensity, intensity ratio and 
lifetime characteristics. The ns lifetime based 
detection, which has internal referencing capa-
bilities, is particularly useful, as it enables the
design of robust calibration-free pH sensing 
systems. Furthermore, the new pH sensors are
multiplexable with Pt-porphyrin based O2 sen-
sors which phosphoresce in the s time range.
The resulting dual pH/O2 lifetime based sensors 
have the same detection settings: 380-410 nm 
for the excitation and 600-670 nm for emission.
This simplifies their detection and temporal 
multiplexing.

Results
We have carried out rigorous characterization 
and optimization of the new lifetime based pH 
sensors, for use in pH/ECAR measurements.
Optimization parameters included the type of 
pH sensing dye (OEP, OEPK) and PTA (sever-
al borate salts), their concentrations and con-
centration ratio in the sensor, pH calibrations 
(Abs and Fl spectra, fluorescence lifetimes),
determination of the corresponding pKa values
and measurement ranges. Such sensor coat-
ings were applied on planar substrates (Mylar 
film) and on 96-well plates, and reproducibility 
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of disposable calibration-free pH sensors and 
batch-to-batch variability were studied, so as 
possible toxic action of the sensors on cells, 
operational and storage stability, response time, 
cross-sensitivity with the O2 sensors.  

Thus, images of the OEPK based sensor dots 
in Figure 1 reveal that their Intensity signals are 
strongly influenced by dye concentration and 
sensor thickness, while lifetime signals are de-
termined mainly by sample pH, producing nar-
row and distinct distributions at different pH.  

Figure 1. Fluorescence intensity and lifetime images 
of the OEPK based sensor coatings at pH 6.0 and 
7.5 (top panel) and corresponding lifetime distribu-
tions (bottom panel), 21oC. 

Since the sensors have stable and accurate LT 
calibration (Figure 2), they allow calibration-free 
operation on disposable or continuous basis for 
the measurement of pH and ECAR. Figure 2 
also shows that the OEPK sensors are usable 
over the pH range 5.0 – 7.0 changing their life-
time from 3 ns to 6 ns, i.e. ~2-fold. And the 
OEP sensors work over the pH range 6.5 – 8.5 
and have lifetime span from 7.5 ns to 12.5 ns.  

Subsequently, the pH sensor coatings, deposit-
ed on suitable substrates (polyester film or pol-

ypropylene microplates), were demonstrated in 
the following biological experiments: i) ECAR 
measurements for HCT116 cells in 96WPs 
under different treatments [3]; ii) imaging extra-
cellular pH in cultured multicellular spheroids 
formed by HCT116 cells  [3], and iii) in ex-vivo 
tumor tissue and normal muscle tissue from 
mice [4]; iv) simultaneous ECAR/OCR meas-
urement in HCT116 cells using OEPK/PtOEP 
dual pH/O2 sensor coatings.  

Fig. 2. Calibration curves for the pH sensors based 
on OEP and OEPK dyes in fluorescence lifetime 
scale, PBS, 21oC. 

Overall, the new fluorescence lifetime based pH 
sensors and dual pH/O2 sensors hold promise 
for use in cell analysis and tissue imaging. 
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Summary:
We present a nanophotonic fiber-tip sensor with an unprecedented combination of quality factor, re-
flection modulation, and mode confinement by using advanced design methods. Due to this unique 
combination it allows for the detection of nanoscale objects, where we experimentally demonstrate the 
real-time detection of single 50 nm nanoparticles.

Keywords: Nanophotonics, Photonic Crystal Cavities, Fiber-Optic Sensors, Fiber-Tip Sensors, Nano-
particles

Introduction
Fiber-optic sensors allow for accurate and re-
mote sensing of the properties of the surround-
ing medium while being minimally invasive and 
insensitive to electromagnetic interference. The 
most common fiber-optic sensor, the fiber 
Bragg grating (FBG), relies on the periodic 
modulation of the core of the fiber. FBGs are
typically only sensitive to temperature and 
strain. To increase the functionalities of fiber-
optic sensors, many types of “lab-on-fiber” 
technologies have been proposed and investi-
gated, which combine a local resonant structure 
in or on the facet of an optical fiber [1,2]. Gen-
erally, fabrication methods for micro- or 
nanostructures on the tip of a fiber lack scalabil-
ity and flexibility. However, recently, our group 
developed a wafer-to-fiber transfer technique
where a suspended nanopatterned semicon-
ductor membrane is defined and transferred to 
the fiber through a hole etched in the substrate
[3]. Using this membrane-on-fiber technology,
photonic crystals (PhCs) based on guided 
mode resonances were placed on top of a fiber.
These designs have a relatively low quality 
factor and delocalized field distribution, which 
limit their sensing performance. In this work, we 
demonstrate that placing a photonic crystal 
cavity (PhCC) on a fiber-tip is possible. Using 
advanced design techniques we experimentally 
show fiber-tip sensors with quality factors in the 
order of multiple 1000s, tightly confined modes 
with Vm=0.72 (λ/n)3, and efficient coupling with
standard single mode fibers (SMF-28). This 

results in the highest Q/V ratio of any fiber-tip 
sensor with the added benefit of efficient cou-
pling resulting in a large reflection modulation.
An example of the fiber-sensor can be seen in 
Fig. 1. We demonstrate the practical use of the 
sensor in the real-time detection of single na-
noparticle, which is made possible due to the 
highly localized mode. We specifically show the 
real-time detection of single 50 nm polystyrene 
particles.

Fig. 1. Scanning electron microscope (SEM) image 
of the nanophotonic fiber-tip sensor. Inset: zoom-in of 
the optimized cavity.

Simulations
The main challenge for fiber-tip PhCCs is the 
spatial and angular mismatch with the fiber 
mode, leading to poor coupling efficiency. The 
PhCC radiation pattern can be controlled by 
repositioning a subset of holes and defining a 
subharmonic lattice [4], referred to as gentle 
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confinement and bandfolding respectively. In 
this work we make use of an open-source gra-
dient-based optimization method based on 
guided mode expansion (GME), which alters 
the hole position surrounding the cavity to im-
prove an objective function [5]. Here, we opti-
mize the quality factor, the efficiency, and the 
mode volume. After optimization the result is 
simulated in the finite element method (FEM) 
software COMSOL Multiphysics. For our case 
the coupling efficiency increased from η=0.008 
to η=0.126, while simultaneously increasing the 
quality factor from Q=1850 to Q=4400. 

Characterization 
The PhCCs were fabricated with standard sem-
iconductor nanofabrication techniques and 
transferred to the facet of optical fibers using 
the approach described in Ref. [3]. For the 
PhCCs on fiber-tips we routinely obtain sensors 
with Q-factors in the multiple 1000s in combina-
tion with coupling efficiencies over 10%. This 
corresponds in a fiber-tip sensor with one of the 
highest Q/V ratios with considerably larger re-
flection modulations compared to other demon-
strated fiber-tip sensors. 
Sensing 
Due to its narrow line width and high reflection 
modulation, the optimized PhCC on fiber-tip can 
be used as a precise sensor for multiple pa-
rameters. Here, we demonstrate two applica-
tions: refractive index (RI) sensing and single 
nanoparticle sensing.  

Fiber-tip RI sensors have applications for in-line 
sensing and remote monitoring where the com-
position in (bio)chemical processes can be as-
sessed, with the benefit of having an extremely 
small footprint. Furthermore, when adopting 
proper surface functionalization techniques RI 
sensors can be used for the specific detection 
of biomarkers. By dipping the fiber-tip sensor in 
solutions of deionized water (DI) and isopropa-
nol (IPA) with a range of mixing ratios, we ob-
tain a sensitivity of Sn=79 nm/RIU with a limit of 
detection of LoD=3σλ/Sn=4.5·10-6 RIU . 

Additionally, using the unique features of our 
nanophotonic fiber-tip sensor we are able to 
sense single nanoscale objects such as nano-
particles. Here, we use an aqueous suspension 
of positively charged amine-coated polystyrene 
particles (n=1.56) with a diameter of 50 nm. 
Using plasma cleaning the surface of the sen-
sor is activated which results in negatively 
charged hydroxyl groups that lead to random 
adsorption of the nanoparticles on the surface 
due to electrostatic interactions. In Fig. 2 the 
resonant wavelength shift as a function of time 
can be seen in the top graph and the differential 
shift can be seen in the bottom graph. Multiple 

discrete red-shifts are observed which are at-
tributed to the binding of single 50 nm particles 
[6]. 

Fig. 2. Resonant wavelength shift (top) and differ-
ential shift (bottom) over time of binding of 50 nm 
particles on the PhCC fiber-tip sensor. 

Conclusions and outlook 
In this work, we showed a fiber-tip sensor with 
an unprecedented combination of quality factor, 
reflection modulation, and mode confinement. 
We demonstrated that this sensor can be used 
to detect single nanoparticles down to 50 nm in 
diameter. The proposed sensor has immediate 
applications in biosensing, industrial sensing, 
and air-quality monitoring. By using suspended 
structures and high-NA fibers, nanophotonic 
cavities with best-in-class characteristics can be 
realized with applications from single-photon 
emitters to nano-optomechanical sensors. 
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Summary (max 6 lines of text, no symbols):
Optical sensors enable remote measurement at high-precision, but the need for expensive readout 
equipment, such as a spectrometer, hampers their practical application. To overcome this limitation, we 
propose multispectral readout as an alternative approach for sensor readout, using a small number of 
photodetectors in an integrated chip. We demonstrate this concept using a multispectral chip with four 
photodetectors, reaching a wavelength imprecision of 5 pm for refractive index sensing and biosensing.

Keywords: optical sensors, readout, resonance wavelength, integrated chip, photodetectors, high-
resolution, picometer,  refractive index, bio sensor

Introduction 
Optical sensors enable measurement of many 
different physical parameters with high preci-
sion, are immune to electromagnetic interfer-
ence and allow remote sensing via optical fibers. 
Encoding the measurand in the optical spectrum, 
such as the wavelength of a resonance peak or 
dip, is widely used as it is most tolerant to exter-
nal disturbances. Mostly, expensive readout 
equipment with high spectral resolution is used,
such as a spectrometer or a laser-based interro-
gation system. However, in terms of cost and 
robustness, this readout equipment is not suited 
for most practical applications, e.g. in industry or 
healthcare.

From a fundamental point of view, high spectral 
resolution is not required to detect small spectral 
changes, e.g. a shift in the resonance wave-
length. We suggest multispectral readout as an 
alternative approach using a limited number of 
photodetectors with low spectral resolution. 
Measuring the photocurrent of these photode-
tectors with high signal-to-noise ratio enables an 
accurate determination of the resonance wave-
length. Based on information theory [1], it can be 
shown that the lowest imprecision can be 
reached if sensor and photodetectors have 
approximately the same linewidth.

Here, we present an integrated readout chip with 
an array of four photodetectors with a total area 
of 1.6 x 1.6 mm2, which can be mass-produced 
at low cost. We show that the wavelength impre-
cision in the measurement of spectral features 
exceeds the performance of a spectrometer at 

equal integration time. We demonstrate this 
readout approach for two sensing applications: 
Refractive-index sensing on the fiber tip and 
biosensing.

Integrated multispectral chip
The multispectral chip consists of four resonant-
cavity-enhanced photodetectors [2], fabricated 
using InP-membrane-on-silicone (IMOS) tech-
nology. [3] The absorbing layer is embedded in 
a planar microcavity, leading to enhanced 
absorption at specific wavelengths. [2] The four 
photodetectors achieve peak responsivities of 
0.78-0.9 A/W at different wavelengths (see 
Fig. 1), as the optical path length between the 
mirrors is varied by a tuning layer. [3]

Fig. 1. Responsivity of the photodetectors (PD) in 
the multispectral chip (photo).
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Refractive index sensing 
The refractive index (RI) sensor consists of a 2D 
photonic crystal (PhC) (hexagonal lattice of 
holes in an InP slab) transferred to the cleaved 
facet of a multi-mode optical fiber with 105 µm 
core, using a mechanical transfer method  
developed within our group [4]. The PhC sup-
ports a resonance at 1519 nm, which leads to a 
peak with FWHM = 18.4 nm in the reflection 
spectrum. When the RI of the surrounding  
medium is varied by immersing the sensor in iso-
propanol-water mixtures with different concen-
trations, the resonance peak shifts (see Fig. 2) 
and the detected photocurrents change. Using a 
calibration set, for which the resonance wave-
length is known, a prediction model is built to  
determine the wavelength directly from the 
measured photocurrents. Using this prediction 
model, we can experimentally demonstrate a 
wavelength imprecision of 5 pm, which exceeds 
the performance of the spectrometer (see  
Fig. 2). For this RI sensor, this wavelength im-
precision corresponds to 3.7 x 10-5 RIU. 

 
Fig. 2. RI sensing with multispectral readout. Top: 
accurate wavelength determination, Bottom: impreci-
sion exceeds conventional spectrometer. 

Biosensing 
For biosensing, the surface of a 2D PhC (hexag-
onal lattice of holes in SiN layer on glass sub-
strate) is functionalized with Immunoglobulin G 
(IgG, common biomarker) as receptor molecules 
by physisorption. This molecule specifically 
binds its natural antibody (anti-IgG), which leads 
to a local refractive index change and therefore 
a shift in the PhC resonant modes. From the cor-
responding photocurrent changes, the wave-
length of the dominant resonance peak can  
directly be determined. To build a calibration 
data set, the biosensor is first exposed to isopro-
panol-water mixtures of various concentrations 
(see Fig. 3). The experimental data shows a 
clear correspondence of spectrometer data and 
the multispectral readout prediction. Additional 
experiments show that we can specifically detect 
anti-IgG molecules with in this way. When 

integrating over a few seconds, an imprecision of 
about 5 pm can also be reached for the readout 
of the biosensor. Assuming linearity between the         
biomarker concentration (anti-IgG, c=100 nM) 
and the total wavelength shift (Δλ=0.5 nm), this 
wavelength imprecision σλ corresponds to a limit 
of detection  

LoD = 3σλ c / Δλ  = 3 nM 

for this antibody-antigen pair. 

 
Fig. 3. Biosensing with multispectral readout: clear 
correspondence with spectrometer data. 

Conclusion and Outlook 
Resonance-based optical sensors enable the 
measurement of a large range of physical pa-
rameters with high sensitivity and under remote 
conditions. As an alternative to bulky, expensive 
and fragile readout equipment such as spec-
trometers, we propose multispectral readout, 
which is based on a limited number of photode-
tectors with low spectral resolution. We experi-
mentally demonstrate this approach and show 
the detection of wavelength shifts down to 5 pm, 
exceeding the performance of a high-resolution 
spectrometer. As application cases, we present 
the readout of a fiber-tip refractive index sensor 
and a biosensor. This approach can pave the 
way for a broader application of optical sensors 
in industrial and health-care contexts without the 
need for expensive readout equipment. 
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Summary:
Spectral sensing in the near-infrared is a powerful method for non-destructive analysis of material 
composition in a wide variety of applications. A spectral sensor typically consists of an array of detec-
tors, each responsive in a given spectral band. We have demonstrated an algorithm capable of tailo-
ring spectral sensors to specific applications. By optimizing for all combinations of spectral bands a
non-trivial solution can be found, outperforming hand-picked designs. High sensing performance can 
be achieved even with a few pixels, resulting in cost-effective spectral sensors with simple read-out.

Keywords: “Spectral sensors”, “application-specific”,  “optimization”, “near-infrared”, “noise”

Motivation
Spectral sensing using near-infrared (NIR) light 
is becoming increasingly valuable for material 
analysis. The NIR region contains overtones of 
molecular bonds, enabling the analysis of
chemical composition in a wide variety of fields.
For this reason, miniaturized, portable sensing 
solutions are sought to replace expensive and 
bulky lab equipment in the chemical and agri-
cultural sectors. We have earlier demonstrated 
a 16-pixel array of resonant-cavity detectors 
(900-1700nm) with a footprint of 2.25mm2,
without movable parts, providing robust perfor-
mance for on-field sensing [1]. Fabrication can 
be done using optical lithography, making it
suitable for mass production [2]. This method 
has proven effective for a wide variety of appli-
cations [3].

Due to the broad and overlapping spectral sig-
natures of chemical bonds in solids and liquids,
there is a lot of redundant information in NIR 
spectra. For example in filter-based sensing 
approaches this results in efforts to tailor the 

filter responses to suit the applications [4-7].
We propose and demonstrate an approach to 
the optimization of the number and structure of 
the pixels in a NIR spectral sensor to achieve 
improved performance and reduced fabrication 
and read-out complexity.

The effectiveness of such an approach is 
demonstrated for the measurement of ethanol 
concentration in water. We show that, even with 
a few pixels, high sensing performance can be 
achieved. Using a numerical optimization algo-
rithm can result in a non-trivial solution that 
outperforms handpicked designs. Especially in 
noisy environments, fewer pixels on the same 
sensing area can outperform a higher number 
of channels due to increased signal-to-noise 
ratio (SNR), which is valuable in sensing sys-
tems with low optical throughput.

Method
The application-specific optimization is sche-
matically represented in Fig.1. Our sensor pix-
els consist of InGaAs photodiodes integrated 
with a Fabry-Perot cavity, where the thickness 
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of a tuning layer controls the spectral position of 
the responsivity peaks. We note that each pixel 
presents multiple peaks, which makes intuition-
based optimization challenging. In order to pre-
dict the performance of a sensor array with 
arbitrary configuration, the responsivity curves 
are simulated using the transfer-matrix method. 
The photocurrents are simulated by integrating 
the incident spectrum with the responsivity 
curves of each pixel. By applying white noise 
with standard deviation σ to the photocurrents, 
the result can be scaled to SNR. The photocur-
rents can be used for partial least squares 
(PLS) modelling to obtain the prediction accu-
racy of this configuration for the sensing prob-
lem. The accuracy is optimized using a particle-
swarm optimization (PSO), where the input 
parameters are the thicknesses of the tuning 
layers which determines the resonant wave-
lengths. When varying the number of pixels the 
sensing area is kept the same, meaning that a 
1-pixel device is expected to have 16 times the 
signal of a 16-pixel sensor. Additionally, the 
performance of an array is averaged over a 
range of noise values, corresponding to the 
experimental situation. In the optimization 60% 
of the dataset is used and 40% is kept as test 
data for the final design.  
Results 
Fig. 2 shows the results of the optimization 
applied to a dataset of transmission spectra for 
mixtures of ethanol in water, with varying con-
centrations from 0% to 53%. The optimization is 
performed for varying pixel configurations. It 
can be seen that the root-mean-square error of 
the PLS prediction increases with increasing 
noise σ for all amounts of pixels. Most notably, 
there are noise regions where a 4-pixel device 
outperforms 8- and 16-pixel devices.  

 
Fig. 1. Error of prediction vs noise on the readout for 
arrays with varying amounts of pixels. 

Since this region corresponds to the expected 
SNR of our sensor, a 4-pixel device was further 
investigated before fabrication. Fig 3a shows 
the improving ratio of performance to deviation 
(RPD) on the training data throughout the itera-
tions of the PSO. Because there are a lot of 

initial evaluations, the starting point is already 
reasonably good. An evaluation on test data 
kept outside of the optimization with σ=1, the 
optimal case in our region of interest, shows 
potential for up to RPD=22.1 (Fig. 3b). As an 
RPD of around 3-4 is generally considered a 
good model, this shows that even with few pix-
els, high sensing performance can be achieved. 
As a lower number of pixels reduces the com-
plexity of fabrication and packaging, these re-
sults show the potential of application-specific 
spectral sensing. An experimental demonstra-
tion of this concept is under way and will be 
discussed at the conference. 
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A wearable sensing module that was extensively miniaturized from the existing one was proposed, de-
signed, fabricated, and verified in this work. The signal response was based on the capacitance change 
generated by the force acting on a corresponding capacitive pressure sensing element. Wireless com-
munication was achieved through Bluetooth from practical viewpoint, along with the development of a 
user interface and database. Results indicate that the measurement tolerance was below 1% and the 
module was reduced by 85% in volume when compared with its previous counterpart.

Keywords: Database, force sensor, system miniaturization, wearable device,

Introduction
In the contemporary era of technological ad-
vancements, various types of sensors are being 
developed for monitoring various physical quan-
tities, contributing to the widespread adoption of 
the Internet of Things

Among various system integration scenarios, 
one approach involves the miniaturization or 
scaling of sensor components compactly. An ex-
isting system composed of sensor components 
and wearable devices showed limited support on 
functionality and user experience (such as non-
ergonomic feeling, bulky volume, heavy weight, 
and complex wiring) [1].

Our previous work [2] demonstrated that the ca-
pacitance measurement had to be done through 
a commercialized printed circuit board (PCB).
When paired with another Bluetooth module, the 
transmission port was capable of data collection
and processing.

Nevertheless, the size of the transmission port 
that includes the evaluation PCB, Bluetooth 
module, and battery was showed the aforemen-
tioned drawbacks. Consequently, we report an
extensively miniaturized module that enhances 
the feasibility of practical applications by optimiz-
ing electronic components and their routings, 
particularly for wearable and sports science ap-
plications.

Design and Realization
To realize force sensing, a control unit was de-
signed (Fig. 1). The signal processor captured

the capacitive responses through the sensor in
milliseconds, converted them into digital signals, 
and repassed them to the microprocessor. Sub-
sequently, the microprocessor was able to trans-
mit the digitized signals to the host computer by 
the Bluetooth low energy technique. After com-
paring with the database, the corresponding 
force values were calculated and exhibited to the 
user, completing the force sensing measure-
ment.

Fig. 1. System integration block diagram of the con-
trol and sensing unit

The control unit was integrated on a PCB. To 
connect the capacitive pressure sensing sensor, 
an edge connector with gold fingers was utilized, 
ensuring stable contact between the connector 
and interface. The overall circuit board size was 
measured 26.7 mm x 46.5 mm in the xy-plane
(Fig. 2). Additionally, a lithium-ion polymer bat-
tery of similar same size (capacity of 1500 mAh)
was stacked underneath in a watch fashion (Fig. 
3(a)). The entire circuit board was further 
mounted in a 44 mm x 39 mm x 17 mm housing 
with an overall weight of 48 grams (Fig. 3(b)) and
detachable wristband (Fig. 3(c)).

EUROSENSORS XXXVI 212

DOI 10.5162/EUROSENSORSXXXVI/OT9.253 



 
Fig. 2. Capacitance of Ceramic capacitors vs meas-
ured capacitance. 

 
Fig. 3. The proof-of-concept of the (a) transmission 
port in whole, (b) enlarged housing and circuits, and 
(c) detachable wristband design. Scales are all 10 mm. 

Figure 4 shows the accuracy verification of the 
proof-of-concept, in which capacitance meas-
urement was conducted through commercialized 
standard ceramic capacitors (Fig. 4). The mod-
ule exhibited a response delay of approximately 
100 ms, and the measurement error was less 
than 0.3%. 

 
Fig. 4. Verification of capacitive responses between 
the commercialized capacitor and  measured capaci-
tance. 

Results 
Figure 5 shows the relationship between force 
and capacitance. The relative capacitance val-
ues of the pressure sensing element show a pos-
itive correlation, with followed the expectation 
and complied with the findings in literature [3]. 
The highest sensitivity occurred in the force 

range of 0 N to 1 N, which satisfied the required 
dynamic window of badminton posture monitor-
ing [2]. The linear coefficient of determination 
reached 0.9975, indicating the accuracy of the 
existing sensor and the realized miniaturized 
transmission port. 

 
Fig. 5. Capacitance changes in actual application. 

Figure 6 shows the results of a blind test of the 
control unit by installing the sensing unit on the 
industrial gripper (robot). the detection tolerance 
between the predicted and the actual force was 
less than 1%. 

 
Fig. 6. The blind test results of the force measure-
ment system with existing sensor and the proposed 
transmission port. 
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Summary:
Across the domain of Internet-of-Things sensors, a key factor which restricts the long-term operation of 
devices is energy. This restriction becomes especially prominent as the size of devices is decreased
and flexibility is needed, for example in body-worn applications. This publication documents the design, 
optimisation, fabrication and verification of a novel flexible thermoelectric energy harvesting system for 
powering body-worn sensors. A solution is produced which is able to transmit temperature information 
at 25 minute intervals by harvesting 13.6 µW of energy from a 25K temperature difference.

Keywords: energy-harvesting, thermoelectrics, sputtering, optimisation, bluetooth

Background and Motivation
Energy harvesting systems for wearable tech-
nologies are often engineered to provide energy 
output during certain activities, for instance when 
the user is in a lit room or actively doing exercise.
Few technologies can sustainably power a sys-
tem at night or during periods of inactivity.

Thermoelectric energy harvesting devices are a 
technology which could potentially supplement 
this power deficit, by providing small amounts of 
power during inactive periods to allow for the 
continuous operation of devices, generated from 
the heat output of the user’s body, thus removing 
the need for overnight charging [1]. Creating 
these in a flexible and wearable format, however, 
is challenging, owing to restricted power output
caused by the thin film design.

In this work we have created an optimised flexi-
ble thermoelectric generator, using the deposi-
tion method of sputtering. Sputtering is a large-
area and scalable technique that offers high de-
grees of material tuneability and control, ideal for 
producing flexible thermoelectric generators (f-
TEGs) that offer energy outputs required by ap-
plications such as an Internet-of-things (IoT) 
sensing device [2].

Whilst several sputtered thermoelectric genera-
tors are proposed in existing literature [3], few 
are combined with real-world IoT devices in a
system, due to the nanowatts of power pro-
duced. This work harnesses the power gener-
ated by the optimised flexible thermoelectric

generators, and powers Bluetooth system, high-
lighting thermoelectrics potential for an energy 
harvesting system for wearable sensors. 

Optimised f-TEGs
This work showcases the design, optimisation 
and manufacture of a novel flexible thermoelec-
tric generator (f-TEG) for wearable applications. 
Traditional antimony telluride (Sb2Te3) and bis-
muth telluride (Bi2Te3) were selected as the p-
type and n-type thermoelectric materials, owing 
to their high thermoelectric performance and al-
lowing demonstration of improvements on cur-
rent state-of-the-art. They are manufactured by 
sputtering onto a polyimide substrate, chosen to 
withstand the heat treatment needed to enhance 
material properties, whilst maintaining flexibility
(see Fig 1b) [4]. Optimisation includes thermoe-
lectric leg length (see Fig 1a), thermoelectric 
thickness, crystallinity and deposition speed. 
The aim of this was to achieve a manufacturable 
thermoelectric generator, with peak performance
(see Fig 2).

f-TEGs powering a Bluetooth system
16 f-TEG units are connected in series to pro-
duce a maximum voltage which is capable of 
powering an energy-harvesting sensing device. 
The electrical energy output is then connected to 
an e-peas AEM2094 energy-harvesting SoC so-
lution and NRF52 Bluetooth low-energy sensing 
device which could be utilised to relay data from 
a temperature sensor to a mobile device for col-
lection and monitoring. 
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Results 
The optimum design has a leg length of 6 mm, 
an overall area of 13 cm2, and is 135 µm thick. 
The output power density for a single optimised 
generator at a 25K temperature difference is 
0.33 µW/cm2.  

Connecting 16 of the f-TEGs in series resulted in 
the voltage and current shown in Figure 3a, 
when swept through load resistances in a range 
of 0Ω to 1kΩ. For the test duration, the tempera-
ture differential was maintained at 24K (18ºC 
cold-side, 42ºC hot-side) and the load resistance 
was varied. A maximum power output of 38µW 
was achieved with a 20K temperature difference.  

 
Fig. 1. a) 3D schematic of a f-TEG, with n-type 
and p-type thermoelectric legs connected elec-
trically in series and thermally in parallel, on a 
polyimide substrate. b) Photograph of 6 fabri-
cated f-TEGs sputtered in a scalable way.  

 
Fig. 2. a) Photo of thermoelectric generators 
with three different leg lengths (b) Output volt-
age, current and power density for thermoelec-
tric generators with varying leg length, demon-
strating optimised leg length.  

When connected to the AEM2094 energy-har-
vester and Bluetooth device, the arrangement of 

f-TEGs was successfully utilised to charge a 
6600 µF capacitor bank at 13.6 µW, allowing 
sensor data values to be transmitted once every 
25 minutes with a 25 ºK difference. 

 
Fig. 3. a) Output of 16 f-TEGs in series at a va-
riety of load resistances at 24K temperature dif-
ferential b) Capacitor voltage over time demon-
strating the harvester charging a capacitor. 

Figure 3b shows the voltage held in the capacitor 
bank over time, with successful charge cycles 
switching power into the IoT sending device and 
allowing it to transmit the value of a temperature 
sensor to a nearby Bluetooth data collector.  

This demonstrates this f-TEG systems capability 
as a chosen energy harvesting technology for 
body worn sensors, providing continuous power. 
Next steps are to sew this into a garment to per-
form body worn tests.  
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Summary:
This work presents an advanced sensor system design developed to improve diagnostic methods for
sustainable building renovation, with focus on the optimization of energy efficiency and the achieve-
ment of significant CO2 reduction in the construction sector.

Keywords: Building Information Modeling, CO2 Reduction, Environmental Monitoring, Smart Sensor
Networks, Non-Destructive Evaluation

Introduction
Considering the challenges posed by climate 
change, it is imperative to adopt innovative strat-
egies in all sectors, with particular focus on con-
struction and real estate, which are well-known 
contributors to energy consumption and CO2 
emissions. Sustainable renovation represents a 
pivotal approach for enhancing energy effi-
ciency, reducing energy demand and improving 
environmental footprints through precise re-
source management and energy-efficient con-
struction practices [1].

In the field of building management, the focus on 
components such as facades, windows, insulat-
ing elements, etc. is of paramount importance, 
as regular inspections and condition assess-
ments are vital for ensuring the structural integ-
rity, functionality, reliability and lifespan of these 
complex structures [2]. However, conventional 
visual inspections are not capable of ensuring 
complete condition monitoring of these struc-
tures, resulting in incomplete evaluation and 
premature replacement [3]. Additionally, there is 
a lack of documentation, which is further com-
pounded by the digitalization gap in this sector. 
The construction industry presents a challenge 
in the absence of reliable data to substantiate the 
accuracy of assumptions [4].

Consequently, integrated sensor systems may 
be regarded as a pivotal technology for overcom-
ing these limitations, offering a non-destructive 

monitoring tool that may lead to an extension of 
the lifespan of the aforementioned elements [5].

Materials and Methods
The presented sensor system (Figure 1) is 
based on an ultra-low energy and miniaturized 
but nevertheless modular multi-channel data-
capture platform with an advanced microcontrol-
ler platform at its core. Its intended purpose is to 
measure crucial environmental parameters such 
as temperature and humidity as well as mechan-
ical loads, for example vibrations or shocks. The 
integration of this system into various compo-
nents and spaces necessitates a novel ap-
proach, combining advanced circuit design and 
packaging technologies to create a super com-
pact yet robust design. 

For this purpose, a sensor system was designed, 
combining six channels of analog-to-digital con-
version, complemented by a high bandwidth pre-
processing stage used for filtering and signal 
conditioning. Additionally, a dual-stage voltage 
converter was added, providing a stable power 
supply from almost any source. Subsequently, 
the data undergoes processing, analysis and 
compression at the microcontroller level. This 
data is then transmitted via the standard UART 
interface to the communications module, which 
enables both wired and wireless communication. 
The integration of all components of the sensor 
system within very small dimensions was made 
possible using a multilayer circuit design, a min-
imum copper structure width of 50 µm, 
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innovative stacked micro-via technology and 
state-of-the-art sub-miniature XQFN and BGA 
packages. 

Fig. 1. Sensor System 

By implementing highly efficient measurement 
and data processing routines, a single-digit mA 
average power consumption was achieved with 
standby currents in the lower µA range. This al-
lows the use of energy harvesting as power 
source together with next generation solid-state 
batteries. Those features will be added to the 
sensor system in the near future. 

A 3x5 (height x depth) array was constructed be-
hind a balcony door using a sensor system. The 
sensors were positioned at a constant distance 
of 0.5m in both directions. The measurements 
were conducted in a 42m² room over a period of 
35 minutes. The door was open for ten minutes. 

Results 
Figure 2 presents the results of the measure-
ment, with the interval of airing marked in grey. 
The measurement matrix enables the analysis of 
dynamic changes over time and position. The 
temperature and CO2 concentration exhibit a 
rapid decline upon opening the door and a sub-
sequent increase upon closure. In contrast, the 
humidity displays a precipitous decline following 
the opening of the door, followed by a gradual 
increase during airing. The outer humidity was 
above 50%. For graphical presentation, the sen-
sor exhibiting the most characteristic behavior 
during the airing process was selected. The suit-
ability of the sensor as a representative for the 
entire measurement array was evaluated 
through a correlation analysis of all values above 
the time. 

Fig. 2. Multimodal Status Measurement 

Discussion and Conclusions 
To summarize this process, it is possible to dis-
play a measurement with one point in this array. 
To analyze the dynamic sizes, it is necessary to 
include intelligent software. In the future, further 
miniaturization of the system is planned to facili-
tate the implementation of sensor networks in 
the field of building renovation. This develop-
ment will be complemented by advanced wire-
less data management to ensure efficient and 
scalable monitoring of the renovation processes. 
Furthermore, preparations are being made for 
the integration of energy harvesting technologies 
to enable autonomous power supply for the sen-
sors, thus contributing to the reduction of energy 
consumption and increasing CO2 savings. 
These technological advances lay the founda-
tion for a new generation of sensor systems that 
pave the way for a more environmentally friendly 
and sustainable future in the renovation sector. 
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Summary:
Biosensors play a crucial role in modern healthcare, providing continuous monitoring of various physi-
ological parameters. However, the reliance on batteries that require replacement introduces interrup-
tions in data acquisition process and for this reason energy harvesting methods that convert human 
body energy into electricity have attracted considerable research interest. In this study, a novel hybrid 
energy harvester that combines piezoelectric and reverse electrowetting on dielectric (REWOD) tech-
niques is investigated. The key working principle revolved around the electrical double layer present in 
the REWOD component and coupling it with a piezoelectric generator via an electret. By harnessing 
biomechanical vibrations with a piezoelectric material and the REWOD unit, the overall power output 
of the biosensor was enhanced. The proposed design was evaluated through numerical simulations 
and a series of experimental tests. The findings contribute to the advancement of self-powered bio-
sensors, enabling seamless and continuous data acquisition without relying on external batteries.

Keywords: energy harvesting, REWOD, piezoelectric, electrical double layer, wearable biosensors, 
continuous monitoring

Title
A Hybrid Piezoelectric - Electrostatic Energy 
Harvester for Wearable Biosensors

Headlines
This work discusses the development of a novel 
hybrid energy harvester that combines piezoe-
lectric and reverse electrowetting on dielectric 
(REWOD) technologies.

Background, Motivation an Objective
Modern healthcare relies extensively on im-
plantable and wearable biosensors to continu-
ously monitor physiological data of patients.
These devices can play a crucial role among 
others in disease prevention, treatment of inju-
ries and facilitating recovery [1]. However, a 
significant drawback of biosensors lies in their 
reliance on batteries for power supply and bat-
teries present in biosensors pose challenges 
such as miniaturization, potential electrolyte
leakage, and costly replacement surgeries for 
implantable devices [2]. For instance, wearable 
glucose biosensors require the battery to be 
periodically changed, which introduces discon-
tinuity in data acquisition and discomfort due to 
skin penetration.

These limitations can be addressed by devel-
opment of energy harvesting devices. The hu-

man body has multiple energy sources that can 
be effectively harnessed by various transducers
[3]. These sources include thermal energy, 
biochemical reactions, electrostatic charges, 
and biomechanical forces. However, relying 
solely on a single energy type may not yield 
optimal power output or guarantee that the en-
ergy is constantly available. Therefore, hybrid 
energy harvesters combine multiple energy 
generators to enhance overall performance.

This study investigates biomechanical energy 
produced by the human cardiovascular system. 
More specifically, pulsations from the radial 
artery serve as a reliable source of vibrations 
that can be scavenged. The proposed hybrid 
energy harvester combines piezoelectric and 
electrostatic generators to extract energy from a
time-varying radial artery pressure.

Description of the energy harvester
Recent advancements in electrowetting have 
introduced a novel effect known as the reverse 
electrowetting on dielectric (REWOD). In a typi-
cal REWOD setup, a conductive liquid droplet is 
squeezed between two electrodes, one of 
which is coated with a dielectric material [4]. By 
modulating the distance between these elec-
trodes, the electrical double layer (EDL), which
formed at the fluid-electrode interface, can be 
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altered [5]. The formed variable capacitor can 
be used for charge accumulation. 

The working principle of the designed energy 
harvester is described in Table 1 and Figure 1: 
Tab. 1: Hybrid harvester states 

State Description 

Initial 
State 

The piezoelectric material and 
REWOD component are in equilib-
rium, with no electron flow. 

External 
Pressure  

When pressure is applied to the 
piezoelectric material, sustained 
deformation causes an electron 
flow between the electrodes. One 
of the electrodes becomes positive-
ly charged. 

Electret 
Biasing 

The shared electrode features an 
electret layer which biases the 
REWOD component. This prevents 
ions and counter ions in the EDL 
from changing positions. The EDL, 
which is formed on top of the elec-
tret, increases the overall capaci-
tance of the system, maximizing 
charge generation. 

Release 
of Pres-
sure 

As pressure is released and the 
harvester returns to its initial state, 
the process repeats, with electrons 
flowing in the opposite direction. 

 
Fig. 1. Working principle of the energy harvester. 

The hybrid energy harvester consists of a 
commercially available piezoelectric disc and a 
custom-designed printed circuit board (PCB) for 
the REWOD component. The piezoelectric disc 
incorporates PZT-5H ceramics, which is depos-
ited onto a brass diaphragm (CuPbZn). In addi-
tion, the piezoelectric material is coated with 
silver (Ag). The REWOD component consists of 
a shared brass electrode coated with an elec-
tret and a counter electrode (Cu). Finally, the 
conductive liquid used in the system is NaCl. 

Results 
An experimental setup was designed to collect 
data on the performance of both the REWOD 
material and the piezoelectric material (Fig 2). 
The conceptual design of the harvester was 
tested in a frequency range from 1 to 2.5 Hz, as 
part of a series of parametric studies. From the 
results presented in Figure 3, it appears that the 
produced electrical power is proportional to the 
frequency.  

 
Fig. 2. Energy harvester configuration. 

 
Fig. 3. Effect of initial distance between electrodes. 
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Summary:
An IoT-enabled smart sensor node has been developed to acquire real-time field data and formulate 
an adaptable prediction model to predict crop Evapotranspiration (ETc) using a Support Vector Ma-
chine (SVM) learning algorithm. Integrating the SVM algorithm with real-time sensor nodes offers 
great potential to improve spatial and temporal resolution of water data uncertainty. In the model de-
velopment, key input features are measured in real-time and computed using mathematical equations 
such as Penman-Monteith, which include soil-environmental parameters.

Keywords: Evapotranspiration, FAO56, KNIME, Machine learning, RStudio, SVM, Sensors, Water

Title
A Support Vector Machine Learning Prediction 
Model of Evapotranspiration using Real-Time 
Sensor Node Data.

Headlines
The paper outlines the existing Evapotranspira-
tion estimation methods, machine learning 
modeling techniques, data collection and pre-
processing, model development, and evaluation
metrics, highlighting the significance of SVMs in 
advancing the field of ET prediction. 

Background and Motivation
Water is the most critical resource for sustaina-
ble agriculture and hydrological ecosystems.
According to WaterNSW and Natural-
Resources-Access-Regulator 25–30% of NSW,
Australia’s groundwater data is unaccounted for
due to the majority of monitoring sites being 
manually logged with minimal sensor integra-
tion, while ground bores are also expensive 
necessitating the need to develop a cost-
effective automated system [1].

Description of the Developed Sensor Node
The current method is focused on developing 
an IoT-enabled low-cost embedded microcon-
troller system capable of delivering real-time 
sensor node data on a cloud server utilizing a
LoRaWAN communication protocol [2]. The 
primary data is then analyzed to measure the 
statistical significance of the study parameters.
The field data is then processed to model water 
loss in soil mainly by Evapotranspiration func-
tion using a machine learning algorithm. Fur-

thermore, the research also focuses on the 
integration of a fabricated electromagnetic sen-
sor with a microcontroller system to measure 
soil organic carbon which would significantly 
enhance the system’s evaluation potential [3].

Preliminary Results
Initially, in-situ lab testing and sensor calibra-
tions were performed as a baseline to validate 
sensor nodes’ performance in the real field.

Fig. 2. Change in soil moisture content at subsequent 
depths after a rain event.
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Fig. 3.  Change in soil temperature at multi-depth due 
to varying air temperature. 

Model Construction 
The crop-evapotranspiration (ETc-mm/d) predic-
tion model was constructed based on the Sup-
port Vector Machine (SVM) Learning algorithm 
[4] in which various parameters are measured
from the deployed sensor node and computed
using mathematical equations in an R-
programming tool, such as; Air Temperature
(°C), Barometric Pressure (hPa), Wind Speed
(Km/h), Relative Humidity (%), Rain (mm), So-
lar Exposure (MJ/m2), Soil Temperature (°C),
and change in Soil Moisture (%VWC).

The reference-evapotranspiration (ETo-mm/d) 
was computed using the Penman-Monteith 
equation (1) [5]. 

Where, 

∆ = Slope of Saturation Vapor Pressure Curve 
(kPa/°C) 
Rs = Solar Radiation (MJ/m2 day-1) 
G = Soil Heat Flux  0 
ϒ = Psychrometric Constant  
T = Air Temperature (℃) 
u2 = Wind Speed (km/h) 
es = Saturation Vapor Pressure (kPa) 
ea = Actual Vapor Pressure (kPa) 

Model Results 
The results demonstrate the robustness and 
high predictability of the developed model ba-
sed on the performance evaluation metrics: R2, 
RMSE, and MAE [6]. The effectiveness of the 
proposed ET model in capturing complex relati-
onships within soil and environmental parame-

ters provides insights into its potential applica-
tions for water resource management and hyd-
rological ecosystems. 

Table 1. Evaluation Metrics for the ET Model with 
Best Hyperparamters Grid. 
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Linear 

Data Partition: 
60:20:20 

Evaluation Metrics 
MAE RMSE R2 
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Fig. 4. Model Implementation Flowchart 

Fig. 5. Illustrating Evapotranspiration Prediction 
Model of the SVM Linear Kernel, (60:20:20) 
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Summary: 

The purpose of this paper is to present a cluster dither design for applying continuous sinusoidal vibra-
tion to 3-axis RLGs simultaneously. Ring laser gyroscope (RLG) exhibits a specific range, known as 
the lock-in region, wherein the input angular velocity is too small to be measured.  To mitigate the 
lock-in effect, a continuous mechanical sinusoidal vibration is applied to the body of the RLG, emanat-
ing from a dither mechanism. The proposed cluster dither design is verified through modeling and 
simulation (M&S). The validation of the proposed design is confirmed by test evaluation and manufac-
turing assessment. 

Keywords: ring laser gyroscope, cluster dither, lock-in, natural frequency, sinusoidal vibration 

Introduction 

The RLG is a powerful tool to measure angular 
velocity. However, RLG has an inevitable defi-
ciency caused by lock-in, where the input angu-
lar velocity is too small to be measured. To 
remove this lock-in region, the mechanical de-
vice called dither applies sinusoidal vibration to 
the RLG body. Generally, the dither is mounted 
at the center of the single-axis RLG body when 
the optical path length of an RLG is relatively 
large. However, if the RLG does not have 
enough optical path length, the mounting size 
for the dither in the quadrate RLG body is lim-
ited to inversely proportional to the square of 
the one-side length. This issue is a major con-
cern in the dither design. To overcome this, this 
paper presents a new cluster dither design 
based on Ref [2], which can simultaneously 
apply mechanical sinusoidal vibration to 3-axis 
RLGs. The cluster dither is aimed to miniaturize 
an RLG-based inertial measurement unit (IMU). 
Results of the proposed design are verified 
through M&S. The performance of the proposed 
cluster dither is confirmed by manufacturing 
and test evaluation. 

Cluster Dither Design 

A conventional single-axis dither design is pre-
sented in Fig 1. As shown in Fig 1, the singe-
axis dither is installed on the RLG housing us-
ing 3 fixing holes, and the RLG body is made to 
be fixed on the dither spoke. Thus, when any 
level voltage is applied to the PZT(pb-lead 
Zironcate Titanate) affixed to the dither spoke, 
the RLG body vibrates sinusoidally with a dither 

natural frequency and an amplitude corre-
sponding to the voltage level applied to PZT.  
This physical structure of the dither highlights 
the natural frequency and the vibration ampli-
tude as major design considerations. As depict-
ed in Fig. 1, the dither spoke can be modeled 
as a cantilever beam [1]. Eq. (1) represents the 
natural frequency of the cantilever. Unfortunate-
ly, the cluster dither structure capable of simul-
taneously applying sinusoidal vibration to a 3-
axis RLG deviates from the configuration de-
picted in Fig. 1. Furthermore, to install a 3-axis 
RLG on the cluster dither, some requirements 
should be fulfilled. First, 3 RLGs should be lo-
cated at an interval of 120 degrees in the direc-
tion of dither rotation. Second, they are tilted at 
54 degrees toward dither rotation. The cluster 
dither structure fulfilling such requirements is 
presented in Fig. 2. The dither spoke in Fig. 2 
can be modeled as a cantilever, similar to the 
configuration depicted in Fig. 1.  Which means 
that the cluster dither natural frequency can be 
obtained using Eq. (1). Following the selection 
of Invar as the material for the cluster dither and 
assuming an RLG with an optical path length of 
10 cm, the required natural frequency to oper-
ate the RLG is determined to be 750 Hz. The 
final design of cluster dither is shown in Fig. 3. 
By using Eq. (1), the natural frequency of clus-
ter dither is obtained as 783.57 Hz. 
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Fig. 1. The picture of typical single-axis dither. 

Fig. 2. The shape of cluster dither. 

Fig. 3. The design result of cluster dither. 

Cluster Dither Analysis and Test Results 

To evaluate the proposed design validation, 
M&S is conducted using Solidworks. To verify 
the functionality of the cluster dither, the RLG 
body is modeled as a wheel-shaped structure 
with a moment of inertia equivalent to that of 
the RLG body. The M&S results are shown in 
Fig.4. The cluster dither natural frequency ob-
tained in Fig.4 is 783.28Hz, which is almost the 
same as the theoretical frequency obtained 
from Eq. (1) implying theoretical natural fre-
quency is reasonable. Further verifications us-
ing manufacturing and test evaluation have 
been carried out. The manufactured cluster 
dither is presented in Fig. 5. Fig. 5 shows the 
cluster dither installed in the center of the 
mounting fixture. The wheel-shaped structure 
as a replacement for the RLG is mounted on 
the cluster dither as depicted in Fig. 5. The 
manufactured cluster dither has an identical 
structure in Fig.4 except for the mounting part. 
The mounting part forms a square shape since 
the circular-shaped mounting part is hard to 
manufacture using existing machines. To con-
firm the performance of the dither structure, 
voltage range from 0 to 140V has been applied 
to the PZT. Then, the natural frequency of the 
manufactured cluster dither is measured. The 
measurement results in Fig. 6 shows that the 

cluster dither natural frequency is between 732 
and 746Hz depending on the PZT voltage.  

Fig. 4. The M&S result of cluster dither. 

Fig. 5. The manufactured result of cluster dither. 

Fig. 6. The test result of cluster dither. 

The natural frequency obtained from Eq. (1) 
and M&S is approximately 40Hz higher than the 
natural frequency in Fig.6. The difference in the 
natural frequency between the manufactured 
dither and the M&S modeled dither is caused 
by weight change and the mounting part shape 
difference during actual dither manufacturing. 

Conclusion 

This paper introduces a cluster dither design 
capable of simultaneously imparting continuous 
sinusoidal vibration to 3-axis RLG. The valida-
tion of the proposed cluster dither design has 
been conducted through M&S, test evaluations 
and manufacturing assessments. The results 
confirm the proposed design is valid. 
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Summary:

This work introduces a unique microbridge resonator topology that is designed and developed to ef-
fectively reduce the device pull-in voltage by 16%. An analytical model incorporating the ratio between 
microbridge length and bottom electrode is presented, and finite element analysis is conducted using 
COMSOL Multiphysics. The proposed designs are fabricated utilizing a Multi-User MEMS sacrificial 
process and electrically characterized to demonstrate the approach.

Keywords: bridge sensor, electrode ratio, microelectromechanical systems, pull-in voltage, resonator

Introduction
Capacitive resonators comprise of a plate sus-
pended over a bottom electrode. The perfor-
mance of these resonators depends on their 
required operating DC voltage, which closely 
align with their pull-in voltage. The pull-in volt-
age is determined by the physical properties of 
the resonator, including the plate and bottom 
electrode overlapped area, plate thickness, gap 
height between the plate and bottom electrode,
and its structural material properties. While 
there are a few studies presenting the impact of 
patterned top plate and bottom electrode on the 
required DC voltage and performance of circu-
lar resonators [1, 2], this exploration has yet to 
extend to other structures, such as microbridge 
resonators. This work develops an analytical 
model with experimentally demonstrated func-
tionality that considers the ratio between the 
length of the microbridge and the bottom elec-
trode as a key design parameter to influence 
the operating voltage. The developed model is 
employed to design microbridge resonators 
using a commercially available sacrificial tech-
nique with strategically designed ratios to en-
hance the device performance.

Microbridge Operating Mechanism and the 
Developed Analytical Model
Microbridge resonators consist of a deflectable 
plate anchored at both ends, which is suspend-
ed over a fixed bottom electrode, as shown in 
Fig. 1. When the DC voltage is applied, the 
plate deflects towards the electrode, altering the 
device capacitance. To maintain structural sta-
bility while operating at optimum condition, the 

applied voltage must remain close but below 
the resonator pull-in voltage [1, 2]. 

Fig. 1. Scanning electron microscopy (SEM) image
of a designed and fabricated microbridge resonator.

The developed analytical model in this work 
considers the overlapping ratio between the 
bottom electrode’s length and a strategically 
designed suspended microbridge’s plate with 
the aim to reduce pull-in voltage. The model is 
employed to design the microbridge resonator, 
and finite element simulations are conducted to 
further analyze the effect of this ratio on the 
operating DC voltage of the microbridge. This 
model includes the structural properties of the 
microbridge, and the spring softening effect due 
to the applied DC bias voltage, shown in (1). In
this model and similar to conventional resona-
tors, a mass-spring-damper model is used to 
illustrate the behavior of the microbridge with 
small deflection under a uniform electrostatic 
force when parasitic capacitance is neglected.
The stiffness can be calculated by (1)

where microbridge’s thickness, width and length 
are represented by t, b and l, respectively. w is 
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the length of the bottom electrode, A shows the 
area of the microbridge, VDC is the applied DC 
voltage and g0 is the gap height between the 
microbridge and the bottom electrode, and E is 
Young’s modulus. The stiffness shown in (1) 
can be used to calculate the resonant frequen-
cy of the microbridge shown in (2) [3] 

where fr and m represent the resonant frequen-
cy and mass of the microbridge, respectively. 

Microbridge Design and Fabrication 
The proposed microbridge resonators are de-
signed using MEMS L-Edit, as depicted in Fig. 
1, and fabricated using a commercially availa-
ble Multi-User MEMS process, PolyMUMPs [4]. 
The length and width of the polysilicon micro-
bridges are 120 µm and 40 µm, respectively, 
with a thickness of 1.5 µm and a gap height of 
750 nm. To solely investigate the effect of the 
ratio, all the design parameters are kept the 
same between the two designs. To demon-
strate the proposed design concept, in one 
design the bottom electrode is extended under-
neath the bridge to 82 µm with the resonant 
frequency of 1.1 MHz, while in the other design, 
the bottom electrode length is 42 µm with the 
resonant frequency of 980 kHz. This represents 
ratios of 68% and 35% between the micro-
bridge and the bottom electrode, respectively. 

Results and Conclusion 
Keysight E4990A impedance analyzer is used 
to measure the resonant frequency of the pro-
posed microbridges up to their pull-in voltages 
when 500 mV AC is applied. The experimental 
results for both devices when DC voltage is 
swept are shown in Fig. 2. The measurements 
results indicate that the pull-in voltage for the 
microbridge with 68% and 35% ratios are 21V 
and 25V, respectively. Comparison between the 
presented analytical model, the conducted finite 
element analysis using COMSOL Multiphysics, 
the electrical characterization for the pull-in 
voltage and the resonant frequency of the pro-
posed microbridges are shown in Fig. 3. The 
comparison is presented for the devices with 
the same dimensions and material properties 
while the bottom electrode topology varies.  

It is demonstrated that the developed analytical 
model, conducted FEA analysis, and the elec-
trical measurement results are in good agree-
ment indicating that designing the bottom elec-
trode topology with respect to the flexible mi-
crobridge reduces the pull-in voltage when oth-
er design parameters are the same. As illus-
trated in Fig. 3, the pull-in voltage reduces with 
the increase of the bottom electrode’s length 
with respect to the microbridge’s length. 

Fig. 2. Resonant frequency of microbridge with 68% 
ratio of the bottom electrode to the bridge length. 

Fig. 3. Effect of electrode size ratio on (a) pull-in 
voltage and (b) resonant frequency, normalized by 
FEA at 90% ratio. The error bar denotes uncertain-
ties in the fabrication process. 
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Summary: 

This work describes a new method and parameters by which the amplitude-frequency characteristics 
and sensitivity of a resonant MEMS sensor subject to the recently proposed blue sideband excitation 
(BSE) can be tuned. We show that the sensitivity of the BSE-based resonant MEMS sensor can be 
improved by 3 times via suppressing the intrinsic Duffing nonlinearity coefficient of the resonator. This 
paves the way for a new paradigm for highly sensitive and programmable multi-mode MEMS sensors. 

Keywords: MEMS, resonant sensor, blue-sideband excitation (BSE), tunable sensitivity, multi-mode  

Background 

A new scheme of operating resonant MEMS 
sensors via blue-sideband excitation (BSE) has 
been proposed recently. As illustrated in Fig. 1, 
unlike the conventional direct driving method, 
the excitation frequency is at the sum of those 
of two modes of interest. The advantage of this 
new method is improving the sensitivity [1], 
circumventing the issue of feedthrough capaci-
tance, as well as the capability of simultaneous-
ly detecting multiple parameters, e.g., accelera-
tion and temperature [2]. These warrant further 
explorations of this newly emerging method, 
and this paper reports a new method to further 
improve the sensitivity towards realizing a new 
class of highly sensitive and programmable 
multi-mode MEMS sensors. In addition, as hy-
pothesized in [1], the amplitude-frequency (A-f) 
effect in BSE (distinguish from the A-f effect in 
Duffing nonlinearity) can degrade the noise 
performance of resonant MEMS subject to BSE 
when operated in a closed-loop configuration. 
Here we report that the A-f effect in BSE can 
also be tuned with the same approach, thereby 
leading to a noise reduction in a closed-loop 
configuration.  

Description of the New Method or System 

The device-under-test for this work is a baseline 
double-ended tuning fork, as shown Fig. 2. The 
device is fabricated using the commercially 
available SOIMUMPS process, with a thickness 
of 25 μm. The device is placed in a vacuum 
chamber (pressure of 50mTorr) for characteri-
zations. The bias voltage is generated using a 

DC power supply (Keysight EDU36311A). An 
additional DC voltage (Voffset) is applied to func-
tion as a proxy for stiffness perturbations expe-
rienced when operating the device as an accel-
erometer. The Voffset voltage, along with the 
BSE drive signal, vactuate, is generated using an 
MFLI lock-in amplifier by Zurich Instruments. 
The motional current (imot) is converted to volt-
age using a custom-made transimpedance 
amplifier, the output of which is then fed to the 
MFLI. The tests were conducted in an open-
loop configuration. 

Fig. 1. Illustration of the blue-sideband excitation 
regime where the driving signal frequency is the sum 
of the resonant frequencies of modes 1 and 2. 

Fig. 2. Optical image of the MEMS resonator with 
length 830 μm, width 8 μm and thickness 25 μm. 

DOI 10.5162/EUROSENSORSXXXVI/PT1.41

EUROSENSORSXXXVI 227



Results 

The measured resonant frequencies are 
106.452kHz (Q-factor: 13k) for Mode 1 and 
110.602kHz (Q-factor: 51k) for Mode 2. Simu-
lated mode shapes are shown in Fig. 3.  

Fig. 3. Mode shapes of Mode 1 and 2. 

It is known that the Duffing nonlinearity coeffi-
cient of the resonator can be tuned by adjusting 
Vbias, i.e., nonlinearity softening. Based on this, 
we show that the nonlinear relationship be-
tween the BSE frequency and the output ampli-
tude of Mode 2 (A-f effect in BSE) can also be 
tuned (see Fig. 4.). This is supported by our 
simulation by tuning the intrinsic Duffing nonlin-
earity coefficient only (See Fig. 5). We note that 
this can also be used to improve the sensitivity 
of such a resonant sensor.  

Fig. 4. The nonlinear relationship between output 
amplitude and BSE frequency of mode 2 for a range 
of bias voltages. 

Fig. 5. Simulated results from the numerical model 
of the system. The results show that the nonlinear 
relationship between output amplitude and BSE 
frequency of mode 2 can be tuned by changing the 
intrinsic Duffing nonlinearity. 

To obtain the sensitivity, the BSE drive signal is 
maintained at a constant, and the BSE frequen-
cy is tuned such that the output amplitude of 

Mode 2 is kept at 5mV, and the sensitivity figure 
is shown in Fig. 6. From the sensitivity results, it 
can be observed that by changing the Vbias from 
10 V to 16 V, the sensitivity can be improved 
from 1.19 mV/V to 5.85 mV/V, a 4.9-fold in-
crease. This demonstrates the feasibility of the 
new approach towards realizing a highly sensi-
tive and programmable multi-mode sensor.  

Fig. 6. The relationship between output amplitude 
and Voffset of mode 2 for a range of bias voltages for 
output amplitude = 5mV at Voffset = 0V setpoint, as 
well as the sensitivity values extracted at Voffset = 0V 
setpoint with different Vbias voltage, i.e., different 
Duffing nonlinearity coefficients 

Conclusions 

From the results obtained thus far, we con-
firmed the feasibility of our new approach by 
improving the sensitivity as well as the A-f effect 
in BSE (distinguish from the A-f effect in Duffing 
nonlinearity) via tuning the intrinsic Duffing non-
linearity coefficient of the resonator. We antici-
pate that the results can be extremely useful in 
realizing a new class of highly sensitive and 
programmable multi-mode resonant sensors 
subject to BSE. Ongoing experiments are fo-
cusing on obtaining more data at different oper-
ating points, e.g., the output amplitude of 10 
mV, as well as the noise characterizations. We 
aim to show the efficacy of the method in not 
only improving the sensitivity but also the noise. 
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Summary:
This work presents a novel QCM sensor with a unique topology design, developed based on distribu-
tion of area for improving mass sensitivity (DAIS), for the VOC detection at parts per million (ppm)
levels. A polymer sensing layer is applied to facilitate the adsorption of target analyte molecules during
experimentational phase. The DAIS-QCM sensor exhibits superior mass sensitivity when exposed to 
various concentrations of VOC target analyte, showcasing an enhancement of over 10% in compari-
son to a conventional QCM sensor used as a reference.

Keywords: energy trapping effect, gas detection, mass sensitivity, polymer sensing layer, quartz crys-
tal microbalance

Introduction
The detection of volatile organic compounds 
(VOCs) has gained interest due to its various 
applications domains, including environmental 
monitoring, industrial safety, and public health.
The quartz crystal microbalance (QCM), a res-
onator sensor, is a widely used device for mass 
sensing application, owing to its capability to
detect mass changes in nanogram range [1].
Through this paper we present a comparative 
analysis and experimental evaluation of a pol-
ymer-coated QCM sensor, leveraging a novel 
approach based on the utilization of energy 
trapping effect regions for mass loading area 
(MLA) for improved mass sensitivity [2]. The 
DAIS-QCM, as shown in Fig. 1, is derived from 
a finite elements analysis (FEA) on the impact 
of MLA on QCM sensor mass sensitivity. The 
findings reveal that the DAIS topology, featuring 
an array of circular electrodes with a radius of 
0.62 mm and outer radius of 2.96 mm, outper-
forms the conventional QCM design, which 
features a conventional single electrode with 
radius of 4.25 mm. Despite the conventional 
QCM having a larger sensing electrode, which 
accommodates a greater mass loading area for 
more adsorption of target analyte molecules,
the DAIS-QCM with an MLA of 21 mm², ~38% 
of the MLA of the conventional QCM, shows 
improved mass sensitivity by ~ 25% compared 
to the conventional QCM. This is attributed to 
the presence of the phenomena of energy trap-
ping effect caused by the natural structure of 
quartz crystal substrate.

Fig. 1. A 5 MHz AT-cut QCM sensor, featuring a 
novel topology termed DAIS based on maximizing 
the energy trapping effect region by replacing the 
conventional single circular electrode with an array of 
smaller circular electrodes with 0.62 radii.

This paper further presents the maintained ex-
perimental setup and the materials used during 
the characterization process. both the DAIS-
QCM and the conventional QCM are coated 
with polymer sensing layer and then subjected 
to identical concentrations of Ethanol to evalu-
ate their sensing performance by observing the 
shift in their resonant frequencies. This paper 
introduces the DAIS-QCM as a promising ave-
nue for enhanced VOC detection for various 
application domains.

Experimental Setup and Materials
To establish a basis for comparison, and vali-
date the enhancement in sensing performance, 
DAIS-QCM is fabricated by Angstrom Engineer-
ing Inc., using eBeam evaporation technique. A 
5 MHz QCM with a conventional topology 
serves as a reference device during the exper-
imental process. The QCM sensors are then 
coated with Polyvinylpyrrolidone (PVP), a poly-
mer reported for its efficacy in VOC detection 
through the adsorption of its molecules [3]. A
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sensing material solution is prepared by dis-
solving 100 mg of PVP, from Polysciences, Inc. 
(catalog# 01052-250), in 10 mL of methanol, 
yielding a 0.1 weight percent (Wt.%) solution. 
The solution undergoes sonication for 20 
minutes to ensure complete dissolution of the 
polymer. The deposition of the polymer is 
achieved through spin coating, depositing 100 
µL of the solution, resulting in an approximate 
thickness of 0.1 µm. Both the DAIS and con-
ventional polymer-based QCM sensors are 
tested under controlled conditions using a 
Plasmionique FLO07-TSV system to ensure 
consistency. Ethanol, a volatile organic com-
pound, is introduced into the chamber through 
NI 5.0UH-T, a 5.0 ultra-high purity Nitrogen, 
selected as a carrier gas due to its non-reactive 
properties. The target analyte is exposed, 
commencing with a baseline of pure N₂ gas at a 
flow rate of 100 SCCM, followed by exposure to 
a mixture of N₂ and Ethanol-saturated vapors 
with concentrations listed in Tab. 1, while main-
taining the total flow rate at 100 SCCM. This 
distinct pattern of exposure process is iterated 
thrice to ensure data reliability. 
Tab. 1: Ethanol flow rates and corresponding con-
centrations 

Flow rate (%) Concentration (ppm) 

2 1100 

4 2300 

6 3400 

8 4600 

10 5700 

Results and Discussion 
The QCM mass sensitivity (S) of the QCM is 
defined as the ratio of the change in resonant 
frequency (Δƒ) resulting from added mass (Δՠ) 
[2]. It serves as a key metric for the QCM’s 
ability to detect mass changes, thereby reflect-
ing its sensing performance. During the experi-
ment, both sensors are exposed to same con-
centration of Ethanol. Therefore, the observed 
Δƒ indicates the sensing performance of the 
sensors, as the added mass (Δՠ) remains con-
sistent for both sensors. The resonant frequen-
cy values over time, responding to identical 
concentrations of Ethanol, are plotted for both 
DAIS and conventional QCMs in Fig. 2(a). De-
spite the conventional QCM having a larger 
MLA, the unique design of DAIS-QCM enables 
it to achieve a higher resonant frequency shift, 
showcasing superior mass sensitivity. Addition-
ally, the frequency shift slope of DAIS-QCM is 
more uniform compared to the conventional 
design, as presented in Fig. 2(b). The DAIS 

design, where the single circular electrode is 
replaced by an array of smaller electrodes to 
maximize the energy trapping effect region, 
yields enhancements in sensor mass sensitivity 
and its uniformity. Therefore, the unique design 
of DAIS is presented as a promising approach 
for enhanced detection of VOCs in various ap-
plications. 

 
Fig. 2. (a) The graph from the experiment results 
illustrates the response of both DAIS-QCM and con-
ventional QCM to variation in VOC target analyte 
Ethanol. (b) Comparative frequency shift characteri-
zation for Ethanol concentrations 1100, 2300, 3400, 
4600, and 5700 ppm. 
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Summary:
The lock-in problem affecting ring laser gyroscopes (RLGs) is typically alleviated by applying a mechan-
ical vibration to the RLG body using a dither. A cluster dither, which can excite three RLGs simultane-
ously, can facilitate the miniaturization of RLG-based inertial measurement units (IMUs). This study 
examines the mechanical parameters of an IMU that affect the amplitude of the cluster dither. For this 
purpose, a model with two linearly damped coupled linear oscillators was used, and the theoretical 
analysis results were experimentally validated.

Keywords: lock-in, ring laser gyroscope, cluster dither, inertial measurement unit

Introduction
A dither is a device that alleviates the “lock-in”
problem affecting ring laser gyroscopes
(RLGs)—whereby the laser beams propagating 
in opposite directions become locked in phase—
by applying mechanical vibration, such as rota-
tional vibration, to the resonator. In a typical sin-
gle-axis RLG, the rotation axis of a piezoelectri-
cally driven dither is located on the RLG mount 
and coincides with the RLG’s sensing axis. How-
ever, smaller RLGs have inadequate space in 
the mount to accommodate the motor required 
for such dithers. Instead, if the dither can be kept 
outside the RLG, three RLG bodies can be sim-
ultaneously provided with a single-axis dither.
Such a dither is called a cluster dither [1], and it
facilitates miniaturization of RLG-based inertial 
measurement units (IMUs). However, unlike typ-
ical single-axis dithers, cluster dithers lack the
amplitude required to solve the lock-in problem;
this is because the rotation axis of a cluster 
dither does not coincide with the RLG’s sensing
axis. The rotational vibration applied by the clus-
ter dither to the RLG body decreases proportion-
ally as the misalignment angle between the two 
axes increases. Moreover, the dither amplitude 
can be reduced by the vibration isolator, a com-
ponent present in most IMUs, because the latter
operates as a damper and thereby absorbs the
rotational vibration produced by the cluster dither.
An insufficient dither amplitude exacerbates the 
lock-in problem. To ensure sufficient dither am-
plitude, the preferred solution is to reduce the 
weight of the RLG. However, because the per-
formance of an RLG is proportional to the reso-

nator length, reducing the weight of the RLG re-
duces its performance. In this study, the struc-
ture of the IMU was approximated using a model 
with two linearly damped coupled linear oscilla-
tors. The optimal mechanical design variables
for improving the amplitude of the cluster dither
were derived for this model, and the derived var-
iables were validated through theoretical and ex-
perimental analysis.

Two linearly damped coupled linear oscilla-
tors
Fig. 1 shows an RLG-based small IMU with a
cluster dither. The dither is assembled in the 
lower housing connected to the vibration isolator, 
which is fixed to the body frame. Three RLGs are 
attached to the hub at 120° intervals. When the 
dither drive signal is applied, the dither produces
rotational vibration, causing the RLGs to vibrate 
around its rotation axis. In this vibration system, 
the damping element of the vibration isolator at-
tenuates the amplitude of the cluster dither.

Fig. 1. RLG-based small-size inertial measurement 
unit with cluster dither
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The IMU, including the vibration isolator, cluster 
dither, and RLGs, can be approximated by a 
model with two linearly damped coupled linear 
oscillators, as shown in Fig. 2 [2]. 

 
Fig. 2. Two linearly damped coupled linear oscillators 

In the figure, k1/k2 and c1/c2 are the spring con-
stant and damping constant of the vibration iso-
lator/cluster dither, respectively; m2 represents 
the hub and RLGs, which experience rotational 
vibration due to the dither drive signal (Fdeiωt); 
and m1 denotes the mass excluding m2 in the 
IMU connected to the vibration isolator. In this 
approximate model, the rotation angle 𝛩𝛩2 of the 
cluster dither is expressed using Eq. (1): 

 
where 𝜔𝜔1/𝜔𝜔 and 𝛤𝛤1 / 𝛤𝛤2 are the angular frequencies 
and damping constant of the vibration isola-
tor/cluster dither, respectively, and I1 and I2 are 
the moments of inertia of the masses corre-
sponding to m1 and m2, respectively. 

Eq. (1) shows that to increase the rotation angle 
of the cluster dither by modifying mechanical pa-
rameters, either the I1/I2 ratio must be increased, 
or the cluster dither must be manufactured to 
have a low resonant frequency. I1 can be easily 
increased by increasing the diameter or housing 
weight of the IMU; however, this is not desirable 
for a small-size IMU. Conversely, reducing I2 
would require the RLG to be miniaturized by re-
ducing the resonator length, which would reduce 
the performance of the RLG. Therefore, I1 and I2 
must be optimally designed considering the size 
and performance of the IMU. 

Analysis and test results 
In this study, the I1/I2 ratio and dither drive signal 
frequency were set as the design variables, and 
the gain of the cluster dither amplitude was eval-
uated. The I1/I2 ratio was changed by adding a 
dummy mass to the housing, and two cluster 
dithers—one manufactured using stainless steel 
and the other using aluminum—were used to 
achieve different resonant frequencies (dither 
drive signal frequencies). To calculate the dither 
amplitude gain, modeling and simulation were 
conducted based on Eq. (1), and the output volt-
age of the piezoelectric material was experimen-
tally measured. Figs. 3 and 4 present the simu-
lation results and experimental measurements, 

respectively, which are observed to be in agree-
ment. The dither amplitude gain increased with 
the I1/I2 ratio and was higher for the dither with 
the lower resonant frequency. 

 

Fig. 3. Cluster dither amplitude gain determined via 
modeling and simulation 

 
Fig. 4. Experimentally measured cluster dither ampli-
tude gain 

Conclusion 
This study aimed to improve the amplitude of 
cluster dithers in an RLG-based IMU. To achieve 
this, the IMU was approximated by a model with 
two linearly damped coupled linear oscillators, 
and the optimal design variables were derived. 
Among the mechanical parameters, these varia-
bles were determined to be the moment of inertia 
ratio (I1/I2) and the dither drive frequency (reso-
nant frequency). The correlation between the de-
rived design variables and the cluster dither am-
plitude gain was verified through theoretical and 
experimental analysis. The findings confirmed 
that increasing the I1/I2 ratio and lowering the 
dither drive frequency can increase the dither 
amplitude. Thus, the dither amplitude and drive 
frequency are important design variables for 
solving the lock-in problem affecting RLGs, and 
their optimal values must be determined consid-
ering the performance of the RLG. 
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Summary:
The analysis of the influence of the size of the oxygen sensor of thermomagnetic type to the perfor-
mace of the sensor is carried out. It is shown that the necessary condition of the independence of the 
sensor response from the orientation of the sensor consists in the minimization of natural convection 
of air compared to the gas diffusion. The optimal size of the sensor is defined by fundamental con-
stants of the gas medium.
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Introduction
Detection of oxygen concentrations is vital in 
our everyday life, industrial and home safety, 
monitoring of technological processes and in 
many other fields of human activity. There three 
different ranges of this oxygen detection. The 
first one is the determination of oxygen in ambi-
ent air at concentrations close to 21 % (normal 
content of oxygen in air), the second is the de-
termination of low concentrations of oxygen in 
inert gas, and the third is the detection of low 
concentrations of oxygen at low residual pres-
sure in vacuum installations. Respectively, 
these three ranges require the application of 
different gas sensors. In addition, some of the 
applications, for example the measurement of 
oxygen in medicine, need very fast measure-
ment of oxygen concentration with response 
time exceeding respiration rate (up to 100 respi-
rations per minute).

The most known sensors used for the meas-
urement of oxygen concentrations are the sen-
sors of electrochemical type. These are the 
amperometric sensors with platinum working 
electrode and silver chloride reference elec-
trode. The silver of the electrode is consumed 
in the process, and this limits the lifetime of the 
sensor. To improve this parameter, the sensors 
of Oxonium company (St. Petersburg) [1] re-
strict electrochemical current and use built-in 
amplifier; this permits to reach lifetime of the 
sensor up to 10 years.

Another type of the sensor used for ambient 
concentrations of oxygen is the sensor of mag-
netic type, which is the main topic of this work.
Oxygen is the only paramagnetic gas (except 
NO), and this property lies in the basis of such 

type of gas sensors. Therefore, its concentra-
tion can be determined in two ways: using so-
called “magnetic wind” resulting in the motion of 
oxygen-containing gas (air) in a gradient of 
magnetic field and gradient of temperature and 
using Senftleben effect, change in the diffusion 
cross-section of the triplet oxygen molecules in 
magnetic field. Magnetic field leads to preces-
sion of oxygen molecules and to decrease in 
heat conductivity of gas. This effect depends on 
the ratio of magnetic-field strength to gas pres-
sure. Therefore, this type of gas sensor is ap-
plicable at low pressure of gas in a range 0.01 –
2 Torr. The  threshold  of   O2 detection   is   of 
about 10-5 Torr. This type of gas sensor can be 
used as used for the determination of oxygen 
concentration and, as well, as a leakage detec-
tion to a vacuum setup [2].

Model
Magnetic sensor of oxygen consists of a tube 
made of diamagnetic material placed in mag-
netic field of permanent magnet. This tube is 
equipped with heater and thermoanemometer 
measuring gas flow through the tube. Oxygen 
containing gas is attracted by magnetic field, on 
the other hand, magnetic susceptibility of this 
paramagnetic gas is reverse proportional to the 
square of magnetic-field strength. Therefore, if 
the gas is heated in the tube, the gradient of 
temperature leads to asymmetry of the system 
and to a permanent flow of gas in the direction 
from cold part to hot part of the system.

A very important advantage of this type gas 
sensor is a possibility to operate even in ag-
gressive atmosphere. A disadvantage consists 
in the necessity to keep the orientation of the 
device because of competition between mag-
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netic and natural convection due to a gradient 
of temperature. 

To minimize this effect, it is necessary to con-
sider the interference between the thermomag-
netic and natural convection. The ideal condi-
tion for this is the situation, when the natural 
convection could be neglected and, therefore, 
when the thermomagnetic convection is inde-
pendent of the orientation of the tube placed in 
magnetic field. In addition, to get response time 
sufficient for the measurement of oxygen con-
centration with characteristic time of < 10 ms, 
the dimension of the tube should be below a 
certain value defined by the diffusion process-
es. 

Results about the influence of the microhotplate 
size to the convective heat exchange were ob-
tained in [3]. Here we will use these data. 

We considered the role of convection in the 
heat exchange of microhotplate. It was sug-
gested that over microhotplate exists a virtual 
tube of upstreaming gas. In the case of recent 
work, this is real tube with diameter d and radi-
us r heated up to temperature T. It is obvious, 
that the worst case, when the natural convec-
tion is most important compared to “magnetic 
wind” is a vertical orientation of this tube. 

It was shown in [3] that the convection velocity 
of gas in this tube is equal to 
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, where g is free fall 

acceleration,  is mass of mole of gas, P – 
pressure, η – dynamic viscosity, R – gas con-
stant, Tr – room temperature. Taking into ac-
count that η = ν·ρ, this could be rewritten as: 
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glected, if the time of the gas motion due to 
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; taking into account that 

both the values of diffusion coefficient and kin-
ematic viscosity of air at working temperature of 
magnetic oxygen sensor are equal to about 
2 cm2/c, we can evaluate the dimension of the 
sensing element of gas sensor leading to the 
insensitivity of this element to the  orientation of 
gas sensor in the gravitation field and, there-
fore, to its applicability in portable instruments. 

Discussion 
Let’s consider usual macroscopic gas sensors, 
that is a glass tube equipped with flow meter 
and put to magnetic field. If the diameter of this 
tube is, for example 0.1 cm, T=2·Tr, the length 
of the tube should be by the order of magnitude 
h<<3·10-2/r2~3 cm. It is clear that the fabrication 
of such small sensor by macroscopic tools is 
rather complicated. 
Our colleagues [4] made an attempt to fabricate 
this kind of gas sensor, which can be used in 
portable devices including medical instrument 
using microfabrication. The sensor was fabri-
cated as a small spiral made of 10 m Pt glass-
coated wire. The spiral diameter was of about 
100 m, length was of about 150 m. The spiral 
was suspended on two platinum wires in hous-
ing of TO-46 type and placed in a gradient of 
magnetic field. The orientation of the spiral in 
magnetic field was more or less random.  

The results of  [4] show that the thermomagnet-
ic sensor can be used for the determination of 
oxygen concentrations from approximately 
0.1 vol. %, the response time of the sensor is 
below 0.1 s, therefore it can be applied for med-
ical monitoring. Results of recent work will be 
used to design advanced microelectronic ver-
sion of the sensor of both thermomagnetic type 
and sensor based on Senftleben effect. 
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Summary:
An algorithm for adaptive accuracy enhancement of lateral position sensing based on quadrature spa-
tio-temporal modulation is presented and its application in a prototype micropower optical position 
sensor with simultaneously-firing infrared emitters is reported. Substantial (4x) improvement in position 
accuracy over basic detection method has been observed using automated test stand where partial 
incapacity in one of the emitter channels has been simulated.

Keywords: position sensor, spatio-temporal, quadrature modulation, accuracy enhancement

Introduction
A micropower active optical position sensor 
measuring one-dimensional displacements 
lateral to optical axis over decimeter-wide gaps 
was recently presented [1]. Quadrature spatio-
temporal modulation involving four simultane-
ously-firing infrared emitters and diffuse refer-
ence primer has been utilized in order to reduce 
ON-time for signal processing circuitry, allowing 
up-to two years of continual battery operation. 
However, variations in geometry of emitters due 
to manufacturing process as well as degrada-
tion of primer due industrial conditions and ag-
ing may result in worsening readout accuracy. 
To address both issues, an adaptive algorithm 
for determination of irregular gains in signal 
path involving emitters, primer and acquisition 
circuitry has been proposed and implemented 
in firmware of the prototype device. 

Spatio-Temporal Modulation
Implemented position sensing based on spatio-
temporal modulation involves four infrared emit-
ters equipped with collimating lenses that illu-
minate primer pattern in four distinct spots with 
mutual spatial phase shift of 90°. At the same 
time, emitters are in regular intervals supplied 
with current bursts of constant frequency, but 
again of mutual temporal phase shifts of 90°. 
Incident infrared light is then modulated and 
reflected in dependence to the relative position 
of the recurring pattern printed on a diffuse 
strip. As a result of the spatial modulation, tem-
poral phase shift to the overall reflected light is 
induced, revealing lateral displacement of the 
primer within one spatial period. Overall signal 
received in set of infrared detectors is amplified, 

converted and synchronously detected in digital 
domain, resulting in a complex value with phase 
angle directly proportional to the lateral dis-
placement of the primer. 

Algorithm for Irregular Gains
Because of irregularities in emitter circuitry and 
collimator geometries, as well as due aging and 
field conditions, detected in-phase and quadra-
ture components can face irregular distortion 
observed as affine (shift and scale) transfor-
mation on complex plane. To account for it, a 
model for spatio-temporal modulation and sub-
sequent synchronous demodulation process 
with distinct channel gains is introduced as
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where D is detector output, 0nG is arbitrary 
(presumably known) gain for n-th channel and 
( )I is biased cosine function representing 

both spatial and temporal intensity modulation, 
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In case of uniform gains, spatial phase for given 
lateral displacement l can be found simply as 
argument of the complex detector output. How-
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gains, detected phase need to be corrected by 
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Measured lateral position can be then evaluat-
ed by re-integrating changes in the phase of the 
corrected detector output using 

  ( )CORDLl arg
2

=


   (3) 

Adaptive Determination of Gains 

For estimation of unknown channel gains, Fou-
rier analysis of detector output at basic spatial 
frequencies is utilized. Components for integer 
spatial frequencies 1,1−k  can be found as 
integrals 

 −=
L

Llik
k dlDe

L
C /21    (4) 

provided numerically for one or multiple spatial 
periods. This of course implies that primer is in 
relative movement in respect to sensor for at 
least one length L . By solving eq. (4) for un-
known gains, we get  

( )101
2Re4 CCiCiG nn

n ++= − , (5) 

applied in next cycle for gains in eq. (2). The 
process leads consecutively to enhancement of 
position accuracy and adaptation of gains for 
changing field conditions. 

Testing and Results 
To provide assessment of the algorithm, an 
automated test stand with configurable sensing 
gap distances, linear drive and precision posi-
tion measurement has been readied (Fig. 1). 

 
Fig 1. Automated test stand. Inset image: Front side 
of tested optical sensor with simulated incapacity. 

Results for position error and performance of 
gain adaptation algorithm obtained for 125mm 
sensing gap can be seen in Fig. 2 and Fig. 3. 
Initially, as gains are set to equal value of 100, 
standard position error of 0.8-1mm is indicated. 
Later, with sufficient amount of detector data 
integrated, adaptation of gains started resulting 

in gradual enhancement in position accuracy to 
less than 0.2mm. 

In next phase, we used a 1cm2 paper strip for 
partially blocking of one of the infrared emitters. 
Subsequent surge in position error to approx. 
10x of the settled value could be observed, 
however, as channel gains adapted, measure-
ment error dropped again to almost previous 
level. Similar behavior could be observed after 
strip removal. 

 
Fig. 2. Position error (blue) and standard deviation 
(orange) evaluated from preceding 200 samples. 

 
Fig. 3. Adaptation of channel gains with indication of 
initial and channel incapacity conditions. 

Conclusion 
Proposed modification to detection algorithm for 
active optical position sensor has been found 
effective in determination of both hardware-
related as well as environmentally-induced ir-
regularities in signal chain, enhancing accuracy 
of position sensing down to 0.2mm at >100mm 
sensing gap distances. 
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Summary:
We designed and simulated bulk acoustic waves (BAW) resonators based on a Quartz-on-Silicon
substrate to achieve higher operating frequency than the standard commercially available Quartz Mi-
crobalance (QCM) biosensor. We used reflectors, based on Silicon multi-wall structures, to concen-
trate the acoustic energy within the individual transducer area, thus increasing the quality factor and 
preventing the crosstalk between adjacent sensors. The overall design will allow the application of 
BAW resonators for in-liquid biosensor arrays with higher sensitivity and multiplex sensing capability

Keywords: Biosensor, Bulk Acoustic Waves, Resonator, Multiplex sensing

Background, Motivation and Objective
Quartz Crystal Microbalance (QCM) is currently 
the most common type of Bulk Acoustic Wave 
(BAW) resonator used for biosensor applica-
tions [1]. The thickness shear-mode oscillation 
of the QCM makes it suitable to work in a liquid 
environment to capture and quantify bio-
analytes. However, the current commercial 
QCM is limited in terms of the operating fre-
quency, which maximum frequency of 10 MHz, 
with a plate thickness of 167 um. 

Fig. 1. The relationship of QCM plate thickness, 
frequency and theoretical sensitivity

Figure 1 shows the relationship between the 
QCM plate thickness, operating frequency and 
sensitivity, based on the Sauerbrey equation of 
QCM [2]. As shown in Figure 1, higher sensitivi-
ty can be achieved by increasing the operating 
frequency. However, to achieve higher frequen-
cy, a thinner plate is required, which will make 
the sensor device too fragile and too difficult to 
handle. Based on the Quartz-on-Silicon sub-
strate and Silicon multiwall structure [3], we aim 
to design a high-frequency BAW biosensor with 
multiplex sensing capability.

Description of the Design
The illustration of our Quartz-on-Silicon BAW 
resonator with Silicon multiwall is shown in Fig-
ure 2. With the silicon substrate, we can reduce 
the thickness of the AT-cut Quartz plate to 
achieve higher frequency, while maintaining the 
total thickness of the device comparable with 
the standard QCM. Furthermore, the Silicon 
multiwall acts as reflectors that concentrate the 
acoustic energy within the individual transducer. 
At the same time, the reflectors prevent cross-
talk between the transducers. The crosstalk 
prevention is required so that several transduc-
ers can be within a sensor device for multiplex 
sensing applications.

Fig. 2. The illustration of the Quartz-on-Silicon 
biosensors device with three transducers [3]

Simulation Results
COMSOL Multiphysics® simulation software is 
employed to simulate the proposed design, to 
calculate the quality factor (Q-factor), and to
evaluate the crosstalk between the transducers. 
Firstly, we simulate the effect of the transducer 
size on the Quality factor of the resonators. 
Figure 3 shows the simulation result of the 
BAW resonator with a quartz plate thickness of 
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33 um and an operating frequency of around 48 
MHz, with square transducer dimensions of  
1x1 mm2, 2x2 mm2, and  3x3 mm2. As shown in 
Figure 3, the Q-factor is highly affected by the 
size of the transducer, where a Q-factor of 
higher than 5000 is achieved with a larger 
transducer size of 3 mm 

 
Fig. 3. The simulation results of the resonator fre-
quency response and Q-factor with different trans-
ducer diameters. 

Despite giving a higher Q-factor, a larger trans-
ducer reduces the distance between each 
transducer, which will increase the risk of cross-
talk. To fit three 3-mm transducers within the 
area of 14*14 mm2, the distance between 
transducers is only 1 mm or less. Thus, the 
simulation to evaluate the crosstalk between 
two adjacent transducers is performed and the 
results are shown in Figure 4.  

 
 

As shown in Figure 4, when a small mass is 
added to the transducer, it acts as a sensor and 
there is a significant shift in the resonator fre-
quency. However, the shift in the reference 
resonator is merely 0.5% relative to the shift 
observed with the sensor. Thus the results 
show that the crosstalk is minimal even at a 
very close distance.  

 
Fig. 5. The simulation results of a complete BAW 
resonator with Silicon multiwall reflectors 

In addition to preventing the crosstalk between 
the transducer, the reflector is added to 
concentrate the energy and thus increase the 
Q-factor. Figure 5 shows simulation results of 
the full resonator structure with reflector, with a 
Quartz thickness of 30 um and with a square 
transducer dimension of 3x3 mm2.  Where the 
BAW resonator is expected to have a Q-factor 
of 5520 at the operating frequency of 55.2 MHz. 

Conclusion 
We have designed and simulated a BAW bio-
sensor array device based on a Quartz-on-
Silicon substrate and Silicon multiwall reflec-
tors. Our simulation results show the feasibility 
of obtaining a high-frequency BAW resonator 
for in-liquid biosensors with higher theoretical 
sensitivity than standard QCM biosensors and 
with multiplex sensing capability.  
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Fig. 4. The crosstalk simulation results of two 
adjacent transducers as a sensor and a reference 
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Summary:
In this paper we propose a quantitative model for the interaction between a sampling electrode and a 
sample surface in a Kelvin-probe surface potential measurement. We briefly describe the Kelvin method,
then we introduce a capacitance based electrostatic model to quantify the interaction. We use this model 
to derive the Point Spread Function (PSF) of the measurement which can be used to enhance physical 
measurements using a deconvolution-based approach.
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Background, Motivation an Objective
In semiconductor metrology the ability to meas-
ure electrostatic surface potential can give valu-
able insights into the surface state of the sample 
and the physical processes going on inside the 
bulk material. To measure this potential several 
methods have been formulated such as the use 
of ChemFETs [1] and the Kelvin-probe method
[2]. During the Kelvin-probe measurement a vi-
brating electrode is put in proximity to the sam-
ple’s surface and the two surfaces interact 
through the electric field to produce a changing 
current that transport charges onto the sampling 
electrode. The amount of current is proportional 
to the potential difference between the sample’s 
surface and the vibrating electrode. By changing 
the sampling electrode static potential, the 
transport current can be minimized by which we 
can determine the sample surface’s electrostatic 
potential in a non-contact manner.

The goal of our paper is to derive a mathematical 
model which describes the interaction and to 
generate the Point Spread Function of the meas-
urement setup, which then can be used in a post 
processing step to increase the measurement 
resolution after the scanning of the sample.

Physical and Mathematical Model
The vibrating sampling electrode is coupled to 
the sample’s surface through the electromag-
netic interaction between them. However, since 
the characteristic length scale and frequencies 
used during the measurement, the interaction 
can be simplified to only the electrostatic field. 
This field can be modeled with lumped 

capacitances and in the limit as a distribution of 
surface capacitance density. 

Due to the vibration of the sampling electrode the 
coupling capacitance varies in time. This varia-
tion, along with the constant electric potential,
implies a change in the amount of charge on the 
surface of the sampling electrode. In addition, 
due to the continuity equation of electromag-
netic, the change in charge must come from a
current density that transports carriers. This cur-
rent takes the form as described by eq. (1)

𝑖𝑖(𝑡𝑡) = 𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝑡𝑡 ∬ 𝜕𝜕𝜕𝜕(𝑡𝑡,𝑟𝑟)

𝜕𝜕𝜕𝜕 (𝑈𝑈 − 𝜙𝜙(𝑟𝑟))𝑑𝑑𝑑𝑑 (1)

By changing the amount of charge on the sam-
pling electrode, a charge redistribution process 
will undergo on the surface of the sample. This 
process can be characterized by the charge re-
laxation time, assuming space and time invariant 
material properties. The charge relaxation time 
is the product of the sample’s specific resistivity 
and its electric permittivity. So long as the charge 
relaxation time is orders of magnitude smaller 
than the sampling electrode’s period this charge 
redistribution can be neglected. This is the case 
for most of the semiconductor materials with 
charge relaxation time in the ballpark of ps. As-
suming the magnitude of the change in charge is 
negligible compared to the thermally generated 
ones, which govern the chemical potential and 
the thermodynamical processes in the bulk of the 
sample material, the coupling between the sur-
face potential and the surface charges can be 
neglected too.
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With these simplifications one can create an 
equivalent circuit diagram for the measurement 
setup using lumped elements (Fig. 1).  

 
Fig. 1. Equivalent electrical model of the interaction 
between the sampling electrode and the sample’s sur-
face. 

During the measurement the sampling elec-
trode’s potential is changed until the transport 
current is minimized. Assuming a homogenous 
surface potential distribution under the sampling 
electrode, the potential that minimizes the cur-
rent is precisely the same as the sample’s sur-
face potential. In the case of a non-uniform po-
tential distribution the optimal voltage on the 
sampling electrode will be the weighted average 
of the sample’s potential distribution.  

Since the relationship between the transport cur-
rent and the surface potential distribution is lin-
ear it can be approximated with a matrix-vector 
equation. This equation can be used to predict 
the result of a measurement, given the underly-
ing structures and potential distributions.  In ad-
dition, the underlying potential distribution can 
also be estimated with it, given the measured 
sampling electrode’s voltage and current wave-
form. Because many different potential distribu-
tions can result in a similar current waveform the 
estimated potential distribution won’t be unique. 

Among these distributions, one can be chosen to 
minimize the residual error, by utilizing linear 
least squares method. 

This method is analogous to the one utilized in 
optical systems where the image of a perfect 
point source is known well enough or at least es-
timated [3]. This image is called the Point Spread 
Function (or PSF for short), which is used to re-
solve smaller details that were captured by the 
optical system. In the image processing world 
this step is done by deconvolutions algorithms 
since the captured image is the convolution of 
the object and the PSF [3]. 

Results 
By simulating the capacitive interaction between 
a square sampling electrode and the sample’s 
surface one can acquire the necessary capaci-
tance densities, which in turn enable the simula-
tion of the measuring current in the case of dif-
ferent surface potential configurations, as seen 
in Fig. 2. 
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Fig. 2. Simulation of transport current due to different surface potential distributions and different sampling elec-
trode potential. 
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Summary:
Conventional teaching of sensors, based on lectures, static written materials, laboratories, etc., has 
become rather difficult at all levels of education, recently – especially during the period of pandemic.
The main objective of the described material is multimedia-supported education material that teaches 
the theoretical physical-chemical-biological bases, operation principles and various application possi-
bilities of classical and smart sensor devices for the next generation of intelligent systems. The new 
approach to teaching sensorics tries to exploit all the advantages of multimedia computer-aided teach-
ing and remote internet availability. The course material is practically available for the technical com-
munity, for university professors for teaching and company courses on the internet and other informat-
ics media, and has continuously been developed for many years. The lecture will highlight the struc-
ture of the course material and demonstrate the animated sensor examples.

Keywords: theory, teaching, education, internet-based learning, applications

Background, Motivation
Several e-based teaching materials were de-
veloped recently during the pandemic, that are 
following some formats available on the web
[1,2]:

• The  teacher is available in a small pic-
ture or given periods on the web

• Explanations are made with static text 
and figure

• A step-by-step view of the slides is 
needed (like with PowerPoint materials)

• Flexibility is available only with a table 
of content 

• Tests for self-control can be added
• -> Absolute passive
• -> Nothing extra over reading a book 

with figures or listening to the teacher

The main specific reasons handle sensorics 
differently are as follows:

• Both sensor technologies and sensors’ 
operation include dynamic processes that are 
difficult to illustrate and need many explana-
tions.

• The number of sensing principles for var-
ious parameters became so large that they 
hardly can be included within one course

Description of the New Teaching Material
The planned new approach of teaching sensor-
ics tries to exploit all the advantages of multi-
media computer-aided teaching not only for 
keeping the competitiveness but also to over-
come the above specific difficulties of the par-
ticular area: 

• Dynamic processes and sensing effects 
will be illustrated by animation.

• A large amount of information could be 
available even though not all areas are used by 
everyone.

• Course users could teach themselves by 
selecting the particular route of their interest: 
the explanations from the basic sciences are 
connected to the material by hyperlinks.

• The course material is available for the
technical community, and for university profes-
sors for teaching, and will continuously be de-
veloped on the internet and e-media.

Results
The Sensedu material has a menu with the 
following headlines [3,4]:

• Introduction: basic definitions and de-
velopment trends.

• Technologies: manufacturing processes 
(like semiconductors, thin- and thick-
film technologies, ceramics, etc.)
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• Structures: devices for sensors (like re-
sistors, transistors, diodes, etc.)

• Effects: physical-chemical and biologi-
cal bases of sensors operation (like pi-
ezoelectricity, Hall-effect, etc.)

• Measuring parameters (like pressure,
acceleration, pH, etc.)

• Applications (including industrial,
household, automotive, etc.)

The Figures. below are some examples. 

Fig. 1. Technology approach of a MEMS-compatible 
CMOS processing: the steps can be activated indi-
vidually by pressing the buttons on the left side.  

Fig. 2. General operation principle of a temperature-
sensitive diode. 

 a) 

 b) 

Fig. 4. Two stages of the animated illustration of the 
DNA chips: a) basic state, b) applying unknown DNA 

sample resulting in hybridization with the matching 
immobilized sequences. 

a) 

b) 

 Fig. 3. Two stages of the animated illustration of the 
piezoelectric effect: a) basic state, b) applying force 
on the material, polarization and voltage impulse is 
generated. 
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Abstract:
This paper presents a new bioinspired whisker sensor system tailored for surface defect detection. A 
rotational whisker sensor is designed and installed on a homemade wheeled robot, enabling active 
detection across a wide area. The sensor array is made of carbon fibers reinforced with polyepoxides 
and controlled by an ESP8266 microcontroller via Wi-Fi. The simulation investigation using Sim-Scape 
software indicates that adjusting dynamic parameters like frequency and response speed improves 
sensor performance. The study proposes that this approach proves effective in identifying surface 
anomaly, especially in noisy conditions.

Keywords: Whisker Sensor, Simulation, Autonomous Robot, Surface Defect, Frequency response.

Introduction
Drawing inspiration from nature's tactile      sys-
tems has led to significant advancements in 
sensing technology and haptic feedback [1]. 
Whisker sensor technology, inspired by the 
tactile hairs of mammals, has emerged as a 
valuable addition to conventional optical and 
acoustic sensors [2]. These sensors are used in 
a variety of applications, ranging from obstacle 
avoidance to map reconstruction [2]. The 
Whisker sensor can be classified into different 
types based on their sensing principles, which 
include optical whisker sensors, magnetic 
whisker sensors, resistive whisker sensors, and 
piezoelectric whisker sensors [2-3]. Among 
these, magnetic whisker sensors, utilizing Hall 
sensors, stand out for their multidimensional 
capabilities, robust environmental adaptability, 
and high resolution [2]. In this context, a new 
whisker-based sensor system has been devel-
oped, integrated into an autonomous robot, 
enabling the detection of surface anomalies. 

Material and Methods
In this section, the mechanical design and elec-
tronic configuration of the autonomous robot 
are initially described, followed by a discussion 
of sensor design and simulation procedure.

To accurately detect the shape of surface de-
fects, a foundational robot capable of scanning 
in the XY plane is essential. In this context, a 
four-wheel robot was designed and fabricated 
inspired by the Geneva wheel concept. At the 
forefront, a rotor was intricately connected to a 
gear-like structure, enabling it to rotate 

smoothly via a DC stepper motor (Modelcraft 
RB350018). The integration of the L298N dual 
H-bridge motor driver ensured precise motor 
control, facilitating accurate positioning of the 
measurement unit. Speed regulation was 
achieved through an Arduino UNO controller in 
conjunction with a digital rotary encoder 
(KY04RE). The final design enables movement 
along both the X and Y axes, as well as angular 
movement around these axes, mimicking the 
behavior of active whiskers in animals. The 
whole system, including the sensor, was de-
picted in Fig. 1.

Various materials, including carbon fibers, 
spring steel, and polymers, were investigated in 
the literature for whisker sensor fabrication [2]. 
Carbon fibers reinforced with polyepoxides, with 
diameters of 0.28mm and 0.5mm, were select-
ed for this study based on elasticity properties. 
As depicted in Fig. 1, a rotational sensor array 
was designed to provide convenient speed 
control compared to a linear array. This system 
included four whiskers attached to a holder 3D-
printed adapter. Indirect whisker movement 
measurement was achieved using a digital 
three-axis IMU sensor (Melexis MLX90393 
Triaxis), calibrated using Magneto software.

Simulation and modeling of the whisker array 
were conducted using Sim-Scape software. 
When the whisker makes contact with a sur-
face, the resulting force is transmitted to a 
beam, which is excited until force equilibrium is 
achieved. The position of the whisker tip can 
then be calculated based on the position of the 
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beam's end. Taking into account the deflection 
of the whisker, which is assumed to be small, 
Euler-Bernoulli beam theory for a cantilever 
beam with an end load can be applied. 

 
Fig. 1. a) Whisker-based surface monitoring robot, 
b) Schematic of sensor configuration. 

Result and Discussion 
Fig. 2 illustrates a spike in the whisker sen-
sor signal occurring at 0.75S, when the 
surface is touched at low rotation speed. 
As the Whisker moves across the surface, 
it bends, storing energy in the spring as     
E = k * ϕ, with ϕ representing the angle. 
Upon leaving the surface, this stored     
energy is released, leading to oscillation 
and explaining the spikes observed in Fig. 
2. Conversely, if the surface has a defect 
causing temporary loss of contact, this  
oscillation occurs earlier and can be      
detected via signal processing. Under-
standing dynamics behaviour is crucial for 
accurately detecting surface defect shape 
and dimensions, which can be facilitated by 
simulation studies. 

 
Fig. 2. a) Magnetic flux density of a moving whisker 
over the surface, with an inset showing the        
measurement apparatus. 

The simulation has been conducted by moving 
the whisker across various surfaces. As       
illustrated in Fig. 3, surface irregularities cause 
vibrations in the whisker sensor, which can be 
reasonably approximated. However, as shown 
in the inset of Fig. 3, calibrating the frequency 

significantly impacts sensor performance. When 
the speed doesn't match properly, the whisker 
loses contact with the surface repeatedly,   
hindering the ability to gather information about 
the surface. One potential solution is to       
increase the natural frequency of the whisker 
system by optimizing sensor parameters such 
as elasticity, length, and diameter. 

 
Fig. 3. Simulation results for detecting surface de-
fects at low frequency (0.1 Hz), with an inset depict-
ing sensor behavior at a higher frequency (1.6 Hz). 

Conclusions 
In this study, the capability of a whisker sensor 
for surface defect monitoring was investigated 
through simulation and experimental tests. A 
wheel explorer robot equipped with a custom 
hall-based whisker sensor was designed and 
fabricated for this purpose. The robot was   
operated through a Wi-Fi connection by an 
ESP8266 microcontroller. The rotational sensor 
array was constructed from carbon fibers rein-
forced with polyepoxides. Indirect measurement 
of whisker movement was accomplished using 
a digital three-axis IMU sensor (Melexis 
MLX90393), calibrated with Magneto software.  
Whisker array simulation was carried out using 
Sim-Scape software across various virtual sur-
faces. Results from both experimental tests and 
simulations suggest that the rotational whisker 
sensor shows promise for non-invasive surface 
monitoring applications, particularly in noisy 
open-air environments. Nevertheless, aspects 
such as whisker mechanical properties, resolu-
tion, and durability require further investigation, 
which can be pursued in future research. 
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Summary:
This study considers the optimal strain distribution in a piezoelectric vibrating energy harvester 
(PVEH), that maximizes the harvested energy. In many previous studies it was tacitly assumed that a 
uniform distribution of axial strain in the piezoelectric layer, ensures that the harvested energy is max-
imal. Though this assumption is intuitive, it was not supported by analysis. In this work we derive and 
present a formal analytic proof confirming that, for a given amount of energy in the vibrating structure, 
a uniform distribution of strain in the piezoelectric layer ensures that the harvested energy is maximal.

Keywords: Piezoelectric vibrating energy harvester (PVEH), piezoelectric unimorph, energy harvest-
ing, strain distribution, variational analysis.

Background, Motivation and Objective
Piezoelectric vibrating energy harvester (PVEH) 
devices have been studied for over two dec-
ades [1], [2], [3]. The most prevalent PVEHs are 
constructed from a piezoelectric unimorph, in 
which an elastic cantilever is coated by a thin 
layer of piezoelectric material. This piezoelectric 
layer is sandwiched between a top and bottom 
electrode. When the piezoelectric unimorph is 
subjected to base excitations at its natural fre-
quency, the amplitude of vibrations increases.

In previous studies it has been identified that an 
optimal planform of the unimorph cantilever 
may result in a uniform amplitude of axial strain 
in the piezoelectric layer. It was further as-
sumed that such a uniform amplitude of strain 
maximizes the harvested energy. This seems to 
be intuitively sensible, but no formal proof of 
this has been provided.

The aim of the present study is to provide a 
formal proof, and show that for a given amount 
of vibration energy in a PVEH, a uniform distri-
bution of axial strain ensures that the harvested 
energy is maximal.

Modelling – Analytic derivation
Figure 1 presents a schematic illustration of a 
piezoelectric cantilever unimorph, that is con-
structed from an elastic substrate of thickness 
h, coated with a thin piezoelectric layer of thick-
ness hpe (hpe<<h). The beam length is L and the 
width b(x) may be non-uniform. 

Fig. 1. Schematic description of a PVEH unimorph 
cantilever.

the electric energy UE that may be harvested in 
one half of a motion cycle, is proportional to the 
product of the charge amplitude QShort that is 
transferred between the electrodes – if they are 
shorted (i.e. connected), and the amplitude of 
voltage difference VOpen between the electrodes 
– if they are open (i.e. disconnected) [4], [5]:

OpenShort2
1 VQU E = (1)

In the piezoelectric layer, poling points in the z
direction, such that material directions 1, 2 and 
3, are parallel to the spatial axes x, y and z,
respectively. According to the Euler-Bernoulli 
beam theory, and considering that the piezoe-
lectric layer is thin, we may deduce that within 
the piezoelectric layer several terms vanish.

Within this layer, in terms of the Voight notation,
the shear strains and stresses are zero (i.e. 
S4=S5=S6=0 and T4=T5=T6=0), and the transverse 

z

x

Beam
(bottom electrode)

h
hpe

Piezoelectric layer

b(x) Top electrode

L
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stress T3 is zero because the top surface of the 
unimorph is stress-free. Furthermore, due to 
geometrical considerations, the components of 
the electric field and electric displacement (i.e. 
flux) along the x and y axes vanish (i.e. E1=E2=0 
and D1=D2=0). Finally, for cylindrical bending we 
may assume that S2=0, and that S1 is not a func-
tion of y. Because the piezoelectric layer is thin 
we may also consider S1 within the piezoelectric 
layer to be independent of z (this is known as 
the small-piezoelectricity assumption [6], [7]), 
so that overall S1(x) is uniform in each cross-
section, though it may vary along the beam. 

Therefore, we get two coupled equations: 

 3333331133 )()(0)( EexSCxSCxT EE −+==  (2) 

 3333331313 )()()( ExSexSexD S++=  (3) 

By imposing electrostatic boundary conditions, 
we derive QShort and VOpen 
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Substituting these expressions from (4) and (5) 
into (1), yields 
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where α is a scalar that depends on material 
parameters and the thickness of the piezoelec-
tric layer: 
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The mechanical elastic energy stored in the 
beam due to bending is given by 
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where 6/hEY=  and EY is Young modulus. 

We wish to find the axial strain distribution func-
tion S1(x), which will maximize the electrostatic 
energy UE for an arbitrary distribution of width 
b(x). However, we aim to find the maximal elec-
trostatic energy for all possible distributions on 
S1(x), which generate the same specific me-
chanical elastic energy *

MU .  

This can be done by considering a constrained 
Lagrangian, with a Lagrange multiplier  and a 
functional J 
   ( )*
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 (9) 

Applying the first variation for the functional with 
respect to S1(x) and , yields 
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Our goal is to identify the function form of S1(x) 
at which the electrostatic energy reaches its 
maximum. Therefore, according to (10), the 
variation must be equal to zero for any S1(x) 
and any . This requires that each one of the 
expressions that appear in curly brackets van-
ish, given that b(x) cannot be zero. It follows 
that: 

 
=
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*
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This confirms that the strain within the piezoe-
lectric layer must be uniform. 
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Summary:
This paper introduces a new methodology for localizing damages in mechanical structures thanks to a
Virtual Sensor approach. We combine physics-based models, finite element methods, real-time data 
and data-driven models using machine-learning algorithms to determine in real-time the “damage 
localization” on real-world mechanical structures with a reduced number of strain sensors. By leveraging 
finite elements, we have built synthetic database gathering the normal physical behavior of the 
mechanical structures under various force applications and abnormal behaviors induced by notches in 
the material. Machine-learning algorithms have been trained on synthetic data coming from simulations.
The notches have been effectively localized in real-time on the real-world mechanical structure with a 
reduced number of strain sensors, validating the approach.

Keywords: Virtual sensor, Digital twin, Data driven models, Finite element method, Neural Networks.

Introduction
In mechanical engineering, maintaining the 
structural integrity of systems is crucial for their 
safe and efficient operation. Damages,
manifesting as notches, cracks, or various forms 
of material degradation, can drastically affect a 
system's performance and reliability. Structural 
Health Monitoring (SHM) techniques, including 
both traditional and advanced sensor-based 
methods, are essential for detecting and 
evaluating such damages [1]. However, the 
application of SHM techniques often hindered by 
challenges like the requirement for extensive 
sensor networks and the complexities involved 
in optimizing sensor placement. Recent 
developments in digital twin technology present 
new opportunities for improving damage 
localization with a reduced number of well-
chosen sensors [2]. A digital twin is a virtual 
model that mirrors a physical system, enabling 
real-time monitoring and predictions through a 
continuous flow of data between the physical 
and virtual entities [3]. In this paper, we propose
a new refined Virtual Sensor framework that 
integrates comprehensive aspects of digital twin 
technology, from its conceptualization to 
practical deployment at a systemic level. Applied 
to a well-chosen case study, this framework 
demonstrates its effectiveness in localizing 
notches in mechanical structures in real-time,
highlighting the potential of digital twins in 
predictive maintenance.

Methodology
The proposed Virtual Sensor framework detailed 
in the Fig. 1 provides a comprehensive method 
for creating a digital twin of a physical system.

Fig. 1. Proposed Virtual Sensor Framework

It consists of three interconnected elements to 
achieve this. The physical space representing 
the real-world entity such as product, machine, 
or process [4]. Embedded in the physical space, 
sensor and actuators networks are actively 
involved in collecting data and executing actions 
based on instructions, respectively. The virtual 
space employs two types of models, Physics-
based and Data-driven models. Physics-based 
models use Finite Element (FE) analysis and 
simulations to provide a deeper understanding of 
the system. Meanwhile, Data-driven models 
handle complex data efficiently using reduced 
order-modeling techniques, and analyze sensor 
data in order to predict potential issues or 
estimate system’s lifespan. The control unit 
serves as the core entity of the digital twin, with 
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communication protocols allowing for wired and 
wireless data transfer. This unit manages the 
information flow and potentially controls the 
system based on the model’s prediction. It is also 
responsible for generating visual outputs and 
issuing alerts, alongside a data storage 
component for maintaining a historical record of 
information. 

Case Study: Damage Localization 
The proposed framework (Fig. 1) is applied to 
construct a digital twin of a mechanical structure 
in order to predict damage localization. Tests are 
performed on steel beams subjected to bending 
forces, including one undamaged specimen and 
four with notches. Each beam is equipped with 
four strain gauges positioned along its length. As 
detailed in the workflow (Fig. 2), two FE models 
were developed. The first model represents 
undamaged beam's normal behavior, while the 
second simulates the beams with localized 
notches. Data from these simulations were then 
used to build two separate data-driven models: 
(i) A Reduced-Order Model (ROM), trained on
virtual strain sensor data from the undamaged
beam simulations to predict strain based on the
applied force. (ii) A Convolutional Neural
Network (CNN) model, trained on virtual strain
sensor data from the damaged beams
simulations to predict the location of damage
along the beam. The combined approach of
these models consists of detecting first,
deviations between ROM predictions and real
strain data measured by the gauges. If
significant deviations arise, the CNN is activated
to localize the damage.

Fig. 2.  Virtual Sensor Framework for Damage 
Localization 

Reduced-Order Model for Strain Prediction 
We employed ANSYS Static ROM Builder to 
create a ROM for real-time prediction of beam 
strain under various applied forces and Young's 
modulus values. This ROM efficiently 
approximates the strain response obtained from 
a high-fidelity FE model of the structure, 
previously built in COMSOL Multiphysics. The 
ROM creation method uses Singular Value 
Decomposition (SVD) for solution compression, 

coupled with an interpolation technique to predict 
strain within the defined force and Young's 
modulus ranges [5]. The performance of the 
ROM is evaluated based on two metrics: relative 
error and the maximum absolute error between 
the ROM-predicted strain field and the 
corresponding field obtained from the full-order 
FE model [5]. Our ROM achieved a maximum 
relative error of 0.008798%. 

Convolutional Neural Network for Damage 
Localization 
To predict the location of damage along the 
beam structure based on strain gauge data from 
four specific positions, a CNN was employed. 
The CNN architecture consisted of an input layer 
followed by three convolutional layers with 64 
filters each. These convolutional layers 
employed ReLU (Rectified Linear Unit) 
activation functions and incorporated batch 
normalization to enhance learning stability. The 
Adam optimizer was chosen to efficiently train 
the model on a dataset of 380 strain value 
samples generated from simulations of various 
damage scenarios in COMSOL Multiphysics. 
The Mean Absolute Error (MAE) served as the 
loss function during training. The evaluation of 
the model's performance on a separate test set 
of 80 data points demonstrated a Mean Squared 
Error (MSE) of 5.2705e-07 and a MAE of 
5.8641e-04. 

The “damage localization” virtual sensor was 
finally validated on the real-world mechanical 
structure. The various notches localization have 
been found by using the real-time strain sensor 
data and the CNN with a precision quantified by 
a MAE of 3.92mm. This validates the good 
operation of the digital twin developed here and 
the opportunity of virtual sensors for damage 
localization on mechanical structures with a 
reduced number of sensors. 
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Summary:
A reliable description of an odor includes both the overall impression of the odor-active volatile com-
pounds and their chemical identity. Efficient methods for the chemical and sensory analysis of the 
aroma properties of a product or raw material enable a high sample throughput with maximum effi-
ciency. For the evaluation and correlation of the extensive datasets, an AI-supported evaluation pro-
cedure was developed, which outputs the maximum information content from the available data in the 
shortest possible time. Based on the information obtained in this way, instrumental odor measurement 
systems can be developed to enable efficient odor measurement for specific applications.

Keywords: odor, aroma, odor analysis, sensor system, data analysis

Introduction
The evaluation and decoding of odor character-
istics of products and raw materials contributes 
significantly to the development of new foods, 
packaging solutions and beverages. Ultimately, 
it is the sensory perception, especially the aro-
ma, but also the appearance, that determines 
whether a product appeals or repels to con-
sumers.

Unlike most other human senses, such as hear-
ing and sight, smell is still difficult or impossible 
to translate into a universally applicable stand-
ard unit. On the one hand, this is due to the fact 
that the sense of smell exhibits strong inter-
individual differences, which can be attributed 
to the genetic predisposition of certain recep-
tors. On the other hand, the human correlation 
between an olfactory impression and the verbal 
expression of the impression can be under-
stood as a linguistics of its own, which is
learned depending on cultural background and 
habitat for the most part.

This dramatically complicates the validation of 
sensors that are intended to supplement or 
even completely replicate the human sense of 
smell. However, if this task is approached from 
the human sensory side, accompanied by in-
strumental analysis, a number of methods and 
techniques are already available that make it 
possible to validate technical odor sensors us-
ing established standard units and methods. 

This also requires the processing of compre-
hensive datasets from various corresponding 
measurement methods, for which we present 
an approach that is as holistic as it is efficient.

Odor Analysis by Comprehensive Measure-
ment Technologies
The volatilome contains numerous volatile 
compounds, only a fraction of which can be 
detected by the human nose. Accordingly, the 
analysis of odor-active volatile organic com-
pounds is based on two detection principles:
The overall impression of a product or raw ma-
terial, in particular direct differences to similar 
products and raw materials, is analyzed using 
the human nose as a detector in human senso-
ry tests. The most potent odor-active com-
pounds can then be worked out via sophisticat-
ed analytical methods. The previously deter-
mined odor-active substances are identified 
and, if necessary, quantified using gas chroma-
tography (GC) in conjunction with suitable de-
tectors (e.g., mass spectrometer; MS). Coupled 
systems, such as GC-MS fitted with an odorant 
detection port (GC-MS/O) enable a compre-
hensive analysis of odor mixtures and have 
established themselves as the gold standard in 
aroma analysis.

Smart Odor Analysis – KI-Assisted Data
Analysis for Odor Assessment
The described gold standard enables a com-
prehensive, but also time-consuming and cost-
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intensive analysis of the odor-active com-
pounds in a sample. In many applications, 
however, the time factor is clearly in the fore-
ground - a high sample throughput must lead to 
meaningful information in the shortest possible 
time. 

In an attempt to solve this shortcoming, an as-
sessment for AI-assisted odor analysis was 
developed. Based on efficient methods for hu-
man sensory investigations and complementary 
chemical analyses, a pipeline that supports 
efficient data analysis using statistical methods 
for data correlation and automated data pro-
cessing is being continuously developed and 
expanded [1] [2]. The correlation of odor im-
pressions and identities of single compounds 
opens the path to a variety of compiled infor-
mation on odor characteristics in order to gain 
maximum information content with minimum 
effort. The concept is by- and inline-capable 
and allows the comparison of large sample 
sets. Following the successful proof of principle, 
as well as the testing and validation of different 
approaches and methods, e.g., using whiskey 
as an example, the transferability of the smart 
odor assessment approach to other product 
groups, such as new foods and plastic regrinds, 
is now under investigation [3]. 

Miniaturizing Gas Chromatography – a 
Toolbox for Instrumental Odor Measurement 
Systems 
Instrumental gas analysis as laboratory analysis 
is ideal for obtaining comprehensive information 
on all volatile compounds present in a sample. 
For many applications, however, only specific 
information is required for a small selection of 
odor-active compounds, for example, to ob-
serve the formation of certain volatile markers 
for spoilage or fruit ripening [4].  

 
Figure 1: Workflow towards smart odor assessment 
supported by instrumental odor measurement sys-
tems. 

Since these systems should be suitable for 
continuous monitoring in the production process 
or storage, a structural miniaturization of gas 
chromatography is an obvious choice. Many of 
the components required for this are already 
manufactured in series and are available in 
large quantities at low cost. This applies in par-
ticular to small, cost-effective broadband detec-
tors, such as those found in the field of infrared 
sensors and metal oxide semiconductor gas 
sensors. For the latter it has been shown that 
they can have remarkably low detection limits of 
below 100 fg [5]. In order to increase selectivity, 
the volatile compounds are separated into their 
individual components on a short separation 
column prior to detection and detected individu-
ally on the sensor. Equipped with suitable soft-
ware for calibration, such smart sensing sys-
tems can be used for continuous monitoring of 
odorants. Implemented in or in addition to the 
smart odor assessment approach, this has high 
potential for efficient low-cost odor evaluation. 

References 
[1] H. Haug, A.T. Grasskamp, S. Singh, A. Strube, T. 

Sauerwald, Quick insights into whisky—
investigating rapid and efficient methods for sen-
sory evaluation and chemical analysis. Analytical 
and Bioanalytical Chemistry 415(24), 6091-6106 
(2023); doi: 10.1007/s00216-023-04883-5 

[2] A.T. Grasskamp, S. Singh, H. Haug, T. Sauer-
wald, Assisting the automated analysis of chemi-
cal-analytical measurements in spirits using vali-
dated algorithms and an intuitive user interface, 
Journal of Sensor and Sensor Systems 12(1), 93-
101 (2023); doi: 10.5194/jsss-12-93-2023 

[3] H. Haug, G. Zeh, A. Grasskamp, A. Buettner, T. 
Sauerwald, Smart odor assessment to evaluate 
product performances efficiently, from plant pro-
teins to plastics, Talk ACS Spring 2024 Confer-
ence (2024) 

[4] M. Koehne, C. Schmidt, S. Singh, A.T. 
Grasskamp, T. Sauerwald, G. Zeh, Development 
of a gas chromatography system coupled to a 
metal-oxide semiconductor (MOS) sensor, with 
compensation of the temperature effects on the 
column for the measurement of ethene, Journal 
of Sensors and Sensor Systems, 12(2), 215-223 
(2023); doi: 10.5194/jsss-12-215-2023 

[5] T. Baur, C. Schultealbert, A. Schuetze, T. Sauer-
wald, Novel method for the detection of short 
trace gas pulses with metal oxide semiconductor 
gas sensors, Journal of Sensors and Sensor Sys-
tems 7(1), 411-419 (2018); doi: 10.5194/jsss-7-
411-2018 

Acknowledgment 
This research was funded by the Bavarian 
State Ministry of Economic Affairs, Regional 
Development and Energy (StMWi), within the 
project “Campus of the Senses” (grant no. 20-
3410-2-14-3 

EUROSENSORSXXXVI 254

DOI 10.5162/EUROSENSORSXXXVI/PT2.77



SMART ID-TAGS for LOCATING FREIGHT WAGONS and 
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Summary:
This work presents a prototype of a wireless ID tag that is to be used in the field of rail vehicle mainte-
nance. The ID tag helps to localize vehicles, stores condition and environmental data and provides an 
interface to existing maintenance systems. Energy-saving, simple low-cost components are used in 
the circuit board design. The prototype can be further optimized in terms of size, energy efficiency and
functions.

Keywords: ID Tag, wireless, efficiency, mobility, maintenance

Introduction
The railway system serves as a backbone of 
transportation infrastructure, facilitating global 
commerce and connectivity. However, ensuring 
the digitalization, reliability and safety of railway 
operations necessitates a proactive approach to 
maintenance [1]. Smart maintenance uses in-
novative sensor technologies tailored to the 
unique demands of railway, particularly in the 
context of environmental and biophysical data 
monitoring. To work with wireless components 
in dynamic systems is key here.

A smart ID tag serves as the foundation for 
digital wagon records in rail transport by inte-
grating advanced sensor technologies into the 
railway-operating infrastructure. Special em-
phasis is placed on wireless communication 
protocols to facilitate effective monitoring of 
condition, environmental and positioning data.
While sensors employed in various industries 
for condition monitoring and predictive mainte-
nance, their adaptation to the railway environ-
ment presents unique challenges and opportu-
nities. The dynamic nature of railway opera-
tions, coupled with the harsh environmental 
conditions, the need of energy saving solutions 
and stringent safety requirements, necessitates 
specialized sensors. The sensor system com-
prises a suite of advanced sensors capable of 
capturing environmental parameters such as 
temperature, humidity, vibration. Through the 
integration of wireless communication, a sensor 
network can enable real-time data collection, 
processing, and analysis, empowering railway 
operators with actionable insights for proactive 
maintenance decision-making.

Prototype Design Concept
The whole system works with a supply voltage 
of 3.3 V, which makes it perfect for battery ap-
plications, which can be additionally supported 
by energy harvesting technologies. An 8-bit 
Microcontroller collects data from two analog 
sensors IC’s (integrated circuit). On the one 
hand, we detect vibrations that are transmitted 
to the sensor via structure-borne sound. The 
vibration data can be used to detect defects in 
machine parts or even flat spots on the wheel-
set of a freight wagon. The flat spots on a wheel 
produce a periodic impact that can be detected 
by measuring acceleration, as illustrated in Fig. 
1, and applying a periodic peak detection algo-
rithm to the signal.

Fig.1 Detection of periodic signal

On the other hand, we measure temperature 
and humidity as examples of environmental 
data. These variables provide information about 
the condition of the environment surrounding 
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the sensor node. This data can later be used for 
correlations between defects and environmental 
influences in order to predict failures earlier. All 
data is transmitted to a radio module via UART. 
The module uses a Zigbee Network and oper-
ates in AT mode (Application Transparent), in 
which all data is simply forwarded to the target 
address. The localization of the vehicles oper-
ates by combining multiple technologies. The 
reason for this is to increase the robustness of 
the localization to counteract impairments such 
as the shielding of satellite signals in tunnels.[2] 
The ID tags communicate with each other via a 
mesh network and, in relation to a train, deter-
mine their position using Downlink TDoA (Time 
Difference of Arrival) [2]. Another way of calcu-
lation the position of the nodes is measuring 
and evaluating RSSI values of the received 
signals [3]. Fig. 2 illustrates a mesh network 
applied to the field of freight train localization. 
The green dots symbolize nodes for data col-
lection. The blue ones are nodes for data for-
warding or stationary nodes like balises in the 
infrastructure [4]. 

 
Fig. 2 Mesh Network for TDoA Localisation 

Both the microcontroller and the radio module 
can be put into sleep mode to save energy. The 
module is in pin sleep mode, controlled by the 
microcontroller. However, this only happens in 
the event of successful network access. If a 
wagon does not move for a longer period, the 
entire system should be in sleep mode to avoid 
wasting energy. To detect the movement of the 
train and wake up the microcontroller, we use 
the 3-axis acceleration sensor on the circuit 
board, to be more precise the Analog Digital 
Converters interrupt enable function. 

Fig. 3 shows a current prototype with external 
dimensions of 50 mm x 60 mm, which can easi-
ly be reduced to at least half the required 
space, if the small-factor packages of the com-
ponents are used and the rear side of the PCB 
is fully utilized. 

 
Fig. 3 PCB design of the Tag prototype. 

Discussion and Conclusions 
The presented smart ID tag demonstrates one 
way to integrate wireless technologies into rail-
way systems. By including multiple sensors in 
the system, it can collect condition and envi-
ronmental data with minimal invasive installa-
tion and legal authorization requirements. The 
greatest challenge lies in the interaction of dif-
ferent communication technologies in an energy 
saving way. Further research with Zigbee must 
test whether interference with other high-
frequency signals, such as WLAN, occurs, as 
Olaby et al. 2022 measured in the context of 
RFID technology [5]. The programming of as-
sociated software and software interfaces to 
existing data processing programs. However, 
the data collected brings great benefit for train-
ing intelligent algorithms for predictive mainte-
nance. The design tries to find the sweet spot 
between energy efficiency and functionality. 
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Summary:
Neuromorphic signal processing can enhance the efficiency of IoT sensors and support edge compu-
ting solutions. However, the preprocessing of the encoded signals, to be transferred to a spiking neu-
ral network, requires high computational power. In this work, we propose an energy-efficient hard-
ware-based solution for the analysis of rapidly changing vibration or acoustic signals. This was in-
spired by the human cochlear implant, which exploits the plasticity of the human brain to enable clear 
speech recognition even on a very limited number of frequency channels (16-22). Our proposed hard-
ware consists of a 16-channel frequency-selective MEMS cantilever array, and a VO2 memristor 
nanogap based oscillator for amplitude sensitive spiking signal generation. To test our solution, we
used Google Command Speech benchmark database.  

Keywords: Spiking neural network, cantilever array, memristor oscillator, vibration analysis, edge 
computing

Motivation and Objective
For quite some time, it has been evident that 
biological systems surpass electronic counter-
parts in terms of energy efficiency, highlighting 
a significant gap. Therefore, the development of 
neuromorphic auditory hardware systems holds 
promise for achieving greater efficiency and 
performance in future hardware audio solution
[1].

Fig. 1. Proposed SNN-based vibration source classi-
fication method using piezo-MEMS frequency sensi-
tive cantilever array and memristor to encode ampli-
fied analogue signals into neural spikes.     

In this paper, we propose a solution for FFT
free neuromorphic encoding of acoustic and 
vibration spectrograms. It is based on our pre-
vious work, where similar cantilever arrays were 
used for a fully implantable cochlear implant [2]. 
Fig. 1 shows an application example of an 
Acoustic Vehicle Detection system. Specifically, 
MEMS cantilevers serve as sensors to detect 
the sound or seismic vibrations emitted by dif-
ferent vehicles. These cantilevers are tuned to
specific resonant frequencies. Subsequently, 
the harmonic motion of each piezoelectric canti-
lever generates voltage outputs, which are pro-
cessed by oscillatory circuitry to produce 
spikes. These circuits incorporate VO2-based 
memristors, which play a crucial role in spike 
generation. The resulting spikes serve as inputs 
to a Spiking Neural Network (SNN), enabling 
the classification.

Description of the new method
For a concise SNN network, we have chosen 
the speech2spikes pipeline [3], which consists
of blocks that initially utilize the Mel Spectro-
gram, followed by their Step-Forward and even-
tually by Cumulative Sums, to produce the input 
spikes to the SNN.

To achieve higher accuracy in hardware system 
design, we modeled our existing hardware ele-
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ments in two distinct steps. Our models are 
based on the fabricated cantilever and memris-
tor along with its experimental signals (Fig. 2) 
Initially, we aligned the data of our 4x4 spiral 
cantilevers to the parameters of the mel-
spectrogram, changing the number of bins from 
20 to 16, and reducing the frequency range to a 
minimum and a maximum frequency of 200 and 
700 Hz [4].  

 
Fig. 2. Fabricated spiral shaped piezocantiver having 
tuned resonant frequency (a), the VO2 nanogap 
memristor (b), and the measured signal conversion 
(c).    

Subsequently, we modeled the memristive os-
cillatory circuit, omitting the use of step-forward 
and cumulative sum pipeline algorithms. We 
summarized this two-step hardware design 
approach in the rows of the Table 1 below, 
marked as version 1 and 2 for clarity. Emulation 
of hardware is emphasized by the light blue 
background of the cells. The number of input 
neurons in the SNN network, determined by the 
bin numbers of the mel-spectrum or the count 
of spiral cantilevers designed for various natural 
frequencies. Each layer of the SNN network 
consists of 256 LIF neurons. Efficiency is 
measured in terms of accuracy. 

 Ver-
sion Bins Frequencies Methods 

0 20 20…20.000 
Hz 

step-forward 
and cumulated 
sum algorithm 1 

16 200…700 Hz 
2 

emulated oscil-
latory circuit on 
measurements 

Table 1. Co-deisgn of preprocessing MEMS and 
SNN with emulated hardware models. Cells in light 
blue denote the emulated components.  

Results 
We succeeded in achieving a 40% accuracy 
with the first version, which may signify a good 
result in our work. Although this represents 
promising progress, further optimization and 
refinement are needed to advance accuracy. 
Training and modeling of version 2 are still in 
progress. Unfortunately, the accuracy of the 
zeroth version during training fell short of ex-
pectations, showing only 70%. However, if we 
manage to find the appropriate training condi-

tions, we believe that the accuracy will improve 
in version 2, following the published 88%.  

Fig. 3. (a) The preprocessing pipeline signals. Initial-
ly, the 'backward' GSC audio data (a) enters the 
pipeline and undergoes processing by the Mel Spec-
trogram algorithm with 16 bins (b). Eventually, the 
Step-forward and cumulative sums algorithm feeds 
64 neurons of the SNN with its generated spikes (c). 
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Summary:

Indoor air pollution has been a rising threat for public health. This study presents an indoor air quality 
monitoring platform integrating multiple sensors. It adopts calibration and compensation algorithms in 
order to improve gas measurement accuracy. A neural network-based gas recognition algorithm is also 
proposed. This approach promises more effective real-time IAQ monitoring for public health protection.

Keywords: indoor air quality, gas sensors, multi-sensor platform, neural networks

Background, Motivation and Objective
Indoor air quality (IAQ) is crucial for public 
health, as individuals typically spend around 
80% of their time indoors. The World Health Or-
ganization reports that indoor air pollution 
causes over 3 million fatalities each year. Com-
mon indoor pollutants include carbon monoxide, 
volatile organic compounds, particulate matter, 
aerosols, and biological contaminants. These 
pollutants often originate from building materials, 
combustion from cooking appliances and fire-
places, and can be carried in from outdoors. The 
enclosed nature of indoor spaces condenses the 
concentration of these pollutants, resulting in a 
variety of health issues over both short and long 
exposure periods. Therefore, developing moni-
toring systems of indoor air quality is recognized 
as essential for health protection. Many multi-
sensor platforms for IAQ monitoring were re-
ported [1]. However, the literature either focuses 
on the advancement in sensing materials [2] or 
on gas identification using neural networks with-
out any prior calibration or compensation algo-
rithms [3]. The aim of this work is to develop a 
digital multi-sensor platform using commercial 
sensors for real-time IAQ monitoring.

Description of the System
Seven indoor air pollutants sensors were chosen 
for our application. They are capable of detecting 
a broad spectrum of indoor air pollutants within 
their exposure limits (Table 1). Since gas sen-
sors are sensitive towards temperature and hu-
midity changes, a temperature and humidity sen-
sor for temperature and humidity compensation
is included to complement the chosen set sen-
sors. All eight sensors were then integrated onto 

a single printed circuit board, as shown in Figure 
1.a. In order to facilitate real-time monitoring, 
data from the sensors are seamlessly transmit-
ted and displayed via a dedicated Labview appli-
cation. This integration enables continuous sur-
veillance, empowering users with timely insights 
into indoor air quality dynamics.

The developed multi-sensor platform was char-
acterized, calibrated and trained in the gas sens-
ing test bench shown in figure 1.b. Our testing 
environment contains dual exposure chambers, 
offering precise control over airflow and humidity 
levels through a LabVIEW interface. It also ena-
bles sensor characterization under a mixture of
up to 5 pollutants simultaneously.
Tab. 1: Target gases and their limits of exposure

Target 
gas TVOC HCHO NO2

Limit of 
expo-
sure

750 ppb 16 ppb 1 ppm

Target 
gas CO CO2 PM

Limit of 
expo-
sure

35 ppm 3000 
ppm

15
mg/m3
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Fig 1.a. Multi-sensor board; b. Test bench at Mines 
Saint-Etienne. 

Results 
To ensure optimal performance, the sensors 
were first exposed to a variety of gases, includ-
ing CO, NO2, ethanol, acetone and various hu-
midity levels. This step aimed to assess sensor 
sensitivity and selectivity across different pollu-
tants. Figure 2 provides a representative illustra-
tion of the TVOC sensor's response, showcasing 
its pronounced sensitivity to VOCs while also 
highlighting potential interference from CO and 
humidity. 

Fig 2. TVOC sensor’s response under different expo-
sure of CO, NO2, ethanol, acetone, and humidity. 

Following the initial calibration process, the sen-
sor was exposed to various absolute humidity 
levels, in order to mitigate the impact of temper-
ature and humidity variations. To effectively
compensate for these environmental factors, we 
implemented a linear compensation algorithm, 
as illustrated in Figure 3. Furthermore, an algo-
rithm for gas recognition and concentration de-
tection employing neural networks is under de-
velopment. This algorithm promises enhanced 
precision in identifying and quantifying pollutant 
concentrations, thereby enhancing the sensor's 
efficiency in indoor air quality monitoring. 

Fig 3. Temperature and humidity compensation for the 
TVOC sensor. 

Conclusion 
In this work, we have developed a multi-sensor 
platform tailored for indoor air pollutant detec-
tion. Through calibrations under diverse pollu-
tants and the implementation of a humidity com-
pensation algorithm, we have ensured the plat-
form's reliability and gas measurement accu-
racy.  A neural-network-based gas recognition 
algorithm is under development for gas identifi-
cation. This approach promises to enhance the 
efficiency of multi-sensor platforms with embed-
ded neural networks not only in terms of indoor 
air pollutants identification and quantification, but 
also in terms of data management, memory 
management and power consumption. 
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Summary: 

The EU project FAMOSOS (Farm monitoring via real-time soil sensing) aims to develop a real-time 
monitoring system for soil data, including nitrogen (ammonium, nitrate, nitrite), moisture, pH, and dis-
solved oxygen with increased sensitivity, reduced response times and sample volumes. This IoT system 
will be composed of a wireless underground sensor network, composed of porous ceramic probe, com-
bined with a micro pump, a sensor, and an antenna for wireless data transmission. The system will be 
tested in Germany, Portugal, and Finland, with data used in the biophysical Agricultural Production Sys-
tems Simulator (APSIM) model to identify sustainable, climate-resilient agricultural practices. 

Keywords: soil monitoring, real-time, modelling, nano-electrodes, wireless underground IoT nodes

Famosos Objective 

In 2015 alone, pollution led to an estimated 9 mil-
lion premature deaths worldwide (16% of all 
deaths), 15 times more than from all wars and 
other forms of violence [1]. The zero-pollution vi-
sion for 2050 is for air, water and soil pollution to 
be reduced to levels no longer considered harm-
ful to health and natural ecosystems…. thereby 
creating a toxic-free environment. 

The EU is developing a more effective action 
plan [2] based on a ‘zero pollution hierarchy’ us-
ing the precautionary principle. Specifically, this 
plan calls out that where prevention at source is 
not (yet) possible, smart production and digital 
solutions for pollution tracking and reduction 
should be promoted. However, even if sensing 
platform for environmental monitoring already 
exist [3], a key challenge is the lack of effective 
digital monitoring tools [4] that provide real-time 
decision-making capacity and agency to end-us-
ers and stakeholders; including consumers, in-
spection services, industry operators, and envi-
ronmental emergency responders.  

FAMOSOS aims to enable more sustainable ag-
ricultural practices through real-time monitoring 

of N concentrations in the soil solution and the 
environmental conditions that drive them. This 
will be achieved through a novel sensor system 
[5], combined with laboratory and field experi-
ments and modelling.  

FAMOSOS will address these challenges: 
1. Develop and test a tool for real-time in situ

measurements of soil solution characteris-
tics, including N concentrations (NH4, NO3)
and oxidation status.

2. Estimate N losses (gaseous and leaching)
from soil solution data and environmental
drivers.

3. Improve our understanding of hot moments
in N cycling after fertilization and rainfall/irri-
gation.

4. Develop smart fertilization practices depend-
ing on soil N concentrations.

In addition to detecting soil nutrient concentra-
tion, and predicting fertilisation requirements, 
soil and water detection can also allow for the 
early detection of contaminants.  
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Famosos System 

FAMOSOS consists of three components that 
will be advanced in parallel: (i) sensor develop-
ment, (ii) lab-field testing/measurements and (iii) 
Modelling & development for guiding N fertilisa-
tion.  
The figure 1 described the concept. 

Fig. 1. FAMOSOS IoT system concept 

The micro-pump and sensors already developed 
in Germany and Ireland will be evaluated, inte-
grated with off-the-shelf suction cups, and need 
for adjustments or extensions of the sensors to 
operate under real conditions, as well as the sen-
sor’s requirements for proper operation (dis-
tance, reliability, ...) will be evaluated.  
Concurrently, we will start with measurements 
and analysis of the data from the new probes, to 
i.e. relate soil N concentrations to fertiliser treat-
ments. The experiments will start under con-
trolled lab conditions, followed by in-situ meas-
urements in the field.
The proposed cost-effective sensor system al-
lows to measure continuous in-situ soil water N
concentrations, using automated data acquisi-
tion and wireless data transmission through soil.

Results 

By developing a tool which provides farmers with 
real-time information on the soil N status, FA-
MOSOS will make an important contribution to 
improving our understanding of soils for better 
management (optimized N fertilization strate-
gies), which will further enable a more sustaina-
ble agricultural production (more efficient N use) 
and a healthier environment (decreased N leach-
ing, N2O emissions).  

FAMOSOS illustrates the maturation of technol-
ogies towards broad adoption. The expected im-
pact focuses on the benefits of the new sensor 
technologies to better understand N cycling in 
soils. This will increase the real-time decision-
making capability of fertilizer management. Ad-
ditionally, the project will create a new product, 
which can be marketed throughout Europe and 
worldwide. 
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Summary:

This study is dedicated to advancing phosphorene-based sensors for hydrogen detection. Through the 
strategic functionalization of phosphorene with urea, the sensor exhibits enhanced performance and 
exceptional stability in ambient air, making it well-suited for various applications. Extensive characteri-
zation techniques confirmed material stability and demonstrated the sensor's high sensitivity (up to
700 ppm) and selectivity for hydrogen at room temperature. The use of operando diffuse reflectance 
infrared Fourier transform provided real-time insights into the gas sensing mechanism, contributing to 
a deeper understanding of its operational principles. 

Keywords: hydrogen detection, phosphorene, functionalization, 2D material, chemoresistive gas sen-
sor

Introduction
Nowadays, hydrogen (H2) stands as the defini-
tive energy source of the twenty-first century, 
poised to replace conventional fossil fuels in the 
global power system. H2, an odorless, flamma-
ble, and explosive gas, remains undetectable to 
the human senses even at concentrations of 4-
75% in air [1]. This poses significant risks, ne-
cessitating sensors with high sensitivity and 
selectivity at low temperatures for detection 
during production, storage, and transportation. 
Commercially available H2 gas sensors, includ-
ing electrochemical and semiconductor devices, 
are promising, but face drawbacks such as lack 
of selectivity and high operating temperatures
(200-600 °C) [2-3]. Two-dimensional materials 
(2D), such as graphene and transition metal 
dichalcogenides, have garnered significant 
interest for their distinctive properties, aimed at 
overcoming certain limitations. Their remarka-
ble high-surface-to-volume ratio has been a 
focal point of attention. This characteristic re-
sults in a substantial active surface area, facili-

tating robust interactions with the target gas 
molecules. However, enhancing their perfor-
mance remains a challenge. Recently, black 
Phosphorus (bP) has emerged as a potential 
solution due to its semiconductor properties, but 
its susceptibility to oxidation limits its practical 
use [4]. Surface functionalization strategies, 
such as incorporating nanoparticles or organic 
compounds, aim to improve stability and per-
formance for gas sensing applications [5]. In 
this work, we proposed a new bP-
functionalization with urea synthesis. This mate-
rial can be used as a functional material for the 
fabrication of a chemoresistive gas sensor for 
H2 detection, as suggested by catalytic proper-
ties featured in previous work [6-7]. Through a 
comprehensive morphological, chemical, and 
electrical characterization, we investigated envi-
ronmental stability in dry air and sensing capa-
bilities of amino-functionalized bP (bP-NH2)
films for H2 detection at room temperature (RT).
Finally, to evaluate the chemical interactions on 
the surface of the sensing film before and after 
the exposure of the target gas, we exploited a
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dedicated test chamber for an operando diffuse 
reflectance infrared Fourier transform (DRIFT) 
spectroscopy. 

Materials & Method 
The bP-NH2 nanosheets were characterized by 
powder X-ray diffraction (PXRD), scanning 
electron microscopy (SEM), Raman, UV-Visible 
(UV-vis), and X-ray photoelectron (XPS) spec-
troscopies. Then, the sensing film was electri-
cally characterized by providing “3S” rules 
(sensitivity, selectivity, and stability).  

Results 
The functionalization was accomplished via wet 
chemical reaction between exfoliated bP and 
urea (see Fig. 1). The material stability in air 
and the integrated surface was confirmed by 
PXRD and Raman spectroscopy. XPS con-
firmed the presence of -NH2 groups (about 3%) 
on the surface. Concerning UV-vis and imped-
ance measurements, these highlighted a signif-
icant increase of the band gap value and 
downward shift of the conduction band level 
respect to pristine bP.  

The sensing performance of bP-NH2 device was 
evaluated in a wide range of concentration, 
starting from 50 to 700 ppm of H2 at RT (Fig. 2). 
The sensor demonstrated long-term stability 
over a period of three months, exhibiting the 
ability to maintain its structural integrity and 
sensing capabilities even when continuously 
exposed to dry air conditions. The gas sensing 
mechanism was investigated thought an ad-
vanced technique, i.e. DRIFT spectroscopy, 
providing information about the chemical inter-
action between the oxygen preabsorbed spe-
cies and the target gas. 

Fig. 1. STEM image of bP-NH2 nanosheets. 

Fig. 2. Calibration curve of bP-NH2 sensor at RT in 
dry conditions. 
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Summary: 

This paper presents a reliable emerging technology to fabricate lightweight and conformal electronics 
on 3-D complex shapes and various materials, including everyday life objects. The novel technology 
consists in screen-printing of silver ink onto water soluble film. Next, a water transfer printing method 
is used to allow the substrate-free transfer of the screen-printed patterns. This process exhibits electri-
cal functions similar to conventional screen-printing ones, enabling the fabrication of a highly sensitive 
and reproducible temperature sensors. 

Keywords:  Water Transfer Printing, Screen-printing, Silver Ink, Temperature Sensors. 

Background, Motivation and Objective 

The novel form of electronics is marked by the 
growth of innovative technologies aimed at 
making electronic more conformal, lightweight, 
connected and user-friendly, thereby opening 
up exciting new possibilities and applications in 
various aspects of everyday life [1], [2]. The 
main objective is to push back the limits of tradi-
tional 2-D electronic design by proposing to 
integrate electronic devices onto complex 3-D 
shapes, such as sensors, whose effectiveness 
is enhanced by bringing them closer to the ob-
ject being monitored [3]. 

Description of the Method 

Such an innovative technology is water transfer 
printing (WTP) [4]. It ensures the free-transfer 
of a highly sensitive temperature sensors to 3-D 
materials without any alteration of the device 
features, opening up many perspectives for the 
future of 3-D lightweight electronic. 

Results 

WTP process is a process commonly used in 
the industry to apply decorative patterns or 
designs onto three-dimensional surfaces. It is 
used since our pioneering work in 2017 [2] to 
transfer electronics from polyvinyl alcohol (PVA) 
substrate to arbitrary and daily live objects as 
shown in Fig.1. Firstly, sensor is screen-printed 
on PVA, which is then dried and cured to re-
move solvents and obtain optimum resistivity. 
Afterward, the PVA is gently deposited at the 
water surface to be dissolved, allowing elec-
tronic patterns to float. At last, a 3-D object is 
dipped through the floating patterns, resulting 

electronic active layer fixed conformally to the 
object surface.    

Fig. 1. WTP Process. 

Our previous works already show the high de-
gree of conformality as the technology is a sub-
strate-free transfer [2], it’s also important to 
note that this method does not affect the elec-
trical performances of sensors as show in Fig.2. 
Indeed, sensors fabricated by WTP or directly 
screen printed on PET substrate highlight the 
same electrical behavior. 

Fig. 2. I=f(V) characterization of a silver ink-based 
sensor after and before its transfer using WTP. 
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Basically, temperature sensor is an electronic 
device designed to measure and control the 
temperature of an object or a system. That's 
why the closer the sensor is to the object, the 
more accurate the measurement will be, which 
is guaranteed by our process. The resistance 
variation as function of temperature of a trans-
ferred silver ink-based temperature sensor is 
showed in Fig.3 shows. Indeed, the electrical 
response of the sensor is reproducible over 
more than four hours cycling. 

Fig. 3. Resistance variation as function of tempera-
ture of a silver ink-based temperature sensor.  

Observing the graph, it's obvious that the re-
sistance of the sensor decreases as the tem-
perature decreases. This follows the classical 
behavior of metallic materials. Moreover, trans-
ferred silver ink-based sensor shows high sen-
sitivity to temperature with 0.08 Ω/°C and 
0.25%/°C.  Note that, authors assume that the 
transferred silver sensors have been compared 
to screen-printed ones, demonstrating similar 
behavior, performance, and sensitivity. This is 
already confirmed by the I-V characterization 
shown in Fig.2   

Fig. 4. Minimal variation of temperature detected by 
the silver ink-based temperature sensor.  

The Fig.4 shows the smallest temperature vari-
ation that transferred sensor can reliably detect 
and measure without applying any mathematic 
complex treatment. This result proves the high 
efficiency and accuracy of the sensor, enabling 
it to distinguish a minimal temperature change 

of 0.3°C, despite background noise and fluctua-
tions. Temperature sensors are placed in loca-
tions where temperature needs to be moni-
tored, such as industrial environments, air con-
ditioning systems, and medical laboratories.  

In these application areas, various levels of 
humidity are defined, between [40% RH: 60% 
RH], an environment is considered as optimal, 
and between [60% RH: 100%RH], it's consid-
ered very humid. Fig.5 shows the impact of 
humidity on the transferred temperature sensor 
described previously. The result highlights that 
the sensor is not sensitive to humidity (either for 
optimal humidity or excessive one), regardless 
of the temperature value. This is ensuring the 
normal behaviour and stability of the transferred 
temperature sensor in all desired installation 
environments, disregarding humidity effect.  

Fig. 5. Resistance variation of silver ink-based sen-
sor as function of relative humidity ratio (%RH) at 
25°C, and 40°C. 

Conclusion 

The WTP process surpasses the limits of tradi-
tional electronics manufacturing by enabling the 
integration of temperature sensors onto all 
complex objects, regardless of their shapes, 
while obviously maintaining the same perfor-
mance as conventional screen-printed sensors. 
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Summary:
The objective of this study is to pioneer the fabrication of self-supported flexible silica-titania based glass 
with magnetic properties through low-temperature synthetic routes. In this regard, superparamagnetic 
iron oxide nanoparticles (SPIONs) were incorporated in the glass matrices (hybrid sol-gel silica precur-
sors). Across the studied compositions, Young's modulus below 370 MPa demonstrate mechanical flex-
ibility comparable to recognized flexible materials such as PET. Notably, the superparamagnetic behav-
ior of SPIONs persisted at 300K even after their integration in the self-supported flexible glass matrices.

Keywords: flexible glasses, SPIONs, sol-gel process, inorganic glasses, low-temperature synthesis.

Background
Corning® Willow® Glass produced by (high tem-
perature) roll-to-roll process represents a pio-
neering advancement in glass technology due to 
its exceptional mechanical performance and ver-
satility. This innovative glass combines the in-
herent advantages of traditional inorganic glass 
with a remarkable degree of mechanical flexibil-
ity, rendering it applicable across a diverse array 
of domains, including semiconductor and solar 
cell technologies [1]. Metallic magnetic glasses, 
typically derived from the fusion of metallic com-
ponents, find utility across a broad spectrum of 
industries encompassing catalysis, chemical 
processes, and biomedical sensor development. 
However, it is imperative to acknowledge that 
both Corning® Willow® Glass and metallic mag-
netic glasses demand high-temperature fabrica-
tion processes, thereby incurring substantial pro-
duction costs and high ecological footprint. In re-
spect of these drawbacks, there arises a com-
pelling impetus to explore alternative materials 
that offer comparable functionalities while cir-
cumventing the challenges associated with high
temperature synthesis. Among such alterna-
tives, Superparamagnetic Iron Oxide Nanoparti-

cles (SPIONs) emerge as a particularly notewor-
thy candidate. SPIONs exhibit superparamag-
netic behavior at ambient temperatures, afford-
ing them the unique ability to magnetize and de-
magnetize rapidly in response to external mag-
netic fields [1]. Regarding the fabrication of self-
supported flexible inorganic glass, a strategic 
approach is adopted, centered on the utilization 
of hybrid sol-gel silica precursors characterized 
by the presence of non-hydrolysable organic 
groups, which persist within the final glass mo-
lecular structure. Consequently, this 3D molecu-
lar architecture engenders a heightened degree 
of mechanical flexibility, akin to that of plastic 
materials, in the resultant products.

Motivation and objectives
This study is primarily focused on the fabrication 
of self-supported flexible magnetic silica-titania-
based glasses with ambient temperature tech-
niques, to achieve environmentally sustainable 
and economically feasible materials. The inte-
gration of SPIONs within the inorganic glass ma-
trices enables the magnetic performance. The 
sol-gel synthesis of hybrid glass matrices and 
the co-precipitation method to produce SPIONs 
were the room temperature methodologies cho-
sen.
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Methods 
A (80/20) SiO2/TiO2 molar ratio glass composi-
tion was settled. The sol-gel synthesis uses 3-
Glycidyloxypropyl-trimethoxysilane (GPTMS), 
triethoxymethysilane (MTES) and triethoxyvi-
nylsilane (VTES) (SiO2 precursors);Titanium (IV) 
propoxide (TPOT) (TiO2 precursor). For the SPI-
ONs, a co-precipitation synthesis is based on the 
reduction of iron (III) chloride hexahydrate. SPI-
ONs were covered with dextran T10 before in-
corporation in the glass matrix [2]. 

Results 
This investigation marks a significant milestone by 
synthesizing self-supported flexible glassy materials 
with magnetic properties using low-temperature syn-
thesis pathways, representing a novel contribution to 
the field. To the best of our knowledge, this represents 
the first instance of such materials being produced via 
these methodologies. Illustrative evidence of the at-
tained outcomes is presented in Figure 1, wherein the 
bending capability of the self-supported flexible glass 
(Figure 1a) and the integration of Superparamagnetic 
Iron Oxide Nanoparticles (SPIONs) into a similar ma-
trix (Figure 1b) are depicted. 

Fig. 1. (a) Self-supported flexible glass; (b) Self-sup-
ported magnetic flexible glass. 

Additionally, Table 1 provides a comprehensive over-
view of the obtained results pertaining to the Young’s 
Modulus of the synthesized samples denoted as A1 
(GPTMS/TPOT), A2 (GPTMS-MTES/TPOT), and A3 
(GPTMS-VTES/TPOT). These values, falling within a 
range comparable to that of Polyvinyl Chloride (PVC) 
(200-800 MPa), signify a level of flexibility surpassing 
that of high-density polyethylene (700 MPa) while ex-
hibiting greater rigidity than low-density polyethylene 
(200 MPa) [3]. 

Tab. 1: Young’s Modulus Self-Supported flexible glasses. 

Sample Young’s Modulus (MPa) 

A1 234 ± 12.4 

A2 363 ± 20.7 

A3 311 ± 17.3 

The addition of Superparamagnetic Iron Oxide Nano-
particles (SPIONs) did not visibly affect the the mag-
netic characteristics of the synthesized materials. This 
claim is supported by the consistent observation of su-
perparamagnetic behavior, as depicted in Figure 2. 

Moreover, the saturation magnetization closely aligns 
with the results obtained for unbound SPIONs. Fur-
thermore, it is noteworthy that the remanent magneti-
zation underwent an anticipated alteration after the 
successful integration of SPIONs. This phenomenon 
can be attributed to the cessation of relaxation via 
Brownian motion, a characteristic feature inherent to 
SPIONs post-incorporation. 

Fig. 2. Self-supported magnetic flexible glass M(H) at 
300K (A1). 

Furthermore, preliminary assessments concerning 
the sensing capabilities of the material were con-
ducted, focusing on variations in ethanol concentra-
tions (10%, 5%, and 2.5% v/v). Notably, these tests 
were conducted without the incorporation of SPIONs. 
The glasses demonstrated discernment among the 
distinct ethanol concentrations and exhibited a capac-
ity to effectuate changes of 1,716 nm per unit of re-
fractive index. These findings prefigure different utili-
zation across diverse sensing applications, particu-
larly within medical and environmental contexts. 
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Summary:
The InteliPart project, integrated within the Illiance High Performing Energy consortium, is oriented 
towards the creation of pioneering solutions involving the functionalization of plastic components. 
These solutions will focus on the reduction of process steps, addressing sustainability and improving 
cost-effectiveness. This work outlines the development of sensing and actuation technologies, namely
capacitive sensors and light-emitting solutions, through printed electronics and their incorporation in 
plastic parts by injection molding processes, achieving In-Mold Electronics.

Keywords: printed electronics, screen printing, sensors, IME, production optimization. 

IME Towards Production Optimization
Due to the current highly competitive manufac-
turing landscape, the reduction of production 
steps has emerged as a critical motivating fac-
tor for companies pursuing an efficiency en-
hancement and decrease of operational costs, 
while maintaining a competitive level. This pro-
duction optimization provides an improvement 
of cost-effectiveness by eliminating unneces-
sary or redundant processes, which not only 
improves profitability, but also enables busi-
nesses to offer more competitive pricing in high-
end components. Besides, process steps re-
duction is important to address sustainability 
and environmental concerns. In this scope, the 
InteliPart project – part of the Illiance High Per-
forming Energy consortium – aims to create 
innovative solutions and advanced technologies 
through the functionalization of plastic parts.
Combining the technologies of printed electron-
ics and injection molding – In-Mold Electronics 
(IME), the main objective is to successfully in-
tegrate electronics in plastic parts for the devel-
opment of functional components that could 
easily be incorporated in many interface appli-
cations towards new advanced electronic de-
vices and appliances.

Printed Electronics and IME
Printed electronics is one of the highest growing 
markets in most recent years for its possibility 
to combine printing technologies and functional 
inks while assuring economical and functional 

advantages, as it can offer design flexibility and
use of a large range of lightweight, thin and 
flexible materials, enabling the integration of 
electronics into unconventional shapes and 
surfaces, aligned with contemporary demands.
This versatility opens new possibilities for prod-
uct innovation and differentiation, further en-
hancing a company's competitive advantage.
The work herein presented aims at developing 
printed electronics sensing and actuation sys-
tems resorting to screen printing. Screen print-
ing stands as a pivotal technology which offers 
an efficient deposition of functional materials 
onto flexible and rigid substrates, is cost-
effective and allows for an easy scale up to roll-
to-roll configuration, for large scale pre-
production continuous printing. After printing, an 
additional step can be introduced to enhance 
the films’ intelligence which consists of the as-
sembly of surface mount devices (SMD) such 
as resistors, capacitors, and light-emitting di-
odes (LEDs) [1]. Moreover, IME offers a unique 
approach to the reduction of production steps. 
In the injection molding process, a polymer is 
injected against the surface of a film of printed 
electronics, promoting the adhesion of the lay-
ers. Hence, electronic functionalities are directly 
integrated during the injection molding process, 
resulting in a seamless product and efficient 
manufacturing workflow. Therefore, a significant 
simplification and streamlining of manufacturing 
processes can be achieved [2].
In these processes, materials are carefully se-
lected to fulfil the end application requirements 
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and the different components designed for a 
customized solution. 

Results 
Preliminary tests regarding the integration of 
printed electronics through injection processes 
were performed, specifically of hybrid electron-
ics films, i.e. containing a printed component 
with SMD. Firstly, conductive silver tracks for 
LEDs powering were screen printed onto a 
flexible substrate, followed by the assembly of 
LEDs on its surface. The printed films were 
then successfully integrated into plastic compo-
nents through injection molding without degra-
dation of the printed tracks nor any of the mate-
rials and devices involved in each production 
step. Besides, LEDs’ displacement was not 
verified, maintaining their functionality once 
integrated on the plastic part. Therefore, a func-
tional light-emitting part was achieved, as rep-
resented in Figure 1. 

 
Fig. 1. Demonstration of preliminary test results on 
the integration of a screen printed film with assem-
bled LEDs (top) on a plastic material through injec-
tion molding, achieving a light-emitting IME part 
(bottom). 

Based on the favourable outcome attained in 
the preliminary tests, which proved the concept 
of eficiently incorporating a functional electronic 
film in a plastic component without affecting its 
initial properties, further electronics will be de-
veloped through screen printing and IME in 
order to achieve more advanced technologies. 
Under development and future work include a 
capacitive circuit, the pathways for LEDs 
powering and the respective control electronics. 
IME containing printed capacitive sensors will 
result on a part with touch response capabilities 
and the incorporation of LEDs will allow for a 
more appealing light solution. Additionally, 
through the course of the project, the functiona-
lities inherent to the system will be specified, 
alongside the configuration of the plastic com-
ponent's design. Moreover, in addition to injec-
tion tests, functional characterization tests and 
an evaluation of their properties will be conduc-
ted. 
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Summary:
This study introduces a novel approach in creating sensitive and selective sensors for identifying PBTC 
in aqueous and real-water samples. It is based on the modified surface of Au microelectrodes with 
molecularly imprinted PDA polymer. The characterization of the resulting microsensor was carried out 
by using FTIR, CV and EIS techniques. EIS responses of the modified microelectrodes toward PBTC 
was well-proportional to the concentration in the range from 5−100 mg/mL indicating a good correlation.
This developed device can be used for the detection of PBTC in water cooling system.

Keywords: MIPs, microsensor, PBTC, PDA, EIS

Introduction
Traditional methods for assessing orthophos-
phate concentrations face challenges in terms of 
cost, time, and complex analysis. Such limita-
tions highlight that an on-site solution for rapid 
detection is needed to investigate within aquatic 
systems effectively [1]. In response to this ana-
lytical demand, applying molecularly imprinted 
polymers (MIPs) for electrochemical sensing has 
emerged as a significant development in envi-
ronmental monitoring. MIPs are favored for their 
outstanding physical and chemical stability, high 
specificity, low-cost production, and quick re-
sponsiveness. When integrated with compact 
electrochemical sensors, the material enables
the direct detection of specific substances in 
real-time with accurate results. Among various 
MIPs, polydopamine (PDA) stands out for its 
simple and mild polymerization process, versatil-
ity in adhering to a wide range of surfaces, and 
diverse binding mechanisms [2]. This research 
introduces a PDA-based MIPs electrochemical 
microsensor engineered for detecting PBTC—a
critical orthophosphate compound used as an 
antiscalant in cooling water systems. Monitoring 
PBTC concentrations is crucial for balancing op-
erational efficiency and environmental protec-
tion. It ensures the prevention of eutrophication 

and helps in complying with environmental regu-
lations regarding phosphate discharge [3]. The 
sensor exhibits remarkable sensitivity and spec-
ificity for orthophosphate chemical detection un-
der optimal conditions.

Methods
The surface of Au microelectrodes was cleaned 
and then immersed in an MHDA solution for an 
overnight incubation at 4°C. Subsequently, a 
mixture of EDC/NHS was applied to the pre-
pared Au surface and allowed to react for 30 min 
at ambient temperature. The seed layer of PDA 
was then deposited onto the activated surface.
Cyclic voltammetry (CV) was utilized to facilitate 
the electropolymerization of the NIPs and MIPs 
devices. To eliminate PBTC templates, the MIP 
chip was placed in 0.2 M H2SO4 for a duration of 
30 min. Characterization of the resulting samples 
was conducted by using the CV and electro-
chemical impedance spectroscopy (EIS) tech-
niques.

Results and Discussion
The surface characteristics of the modified mi-
croelectrodes were analyzed using FTIR spec-
troscopy (see Fig. 1). The analysis confirmed the 
successful binding of the PBTC template to PDA 
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by the electropolymerization process. The broad 
absorption band around 3400 cm-1 is attributed 
to the stretching vibrations of –OH bonds, indic-
ative of the hydroxyl groups present in PDA. Ad-
ditional peaks were observed, including the N–H 
band (3084, 1671, and 1559 cm-1), C–H vibra-
tions (2931, 2858, and 1467 cm-1), and the C=O 
stretch at approximately 1670 cm-1. Further-
more, the MIP spectra demonstrated the pres-
ence of a 1709 cm-1 peak for C–O stretching of 
carboxylic groups, and 1422 and 1205 cm-1 for 
the PO group, providing clearly evidence of 
PBTC incorporation.  

 
Fig. 1. FTIR analysis of the NIPs, MIPs and PBTC. 

The electrochemical behaviors of the bare Au, 
NIPs, MIPs, extracted MIPs, and rebinding MIPs 
were evaluated in 5 mM [Fe(CN)6]3− /4− and PBS 
solution using CV and EIS techniques (see Fig. 
2a). CV results revealed a decrease in the cur-
rent intensity of redox peaks for the modified 
electrodes compared to the bare Au. The redox 
peak of the MIPs was lower than the NIPs sen-
sor, indicating that the reduction of the amplitude 
voltammogram was attributed to the presence of 
PBTC. After extraction of PBTC templates, a sig-
nificant increase in redox peak was due to the 
PDA matrix providing the imprinted hole promot-
ing the charge transfer.  

EIS measurements featured a Nyquist plot 
where the semicircle at higher frequencies cor-
responds to electron transfer reactions. The bare 
Au electrode displayed a minimal electron trans-
fer profile, indicative of a diffusion-driven process 
with swift electron transfer kinetics. The applica-
tion of PBTC to the electrode's surface caused a 
noticeable increase in the semicircle's size on 
the Nyquist plot, which denotes an obstructive 
effect of the polymer that impedes electron trans-
fer and increases the resistance to electron cir-
culation. The impedance experienced a pro-
nounced increase post-polymerization, due to 
the formation of the PDA film encapsulating the 
orthophosphate compound, which notably im-
pedes electron transfer. The impedance was 

considerably reduced after the extraction of 
PBTC, presumably as a result of cavities left by 
the removed PBTC, thereby the electron transfer 
process. The semicircle expanded slightly after 
the PBTC was reintegrated, implying the effec-
tive reattachment of PBTC within the MIP at spe-
cific binding sites. Additionally, EIS graphs 
showed significant changes in response ampli-
tudes as the concentration of PBTC increased. 
This suggests a correlation between the concen-
tration of PBTC and the impedance of the PBTC 
sensor. Analyzing the data from EIS diagrams 
enabled the identification of a linear relationship 
(see Fig. 2b).  
 

 
 

 
Fig. 2. (a) CV and EIS results and (b) sensitivity of mo-
lecularly imprinted microsensor based-on PDA. 

Conclusions 
This study highlighted the effectiveness of PDA-
MIPs in achieving remarkable sensitivity and 
specificity in PBTC detection, crucial for ensuring 
operational efficiency and environmental protec-
tion against eutrophication. The electrochemical 
characterization through CV and EIS validated 
the sensor's ability to select PBTC with consid-
erable precision. The findings, indicating a direct 
correlation between PBTC concentration and 
sensor impedance, pave the way for on-site, 
real-time monitoring of orthophosphate levels in 
aquatic systems. This breakthrough contributes 
substantially to the environmental monitoring 
field by offering a low-cost, efficient, and reliable 
solution to the challenges posed by traditional 
methods of phosphate concentration assess-
ment. 
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Summary:
One-dimensional crystalline materials like SbSI from AVBVICVII are attractive for application in different 
mechanical, electrical, optical sensing structures, while a number of two-three component glasses are 
excellent for patterning. In this paper we present the results obtained by investigations on interconnec-
tions between thin layer technology conditions, substrate materials and thin film structures in the direc-
tion of obtaining surface structures with different dimensions, applicable for spot- or two-three dimen-
sional sensitive elements.

Keywords: Advanced materials, nanostructures, technology.

Introduction
There has been a growing interest in one-
dimensional crystalline materials and struc-
tures, made on their basis due to the intensive 
developments in electronics, photonics towards 
nano-sized functional elements, enhanced pa-
rameters and applicability. Materials from the 
AVBVICVII system, like SbSI, BiSI are crystalline 
while AsSI is usually amorphous glass, all of 
them are wide-band gap semiconductors pho-
tosensitive in 500- 700 nm spectral range. Ma-
terials from As-S-I system are amorphous, 
glassy, with most popular As2S3 composition 
used for very efficient amplitude-phase optical 
recording media 1,2. The last may be com-
bined with gold nanoparticles to increase effi-
ciency and incorporate plasmonic effects when 
the structure is illuminated by resonant wave-
length laser beam. An example of laser induced 
interference pattern on such a structure is pre-
sented on Fig.1.Iodine in ternary glass compo-
sition may decrease the stability of layers for 
optical recording, but some very stable, needle-
like crystalline elements containing composi-
tions are available. Especially, crystalline  SbSI, 
BiSI are attractive due to the pronounced unidi-
rectional, needle-like  structure. SbSI  is of main 
interest due to fact that it is ferroelectric , with 
the temperature of the ferroelectric phase tran-
sition close to 295 K. 3].

Fig.1. Surface relief recorded by laser beam on 
As2S3-AuNP layer 

Such materials  are  attractive for fundamental 
research as well as prospective for applica-
tions in the fields of ferroelectricity, microelec-
tronics and optoelectronics, as microcapacitors, 
sensors, solar cell and ultrasound devices [4,5,
6].Continuing our researches in thin film tech-
nology of multicomponent chalcogenide semi-
conductors we performed investigations on 
interconnections between thermal deposition 
technology, substrate structure including gold 
nanoparticles, thermal and e-beam, laser 
treatment with formation of one-two dimension-
al structural elements on the surface of sepa-
rate layers or combined structures.
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Technology and methods 
Thermal evaporation in vacuum, mostly in spe-
cial small-volume cells was performed from 
previously crashed As2S3 glass (if optical re-
cording is required on the final structure) or 
single-crystalline, 5-10 mm long or crashed 
SbSI or BiSI (see Fig.2), what enables fast 
evaporation-condensation in thin layers on the 
surface of different substrates. Among the sim-
plest were pure silica glass and silica glass 
covered by nanometers-thick gold layers, or 
gold nanoparticle-islands of 100-200 nm size 
(see Fig.3). More complex element may include 
As2S3 sub-layer as well.  Optical microscope, 
dual beam scanning electron microscope type 
Thermo Fisher Scientific-Scios2 (FIB-SEM, 
Waltham, MA, USA), Horiba LabRam Raman 
spectrometer, AFM  with green laser excitation 
were used for investigations of structure, it’s 
transformations induced by annealing, laser 
and e-beam treatments.  

          
Fig.2. Crashed SbSI crystals used for thin film ther-
mal deposition.  

Micrometer-thick SbSI layers were deposited on 
pure silica-glass substrates or on the glass, 
preliminary covered with a layer of gold nano-
particles with average dimensions in 30-100 nm 
range (see Fig.3). 

 
Fig.3. AuNP layer on the glass substrate. 

 

The next step was the SbSI layer deposition. 

 
Fig.4. SbSI layer deposited on AuNP covered sub-
strate. 

 

Results 
The main result of this experimental cycle con-
sists in establishment of experimental condi-
tions for rather simple fabrication of multicimpo-
nent, multifunctional thin layer structures from 
AvBVICVII system, which may be used for optical, 
electrical, mechanical and thermal sensing el-
ements creation, with special accent on possi-
bilities of focused laser-beam recording point-, 
line-, or two-dimensional structures, photonic 
crystals. Presence of gold NPs with resonant 
plasmon excitation in the 510-600 nm spectral 
range enhances these processes, as it was 
shown by combined focused laser beam re-
cording - Raman spectra measurements. 
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Summary:
We study the photoluminescence of new nanocomposite material consisting of arsenic sulfide doped 
in porous glasses and the effect of photoinduced structural transformations on it. Strong photolumi-
nescence signal was observed in the samples when excited with lasers with excitation wavelengths of 
405 and 532 nm. Also, the effect of laser irradiation on the photoluminescence of the samples was 
studied using confocal microscope with two different operating lasers 405 and 514 nm. It was ob-
served that laser irradiation influences photoluminescence differently depending on the irradiation 
wavelength. Also, it was recording photonic structure on this material. Thus, the material combines the 
properties of photonic crystals and luminescent materials, allowing for both optical recording and lumi-
nescence emission, making it versatile for a range of sensing applications.

Keywords: Arsenic sulfide, photoinduced structural transformations, porous glasses, photolumines-
cence, photonic structure

Background, Motivation an Objective
Kolomiets' research group was the first to ob-
serve photoluminescence (PL) in arsenic sulfide 
glasses, which has since been widely studied 
by others [1, 2], taking into account factors such 
as composition, temperature, and excitation 
spectra. This paper focuses on the investigation 
of PL in arsenic sulfide doped in porous glasses 
(As2S3-PG nanocomposite) using various exci-
tation wavelengths. The effects of gold nano-
particles on the intensity of PL are also pre-
sented, along with the influence of irradiating 
the samples using different lasers on their PL, 
as well as effects when recording photonic 
structure on a material. Synthesis and charac-
terization of the optical properties of materials 
especially at a nanoscale and at a photonic 
structures is considered as important tasks for 
the engineering of photonic devices and sys-
tems.  

Description of the New Method or System
The As2S3 doped porous glasses were pre-
pared by dissolving As2S3 in propylamine and 
adding the porous glasses to the solution, fol-
lowed by annealing. Here the photoinduced 
changes in the PL emission observed in the 
As2S3-PG composite were utilized for the re-
cording of optical structure – a grating using 
TEM grating mask and a laser with 532 nm  

wavelength. Thus, a new As2S3-PG composite 
material was obtained that combines the prop-
erties of photonic crystals and luminescent ma-
terials, allowing for both optical recording and 
luminescence emission.

Results
The photoluminescence (PL) spectra of the 
As2S3-PG samples were measured under exci-
tation with 405 nm and 532 nm lasers. To ob-
tain more detailed information about the PL 
centers, deconvolution was performed due to 
the presence of multiple Gaussian peaks in the 
PL spectra. The peaks obtained from the de-
convolution process and the PL spectra are 
shown in Fig. 1. The results indicate the pres-
ence of a broad and intense band at 511 nm 
when excited with a wavelength of 405 nm (Fig. 
1a). The PL spectrum excited with 532 nm is 
dominated by a broad emission band centered 
around 596 nm with shoulder around 630 nm. 
The PL observed in the As2S3-PG samples 
investigated in this research does not conform 
to the established EPL ≈ Eg/2 rule that typically 
characterizes the intrinsic properties of chalco-
genide glasses [2]. This could be attributed to 
the fact that the observed PL emission is origi-
nating from arsenic sulfide nanoparticles rather 
than its bulk form.
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 Fig. 1. Deconvoluted experimental PL spectra of 
As2S3-PG when excited with (a) 405 nm laser and 
(b) 532 nm laser. Deconvoluted spectra are repre-
sented by curves P1, P2, P3 and P4. The resulted 
sum of the deconvoluted spectra is represented by 
curve fit envelope. 

 

The effect of AuNPs on the PL emission of 
As2S3-PG samples was investigated using 
confocal luminescent scanning microscopy (Fig. 
2). Samples with and without AuNPs were ana-
lyzed, with both having the same concentration. 
The results showed that the presence of AuNPs 
led to a decrease in the PL emission intensity of 
As2S3-PG by 40% for excitation at 405 nm and 
by 30% for excitation at 514 nm. This effect was 
attributed to the strong semiconductor-metal 
coupling between As2S3 and Au, which result-
ed in the suppression of the plasmonic reso-
nance of AuNPs and the quenching of excited 
states in As2S3.   

 

 
Fig. 2 - PL spectra of As2S3-PG (black curves) and 
As2S3-Au-PG (red curves) when excited at 405 nm 
and 514 nm. 

The effect of irradiation with different photon 
energies on the PL emission of the samples 
was investigated. Under excitation with a 514 
nm laser beam, the PL intensity of the samples 
decreased by 58% and 64% after irradiation 
with 405 nm and 514 nm lasers, respectively. 
Irradiation with a 405 nm laser beam resulted in 
a decrease in PL intensity in the irradiated re-
gion by 83% with the same laser but increase 
by 39% in regions irradiated with 514 nm. This 
effect is attributed to photoinduced structural 
transformations dependent on the laser wave-
length. The decrease in PL intensity at 514 nm 
after irradiation can be explained by an in-
crease in the bandgap energy of the samples 
caused by the irradiation. Increasing the 
bandgap energy brings the excitation wave-
length at 405 nm closer to the resonant absorp-
tion-reemission wavelength, resulting in an 
increase in PL intensity. The formed nanocrys-
tals have a relatively wide bandgap energy and 
exhibit PL emission in the 490 nm range. The 
photoinduced changes in the PL emission ob-
served in the As2S3-PG composite were uti-
lized for the recording of optical structure using 
the former technique and was  studied by a 
confocal microscope (Fig. 3). 

         
Fig. 3. Confocal microscope image of the recorded 
TEM grating in the reflected mode, when excited at 
(left) 514 nm and (right) 405 nm. 
It is clear that when viewing the recorded gra-
ting with green laser it shows a converted 
image of what appears with blue laser. The 
composite material was shown to be effective in 
utilizing photoinduced changes for optical re-
cording of photonic structures, which makes it 
suitable for sensing applications [3].  
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Summary:
The present work describes a relatively simple and easily scalable synthesis procedure of highly dis-
persed zinc oxide decorated with nanoscale palladium. The nanopowder has been characterised us-
ing a number of physical and chemical analytical techniques (DSC/TGA, XRD, SEM, TEM, XPS, 
EDX). The glass-ceramic MEMS-type microhotplate fabricated by screen-printing process was used 
for the deposition of the sensing layer. It is shown that the nanomaterial based on palladium-decorated 
zinc oxide shows a high response to ultra-low acetone concentrations.

Keywords: MOS-gas sensor, zinc oxide (ZnO), palladium (Pd), ceramic MEMS, acetone.

Introduction
Many international organizations, in particular 
the World Health Organization (WHO), Pan 
American Health Organization (PAHO), Europe-
an Environment Agency (EEA) and the United 
Nations (UN), in their updated roadmaps further 
emphasize the need for various activities and 
research on public health (including primary 
and community healthcare (P&CHC) and envi-
ronmental protection [1]. Due to this agenda, 
the requirements to environmental and bio-
sphere monitoring devices are increasing signif-
icantly. The development of new relatively sim-
ple and easily scalable methods for the synthe-
sis of basic MOS materials as well as methods 
for their modification is one of the most im-
portant tasks for the development of modern 
gas sensors as well as multisensor electronic 
nose technologies. On the other hand ,the ap-
plication of “nano-on-micro” approach with 
nano-particle sensing material deposited on 
microfabricated hotplate is important trend in 
sensor development. Earlier in our research 
group, nanomaterials based on individual zinc 
oxide [2], including those decorated with plati-
num [3, 4], were obtained by the solvothermal 
method using various solvents.

Materials and Methods
The present work describes a relatively simple 
and easily scalable synthesis of highly dis-
persed zinc oxide decorated with nanoscale 
palladium. ZnO obtained by thermal degrada-
tion of zinc acetylacetonate hydrate in n-butanol 

[2] was used for the synthesis of ZnO-xPd 
nanocomposites (x=0.5 mol.%). Palladium (II) 
chloride PdCl2 was used as a precursor of pal-
ladium nanoparticles. A pre-calculated amount 
of palladium (II) chloride was added to the dis-
persion of zinc oxide in ethylene glycol, and the 
dispersion was subjected to thermal treatment.
The obtained powder after separation, drying 
and additional heat treatment was used to pre-
pare a paste. The nanopowder was character-
ized using different physical and chemical anal-
ysis methods (DSC/TGA, XRD, SEM, TEM, 
XPS, EDX).

Fig. 1. SEM-micrograph of Pd-decorated ZnO
powder 

The sensing material was deposited onto the 
ceramic MEMS platforms using microextrusion 
printing system developed at the Institute of 
inorganic chemistry of RAS. The platforms were 
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cantilever-type structures made using screen-
printing process with the application of sacrifi-
cial layer washable away after firing in a ultra-
sonic bath. The cantilever was equipped with 
microheater made of platinum composite mate-
rial, the body of the microhotplate and isolation 
between microheater and sensing layer were 
made of composite containing alumina micro-
particles and SiO2-B2O3-BaO-CaO-MgO-Al2O3 
glass [5]. The electric leads to the sensing layer 
and to the microheater were made of platinum. 
The size of the chip was adjusted to the pin 
alignment of TO5 holder. The chip was fixed to 
the pins of TO5 with silver glue, which doesn’t 
interact with other elements of the sensor at low 
temperature of the frame. 

Fig. 2. Screen-printed cantilever type ceramic mi-
crohotplate with deposited sensing layer. 

The cantilever type microhotplate with deposit-
ed sensing material is presented in Fig. 2. The 
microhotplate consumes approximately 120 
mW of heating power at 4500C. 

Results 
According to XRD data, ZnO powder has a 
crystalline structure of wurtzite phase (P63mc, 
PDF 01-070-8070). According to SEM data 
(Fig.1), ZnO consists mainly of nanoparticles 
with the size of 58±8 nm.  

Fig. 3. Responses to 100-2000 ppb acetone at 
300°C of Pd-decorated ZnO film  

According to TEM data, Pd nanoparticles with 
an average size of 4±0.7 nm are located on the 
surface of ZnO. According to XPS data Pd is in 
oxidised state. 

For the obtained ZnO-Pd film the gas-sensitive 
properties to a large number of analyte gases 
(CO, NH3, NO2, benzene (C6H6), acetone 
(C3H6O), ethanol (C2H5OH), H2, methane (CH4)) 
at 150-300°C were comprehensively studied.  

It is shown that the highest response is ob-
served when acetone is detected at 300°C. This 
temperature was tested and stabilized using 
pre-measured temperature coefficient of re-
sistance (TCR) of the microheater. Fig.3 shows 
the responses (R/R0) for 100-2000 ppb of ace-
tone, which lie in a range from 2 to 16.  

Thus, the obtained Pd-decorated ZnO nano-
material shows high response to ultra-low ace-
tone concentrations. 
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Summary:
Isotopically enriched boron carbide 10B4C thin layers were deposited on Si substrates using pulsed DC 
sputtering technique. The surface density of 10B atoms vs. layer thickness was determined from 
SEM/EDS and proton backscattering spectrometry experiments. Good agreement was found between 
measured and calculated neutron absorption efficiencies when considering beam hardening of the 
poly-energetic cold neutron beam. The optimal layer thickness for maximum neutron absorption and 
ionoluminescence yield induced by the 10B(n,)7Li reaction products in a scintillator was ascertained.

Keywords: boron carbide, sputtering, thin layer, neutron absorption, charged particle detection

Background
Scintillation based neutron detector systems 
consist of a converter material, which interacts 
with neutrons and produces charged particles, 
and a scintillator material, which converts io-
nizing radiation into photons to be detected. 
Ongoing efforts for improved neutron detection 
capabilities aim to develop and deploy new 
converter/scintillator materials and optimized 
detector design.

Boron-based neutron absorbers offer a promis-
ing alternative to commercialized competitors, 
e.g. 6Li-based ones. First, there is ca. four times 
higher capture cross-section of 10B for thermal 
(cold) neutrons as compared to that of 6Li. Sec-
ondly, lower kinetic energy (2.31 or 2.79 MeV) 
in the 10B(n,)7Li reaction is distributed on the 
daughter products as compared to the 
6Li(n,)3H reaction with a higher energy release 
of 4.78 MeV (Therefore, there are shorter stop-
ping ranges of the reaction products in the ab-
sorber and in a coupled scintillator layer for 10B
as compared to 6Li), enabling significantly re-
duced neutron absorber thickness and also, 
more confined light production volume for scin-
tillation-type 10B-based neutron detector struc-
tures. In addition, similar size reduction on the 
lateral scale may result in enhanced lateral 
resolution for the neutron detection process.

A promising B-containing neutron absorber 
material is boron carbide, B4C [1] with unique 
combination of properties beneficial for a wide 

range of applications in nuclear science and 
beyond. The high melting point (2450 oC) and 
thermal stability enable its use in refractory 
applications. Due to its extreme abrasion re-
sistance, it is applied as abrasive powders and 
coatings; it also excels in ballistic performance 
due to its low density and high hardness. More-
over, crystalline B4C is a high-temperature sem-
iconductor that can potentially be used for novel 
electronic applications.

A simple construction for neutron detection is a 
thin B4C neutron absorber layer atop an effi-
cient scintillator substrate. In this case, 1.47-
MeV α and 0.84-MeV Li+ particles, emitted in 
the 10B(n,)7Li reaction induce light emission, 
i.e., ionoluminescence (IL) in the scintillator. A
promising scintillator material is e.g. Al2O3, with 
high radiation resistance and intense IL light 
emission [2]. Geometrical optimization based 
on well described energy conversion processes 
in the 10B4C/Al2O3 system results in effective 
neutron capture and detection.

Methods
Isotopically enriched 10B4C layers were depos-
ited on Si substrates by pulsed DC-sputtering.
The thickness and atomic composition of the 
layers were measured by SEM/EDS and 1.6 
MeV H+-RBS. Neutron absorption experiments 
were performed with a poly-energetic cold neu-
tron beam at the NORMA station of the Buda-
pest Neutron Centre (BNC) [3, 4] equipped with 
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a 6LiF:ZnS(Cu) scintillation screen and an An-
dor iKon-M 934 type CCD camera. 
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Fig. 1. 1.6 MeV proton-RBS spectrum of a 10B4C 
layer deposited on Si substrate. Arrows represent 
spectral edges for the different components in the 
sample. 
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Fig. 2. Neutron absorption as a function of deposit-
ed 10B4C layer thickness. Dots represent experi-
mental data recorded at 0o and 60o sample tilt angle, 
while the solid (dotted) line shows calculated values 
with (without) taking into account the 10B4C layer 
induced beam hardening for neutrons reaching the 
6LiF:ZnS(Cu) scintillation screen. 

 

Results 
Fig 1 shows a typical proton-RBS spectrum of a 
10B4C/Si sample. Enhanced elastic scattering 
cross section of protons for 10B and C enables 

compositional and thickness analysis for the 
10B4C layer with good accuracy and therefore 
the total number of 10B isotopes/cm2 can be 
evaluated. Some Ar content remaining in the 
layer after the sputter deposition process can 
be recognized. Fig. 2 shows neutron absorption 
as a function of deposited 10B4C layer thick-
ness. NORMA measurements were performed 
on the absorber layers at two different sample 
tilt angles of 0o and 60o with respect to the neu-
tron beam. As the solid line show, good agree-
ment between measured and calculated ab-
sorption values can be obtained when the 10B4C 
layer induced beam hardening for the poly-
energetic neutron beam, reaching the 
6LiF:ZnS(Cu) scintillation screen after crossing 
the sample, is taken into account. 

When the Si substrate is replaced by a scintilla-
tor material, e.g. Al2O3, neutron induced ener-
getic α and Li+ particles, emitted by the 10B4C 
layer generate light during their electronic stop-
ping in Al2O3. The optimal 10B4C layer thickness 
for maximum IL intensity can be determined 
considering well described ion-solid interac-
tions, energy conversion processes, and sys-
tem geometry. More details on such calcula-
tions and the related results will be presented. 
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Summary:
This study uses photoacoustic detection spectroscopy to develop a spectroscopic detection system 
and evaluate the feasibility of multiple myeloma. At the current stage, circuit board development has 
been completed and a synchronized photoacoustic detection platform for finger and test tubes has 
been established. This study found that a single-wavelength photoacoustic detection platform can be 
used to measure blood oxygen saturation. Furthermore, it was discovered that there is a correspond-
ing relationship between the photoacoustic amplitude and the cysteine concentration. In the future, the 
cysteine solution concentration can be derived from the photoacoustic amplitude detected by the sys-
tem.

Keywords: multiple myeloma, photoacoustic microscopy (PAM), photoacoustic (PA)

Introduction
Multiple myeloma (MM) is the second most 
common tumour of the hematologic system, 
affecting 488,000 people worldwide [1]. The 
treatment of MM cancer patients poses a signif-
icant challenge for physicians. However, con-
tinuous monitoring of progression and its effects 
on medications can be a helpful observational 
indicator for the treatment of multiple myeloma.

The principle of photoacoustic effect is that 
when an object absorbs laser energy, it gener-
ates ultrasonic waves. When the excited ultra-
sonic signals and the echo of the photoacoustic 
signal is detected using piezoelectric elements, 
the influence of light scattering is theoretically 
avoided. There are no concerns about radiation 
such as X-rays or CT scans, and the images 
are generated. Previous studies have shown 
that photoacoustic microscopy (PAM) can non-
invasively measure and detect the reduced 
vascularization around hypoxic blood in patients 
with multiple myeloma using photoacoustic 
technology [2,3,4]. This project aims to imple-
ment a non-invasive photoacoustic detection 
system to evaluate patients with diabetes melli-
tus (DM) and multiple myeloma using urine, ex 
vivo blood, and finger vasculature. The goal is 
to observe whether simultaneous control of 
blood glucose can achieve therapeutic effects 
for multiple myeloma. 

The photoacoustic detection system utilises an 
FPGA chip to control a laser with a wavelength 
of 638 nm for irradiation. When the samples in 

the test tube and the finger are irradiated with 
laser light, a photoacoustic effect occurs se-
quentially. The system uses piezoelectric ce-
ramic elements to receive the photoacoustic 
signals from the samples, followed by three-
stage amplification circuits for signal amplifica-
tion, and uses a data acquisition system (DAQ) 
to capture the photoacoustic signals.

Method
In the laser-induced photoacoustic (PA) pro-
cess, the acoustic signal, as described in refer-
ence [5], is generated due to the thermal ex-
pansion of the sample after absorbing optical 
energy. In this case, blood vessels act as the 
absorber, and we can obtain the PA signal:

(1) (1)
and represent the absorption of oxyhe-

moglobin and hemoglobin, and are for the

blood oxygen concentration, as in Eq. (1), let red is 
eq. (1) can be simplified as 

follows:

(2) (2)
whileλ is 658 nm:

(3)

(4)
When the blood oxygen saturation is 99%, as in, e.g.
(2)

When the blood oxygen saturation is 97%, as in, e.g.
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(2) 

 

 
The constant AR is denoted as C, and the table 
below shows the signal size of P at various concen-
trations. 
 
Tab. 1. 90~99% V.S. SIGNAL SIGNAL SYSTEM 

P 
Measure 
Signal 

 

90% 91% 92% 93% 94% 95% 96% 97% 98% 99% 

 0.144C 0.137C 0.129C 0.122C 0.114C 0.107C 0.099C 0.092C 0.084C 0.077C 

 
The current system architecture measures the 
obtained signals, defining the maximum ampli-
tude in the signal as peak-to-peak intensity. As 
shown in Fig. 1., (N) represents the peak-to-
peak value, which is the maximum value minus 
the minimum value in the signal [6]. 

                    (5) (2-10) 

  
Fig. 1. Peak to peak voltage 

Results 
After experimental testing, the sensitivity of the 
photoacoustic signal at six different positions on 
the meshed piezoelectric ceramic plate was 
examined. Position B exhibited a more pro-
nounced sensitivity, as shown in Fig. 2, where 
the values at Position B stand out. Following 
statistical analysis, Table 9 clearly indicates that 
the average value is around 3.09 mV, with a 
standard value range of approximately ±5.42 for 
position B. It can be observed that the response 
of Position B to the photoacoustic effect is more 
significant. 

 
 

Fig. 2 Piezoelectric ceramic plate schematic and 
photoacoustic signal feedback distribution dia-

gram 
 
Tab. 2: Photoacoustic response of laser at six differ-

ent positions on the meshed piezoelectric ceramic 
plate 

650nm A B C D E F 
mean

(m

V) 

3.09 3.09 3.09 3.09 3.09 3.09 

4.57 5.42 5.09 5.27 4.72 5.26 

532nm A B C D E F 
mean

(m

V) 

3.09 3.09 3.09 3.09 3.09 3.09 

5.82 6.48 6.03 6.00 6.15 6.00 

The development of the optoacoustic platform 
has been completed in research, and the first 
version of the hardware prototype has been 
developed and released. Modifications were 
made to address issues from the previous ver-
sion, and a second complete version was intro-
duced. Using the hardware prototype of the first 
version, along with software development and 
multiple improvements in mechanical design, 
the entire optoacoustic platform system was 
integrated. The development included finger 
detection and test tube sample detection sys-
tems. The final product is shown in Fig. 3, with 
Fig. 4 depicting the finger measurement area, 
Fig. 5 showing the test tube measurement area, 
and Fig. 6 illustrating the system's operating 
interface. 

 

 
Fig. 3. Completed design of the optoacoustic plat-

form 
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Fig. 4. Area for finger measurements 

 
Fig. 5 Area for tube measurements 

 
Fig. 6a.  Operating interface of the system 

 

 
Fig. 6c.  Operating interface of the system 

 
The optoacoustic tube detection platform allows 
for simple testing by inserting the sample tube 
into the designated mechanism. The input con-
sists of a laser light source (usually at 640nm) 
and the echoed ultrasound signals can be 
quickly sampled by the system in real time for 
analysis, allowing for feature extraction based 
on the echoed signals. 
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Summary: 
In this work, we investigate the different internal noise mechanism affecting the performance of our 
MEMS based dynamic pressure sensor based on thermal anemometric principle [1]. We present sensi-
tivity and noise measurements for two different chip designs for a comparative analysis with theoretical 
values. Finally, we show that the design modification resulted in the enhancement of the Signal to Noise 
ratio (SNR) by 30 dB and the dynamic pressure detection lower limit by a factor by 20 dBSPL.   

Keywords: thermal noise, acoustic, dynamic pressure, thermal sensor, lock-in amplifier 

Motivation 
To understand the performance limitations of our 
dynamic pressure sensor by measuring and cal-
culating various internal noise affecting the sen-
sor performance and develop a deeper under-
standing about the SNR enhancement via chip 
design modification. 

Sensor Description and Noise Sources 
The thermal flow sensor consisting of a heater 
and thermal sensors (thermopiles in this case) is 
modified by etching micro perforations with dif-
ferent dimensions as shown in Fig.1.  

A periodic acoustic pressure difference across 
the membrane creates an oscillating flow 
through the perforations. This causes tempera-
ture oscillation (at double the acoustic fre-
quency) at the right thermopile (TPR) which is 
measured as a voltage difference as shown in 
Fig 2. 

 
 
Fig 1: Top view of the fabricated chip design 1 (13 
slits, 100 µm long, 10 µm wide) and design 2 (1 slit, 
600 µm long, 40 µm wide) indicating the sensing ther-
mopiles on right / left (TPR / TPL) and the heater in 
the center 

The two internal noise affecting the system are 
discussed below.  

 
Fig 2: Side sketch of the sensor indicating input acous-
tic pressure generates an acoustic flow via the perfo-
ration that leads to a temperature (or Seebeck Volt-
age) oscillation at double frequency at the right ther-
mopile TPR 

1. Viscous Slit (Thermal-acoustic) Noise 

This noise originates from the movement of par-
ticles in the slit due to thermal energy. It depends 
on the viscous resistance offered by the slit, the 
temperature of the gas molecules and is given 
as [2] 

νn,ak=√4KBTambRv,s [Pa/Hz0.5] (1). 

The viscous resistance of chip 1 is almost 100 
times higher than chip 2 due to the inverse cubic 
dependence on the width of the slit. This results 
in the acoustic slit noise of around 2.2 µPa for 
chip 1 and 0.2 µPa for chip 2 (in 1Hz BW) which 
is significantly lower than the SPL generated by 
the loudspeaker at a frequency of 20 Hz and 
hence not the limiting noise to our sensor.  

The big advantage is that by decreasing the 
acoustic resistance, we reduce this noise on one 
hand but we increase the sensitivity on the other 
hand. The bigger slit offers lower viscous re-
sistance. This allows for more volume flow that 

P
ak
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eventually leads to higher temperature oscilla-
tions at the right thermopile.  

2. Thermal Noise 

This is the noise originating at the Thermopile 
(TP) due to its electrical resistance and it limits 
the lower temperature detection level. It is given 
by [2] 

νn,th=√4KBThRel,TP [V/Hz0.5] (2). 

The thermal noise is calculated for both the chip 
designs as per Eq 2 and the results are summa-
rized in Table 1. 
Tab. 1: Thermal noise calculations for the right ther-
mopile (TPR) for both the chip designs 

 

Measurement Results and Discussion 
The heater operates around 80°C above the 
room temperature. For a constant acoustic fre-
quency of 20 Hz, the 40 Hz component of the 
TPR voltage is demodulated and plotted over an 
acoustic pressure sweep as shown in Fig. 3.  

 
Fig 3: Pressure sensitivity measurements for both the 
chip designs at a frequency of 20 Hz. The SNR for 
chip 2 at 94 dBSPL is indicated 

The sensitivity increases quadratically with the 
acoustic pressure in both the chip designs. How-
ever, the sensitivity of chip 2 is around 30 dB 
higher than chip 1 due to reduced acoustic slit 
resistance. However, the noise level remains the 
same for both the designs indicating that the 
thermal noise is the limiting factor in our sensor. 

 
Fig 4: Noise measurements for the Lock-in ampli-
fier (LIA) and the TPR of both the chip designs. The 
Flickr noise (1/√𝑓𝑓) dominates at lower frequencies 
and the White noise dominates at higher frequencies   

The noise measurements are performed inside 
an acoustic chamber to avoid any acoustic dis-
turbances and to isolate from the external noise 
and are plotted in Fig 4. We can see that the 
noise spectrum contains Flickr noise that shows 
1/√f  response up to ~1 KHz (for Lock-in ampli-
fier) and then the white noise starts to dominate 
and has flat response. For both the chips, the 
noise is almost similar and shows the similar re-
sponse as the Lock-in amplifier (LIA) noise.  

We can also see that the noise values calculated 
in Table 1 very accurately match the thermal 
noise level as shown in the measurements in Fig 
4. The thermal noise level indicated in Fig 3 also 
closely corresponds to the noise values at 40 Hz 
as seen from the noise measurements in Fig 4. 

Conclusion 
The modification of the slit design increases the 
sensitivity without affecting the noise floor of the 
sensor. This eventually leads to an increased 
SNR (more than 50 times) and lower pressure 
detection limit (from 84 to 64 dBSPL) as proven 
by the measurements. Hence, this sensor offers 
an advantage in the ease of SNR enhancement 
by modifying the perforation design. Other SNR 
enhancement methods such as the operating 
heater temperature are currently under investi-
gation. 
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Chip 
design 

Rel,TPR 
measured 

value 

Calculated thermal 
noise using eq. 2 

1 24.5 KΩ 
20 nV/Hz0.5 

(-154 dBV/ Hz0.5) 

2 21.0 KΩ 
18.6 nV/Hz0.5 

(-154.6 dBV/Hz0.5) 
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Summary:
This paper demonstrates a novel concept for an area efficient piezoelectric MEMS speaker. A folded 
piezoelectric diaphragm can utilize the whole chip volume by adding up multiple laterally vibrating
actuators. The actuation is accomplished by conformally deposited aluminum nitride (AlN) layers, 
which are fabricated using atomic layer deposition (ALD). This work describes the design, functionality 
and first performance of a MEMS speaker. Acoustic measurements show a sound pressure level 
(SPL) of 59 dB in a 0.13 cm3 big coupled volume.

Keywords: MEMS, AlN, Speaker, Sidewall, Piezoelectric

Introduction
Miniaturization of loudspeakers generally re-
sults in smaller radiating areas and stiffer struc-
tures compromising the acoustic performance. 
Especially state-of-the-art micro-electro-mecha-
nical-system (MEMS) developments make use
of innovative membrane concepts, which avoid 
these difficulties and allow closing the gap to 
conventional speakers on the market. One ex-
ample for this is the work by Stoppel et al.,
which presents a piezoelectric MEMS speaker 
with slit membranes for compliance reduction
[1]. Hirano et al. reports another embodiment,
where corrugations increase the membrane 
displacement of the speaker [2]. Apart from 
that, Kaiser et al. developed a different MEMS 
speaker concept, which uses electrostatically
actuated beams [3]. Here, they vibrate laterally, 
which creates an increased active area out of a 
minimized chip volume. The present work aims 
to present an alternative concept for an area 
efficient piezoelectric MEMS speaker. It in-
creased the active radiating area by manufac-
turing a three-dimensional folded membrane for 
lateral actuation. Previous work already proves 
the manufacturing concept of such a membrane 
[4].

The folded piezoelectric MEMS speaker
The folded structure of the presented piezoelec-
tric MEMS speaker consists of multiple vertical 
actuators, which vibrate laterally. The starting 
material is a deep trenched wafer with an as-
pect ratio of 5:1, which defines the geometry of 
the speaker. The layers of the membrane stack 

are conformally deposited. A release etch from 
the backside utilizing SiO2 as etch-stop reveals 
the folded membrane structure (Fig. 1). AlN as 
piezoelectric thin film is deposited using ALD to
actuate the vertical structures [5]. N-doped pol-
ycrystalline silicon (Poly-Si) layers with alumi-
num (Al) pads electrically contact the piezoelec-
tric layer along the folded structure.

Fig. 1. Schematic cross-section of the folded pie-
zoelectric MEMS speaker

This work utilizes lumped element modeling 
(LEM) to simulate the piezoelectric MEMS 
speaker on a multi-physical level. The equiva-
lent circuit is separated into the electrical, me-
chanical and acoustical domains (Fig. 2). An 
electric capacitance Ce,AlN represents the piezo-
electric thin film. The electromechanical cou-
pling Tem utilizes numerical simulations of the 
actuator deflection. Since the characterization 
of piezoelectric thin films on sidewalls of vertical 
structures is challenging, literature values are 
assumed for the modeling of the AlN [6]. A
mass-spring-damper system is used to model
the mechanical behavior Zm,Mem of the folded 
membrane. The resulting SPL is calculated in 
the acoustic domain with the measurement 
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setup impedance Za,S. This allows a comparison 
of the simulated data with the acoustic meas-
urements of the speaker samples. 

Fig. 2. Equivalent circuit of the piezoelectric MEMS 
speaker 

Results 
The MEMS speaker is characterized acoustical-
ly on wafer-level by placing the sample wafer 
on an Al-chuck and utilizing prober needles to 
apply the electrical input signal. Fig. 3 schemat-
ically illustrates the measurement setup.  

Fig. 3. Measurement setup for wafer-level speaker 
characterization 

The audio analyzer APx525 from Audio Preci-
sion completes the measurement setup. An AC 
voltage is applied from 20 Hz to 20 kHz to drive 
the piezoelectric actuators against a coupled 
volume of 0.13 cm³. Fig. 4 compares the meas-
ured results with the LEM. A resonance is 
measured at 17.8 kHz. This is caused by the 
measurement setup and can also be seen in 
the modeled results at 17.3 kHz. Below this 
frequency, a flat response of 64 dB is simulat-
ed. The measurements show a SPL of 59 dB at 
1 kHz, which is lower by nearly a factor of two 
compared to the simulation based on literature 
values. A leakage in the wafer-level measure-
ment setup explains the high pass behavior for 
lower frequencies. Due to the miniaturized ver-
tical actuators, the speaker resonance lies 
above the audible frequency range, which al-
lows a desirable flat response up to 20 kHz.  
In summary, this work proves the concept of a 
new piezoelectric MEMS speaker utilizing a 

folded area efficient structure. A piezoelectric 
ALD thin film laterally actuates multiple vertical 
structures to generate an acoustic signal of 
59 dB. Compared with simulations based on 
literature values of sputtered AlN, these results 
only differ by 5 dB proving the functionality and 
potential of this MEMS transducer design. 

Fig. 4. Comparison of the measured and simulated 
SPL 

This lays the foundation for the development of 
further design additions and novel characteriza-
tion approaches, which could lead to an innova-
tion boost in the field of acoustic MEMS trans-
ducers with its unique structure. 
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Summary:
This paper presents a method for reducing temperature drift in MEMS differential resonant accelerom-

eter (DRA). Conventionally, the difference in resonant frequency between two beams is utilized to elim-
inate the effect of temperature. However, the temperature coefficients of frequency (TCf) of the two 
beams do not match perfectly, resulting in temperature drift. G-T correction was performed to account 
for the difference in TCf. The measured Allan deviation was BI > 1 μG for the differential correction, and 
a highly accurate bias instability of BI < 500 nG was achieved by applying G-T correction.

Keywords: MEMS, accelerometer, DRA, TCf, G-T correction

Introduction
Highly accurate and wide dynamic range (navi-

gation grade) accelerometers are needed for au-
tonomous operation of airplanes and automo-
biles. These accelerometers must also be robust 
against disturbances such as temperature 
changes. MEMS differential resonant accel-
erometer (DRA) are being investigated for such 
applications. Here, we report a method for reduc-
ing temperature drift in DRA.

Design
The structure and operating principle of a DRA 

is shown in Fig. 1 [1]. The prototype MCU-based 
module (5 × 5 × 1 cm) and DRA electrodes are 
shown in Fig. 2 [2]. When the inertial force due 
to acceleration acts on the proof mass, it rotates 
around the pivot, causing tension and compres-
sion stresses to be generated in opposite direc-
tions in the two resonant beams. Consequently, 
the resonant frequency also changes in the op-
posite direction. However, both resonant fre-
quencies decrease as the temperature in-
creases, due mainly to the temperature depend-
ence of Young’s modulus of Si. These relation-
ships are expressed by the following equation.

(𝑓𝑓1
𝑓𝑓2

) = (𝑆𝑆𝑆𝑆1 𝑇𝑇𝑇𝑇𝑓𝑓1
𝑆𝑆𝑆𝑆2 𝑇𝑇𝑇𝑇𝑓𝑓2

) (𝐺𝐺
𝑇𝑇) + (𝑐𝑐1

𝑐𝑐2
)     (1) 

Here, fi is the resonant frequency (Hz), SFi is the 
scale factor (Hz/G), TCfi is the temperature coef-
ficient of frequency (Hz/degC), ci is the initial bias 
(Hz), G is the acceleration (G), T is the tempera-
ture (degC), and the subscript i is the difference 
between beam 1 and beam 2.

Because our DRA has a structure that is sup-
ported by only one anchor, the two beams are 
less affected by thermal stress. In addition, 
asymmetric double T-shaped electrodes are 
added at the maximum displacement position of 
the two beams in order to improve the capacitive 
sensitivity dC/dy and dynamic range.

Fig. 1. (a) Structure of the MEMS DRA. (b) Concept 
of DRA acceleration measurement.

Fig. 2. (a) Photograph of the MCU-based DRA mod-
ule. (b) Diagram of the MEMS DRA electrodes.

Correction methods
Differential correction
Conventionally, acceleration was measured by 

removing temperature dependence by taking the 
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difference between the resonant frequencies of 
two beams, as in the following equation [3].  

∆𝐺𝐺 = ∆𝑓𝑓1 − ∆𝑓𝑓2
𝑆𝑆𝑆𝑆1 − 𝑆𝑆𝑆𝑆2

     (2) 

Here, ΔG is the change in acceleration (G) and 
Δfi is the change in resonant frequency (Hz). 

G-T Correction 
However, the TCf of the two resonant beams 

differed, and temperature drift occurred if only 
the differential was used. Therefore, we solved 
(1) assuming that SF and TCf are linearly inde-
pendent and orthogonal, as in the following 
equation. 

∆𝐺𝐺 = 𝑇𝑇𝑇𝑇𝑓𝑓2 ∙ ∆𝑓𝑓1 − 𝑇𝑇𝑇𝑇𝑓𝑓1 ∙ ∆𝑓𝑓2
𝑆𝑆𝑆𝑆1 ∙ 𝑇𝑇𝑇𝑇𝑓𝑓2 − 𝑆𝑆𝑆𝑆2 ∙ 𝑇𝑇𝑇𝑇𝑓𝑓1

     (3) 

Experiment results 
Measurements of SF and TCf  
The results of SF and TCf measurements for 

the prototype DRA are shown in Figs.3 and 4, 
respectively. SF and TCF of two resonant beams 
were SF1 = 14.2 Hz/G, SF2 = −16.2 Hz/G, and 
TCf1 = −0.63 Hz/degC, TCf2 = −0.77 Hz/degC. 

 
Fig. 3. SF measurement results for the DRA. 

 
Fig. 4. TCf measurement results for the DRA. 

Measurement of Allan deviation 
DRA noise (velocity random walk (VRW)) is re-

duced in inverse proportion to the drive voltage 
Vac, as shown in the following equation. 

VRW ∝ 1
𝑉𝑉𝑑𝑑𝑑𝑑 ∙ 𝑉𝑉𝑎𝑎𝑑𝑑 ∙ 𝑑𝑑𝑇𝑇

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙ 𝑆𝑆𝑆𝑆

     (4) 

Here, Vdc and Vac are the DC and AC voltages of 
the drive, respectively, and dC/dydrive is the ca-
pacitive sensitivity of the drive electrodes. 

We varied Vac from 5 to 25 mV and measured 
the Allan deviation. The results obtained by dif-
ferential correction are shown in Fig. 5. VRW 
was decreased by the drive voltage Vac. How-
ever, due to the effect of temperature drift, it bot-
tomed out at about tBI = 20 s, and BI became 1.0 
μG at Vac = 25 mV. The result obtained by G-T 
correction is shown in Fig. 6. Due to the effect of 
reduced temperature drift, the Allan deviation 
continued to decrease by −1/2 power, and finally 
BI became 430 nG at Vac = 25 mV. 

 
Fig. 5. Allan deviation of a DRA with differential cor-
rection. 

 
Fig. 6. Allan deviation of a DRA with G-T correction. 

Conclusions 
To improve the capacitive sensitivity dC/dy, 

double T-shaped electrodes were added. The ef-
fect of temperature drift in the DRA was reduced 
by applying G-T correction. As a result, a highly 
accurate bias instability of BI < 500 nG was 
achieved. 
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Summary:

Poly (ethylene oxide) (PEO), known for its self-healing properties through hydrogen bond-forming 
hydroxyl groups, was used to synthesize hydrogels, and lithium bis (trifluoromethane sulfonyl) imide 
(LiTFSI) was added to impart ionic conductivity. The manufactured hydrogels were analyzed to evalu-
ate their mechanical properties, self-healing abilities, and electrical characteristics. Based on these 
analyses, a self-healing capacitivie sensor was fabricated, which utilizes the unique properties of the
hydrogel to monitor human movement.

Keywords: Hydrogel, self-healing, capacitive sensor, wearable sensor, human motion

Background, Motivation an Objective
Recently, flexible electronic devices have gar-
nered significant attention due to their potential 
applications in diverse fields, including weara-
ble sensors, energy storage devices, actuators, 
and soft robotics engineering [1]. However, 
these devices can undergo performance degra-
dation from deformation or damage during use, 
leading to potential malfunctions. Consequently, 
the integration of self-healing capabilities, en-
compassing mechanical, electrical, and chemi-
cal properties, becomes vital to address 
scratches or mechanical damages. Ionic con-
ductive hydrogels are regarded as ideal materi-
als due to their distinctive 3D network structure, 
which arises from the physical or chemical 
crosslinking of polymers. This structure imparts 
elasticity and concurrently facilitates a favorable 
environment for ion movement. Furthermore, 
this material is recognized as a highly attractive 
substance due to its straightforward manufac-
turing process, cost-effectiveness, and high 
conductivity, along with its self-healing capabili-
ties. In this study, we manufactured hydrogels 
using poly (ethylene oxide) (PEO) known for its 
effective self-healing properties through hydro-
gen bond-forming hydroxyl groups [2], and we 
introduced lithium bis (trifluoromethane sul-
fonimide) (LiTFSI) to impart ionic conductivity. 
The mechanical properties, self-healing ability, 
and electrical characteristics of the manufac-
tured hydrogel were analyzed. Furthermore, 
finite element analysis will be utilized to estab-

lish the correlation between motion-induced 
mechanical modification and its corresponding 
changes in capacitance. Informed by these 
analysis results, we fabricated a self-healing 
capacitor sensor. This wearable sensor, lever-
aging ionic conductors, was subsequently test-
ed in practical applications by recording capaci-
tance variations to monitor human movement.

Description of the New Method or System
Hydrogels were synthesized using PEO, which 
possesses self-healing properties due to its 
hydroxyl groups forming hydrogen bonds. Ionic 
conductivity was imparted by adding LiTFSI. 
The self-healing properties between the pro-
duced poly (acrylic acid) (PAA)-PEO hydrogel 
and PAA-PEO-Li ion conductor were evaluated. 
Based on the analysis of these properties, a 
self-healing capacitive sensor was designed to 
monitor human movement by using the PAA-
PEO-Li ion conductor as the upper and lower 
electrodes and the PAA-PEO hydrogel as the 
dielectric layer, with the interfaces connected 
through their self-healing capabilities.

Results
The self-healing elastomer was synthesized by 
combining high molecular weight PAA and PEO
based on hydrogen bonding interactions. For 
the manufacturing of ion conductors, the elec-
trolyte salt LiTFSI was chosen due to its high 
solubility in various solvents and polymers. The
content of LiTFSI was varied to adjust the char-
acteristics of the ion conductor. Additionally, to 
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manufacture a simple ion conductor through 
photoinitiated polymerization, the photoinitiator 
Diphenyl (2,4,6-trimethylbenzoyl) phosphine 
oxide (TPO) was added, and after UV expo-
sure, the sample was placed in a constant tem-
perature and humidity chamber to remove ex-
cess moisture and form a PAA-PEO hydrogel 
through hydrogen bonding. 

The electrolyte salt LiTFSI doped in the ion 
conductor can move within the polymer net-
work, granting high ionic conductivity to the ion 
conductor. The Nyquist plots of the ion conduc-
tor are displayed in Figure 1 and Table 1, as 
obtained through EIS tests. The ionic conductiv-
ity was calculated using equation (1), where L is 
the thickness of the sample, R is the bulk re-
sistance obtained from the Nyquist plot of the 
impedance spectrum, and S is the cross-
sectional area of the ion conductor. As seen in 
Figure 1 and Table 1, an increase in the LiTFSI 
content leads to enhanced ionic conductivity of 
the ion conductor. 

                                                     (1) 
To evaluate the self-healing behavior of the 
PAA-PEO hydrogel, rectangular bar-shaped 
samples of PAA-PEO and PAA-PEO-Li ion 
conductors measuring 10x40x2 [mm] were cut 
in half. The two pieces were compressed and 
cultured in a constant temperature and humidity 
chamber (25°C/90%). To utilize the self-healing 
properties in manufacturing a capacitive sensor, 
one side was compressed with the PAA-PEO 
hydrogel without the electrolyte salt, and the 
other side with the PAA-PEO-Li ion conductor 
containing the electrolyte salt. After healing for 
a certain period, the healing properties of the 
samples was assessed. It was confirmed that 
both the PAA-PEO hydrogel without electrolyte 
salt and the PAA-PEO-Li ion conductor pieces 
with electrolyte salt possessed self-healing 
properties. Additionally, it was confirmed that 
self-healing properties exist between the PAA-
PEO hydrogel and the PAA-PEO-Li ion conduc-
tor pieces. This confirms the feasibility of manu-
facturing a capacitive sensor using self-healing 
properties. 

 
Fig. 1. Nyquist plot of impedance spectra of the 
PAA-PEO-Li ionic conductors with various LiTFSI 
content. 

Tab. 1: Impedance and ionic conductivity of the PAA-
PEO-Li ionic conductor with various LiTFSI contents 

LiTFSI 
(wt.%) 

Resistivity 

(Ω) 
Ionic conductivity 

(S/cm) 

7 22.87 1.93 X 10-3 

9 21.20 2.09 X 10-3 

11 18.07 2.45 X 10-3 

13 15.06 2.94 X 10-3 

 
Fig. 2. A self-healing test: conducted by cutting the 
middle of a bar-shaped sample, reattaching it, and 
then pulling it apart. 
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Summary:
This study introduces a highly sensitive ionogel-based wireless pressure sensor, incorporating an 
inductor coil and a parallel-plate capacitor for pressure detection. A microstructured ionogel film was 
employed as the dielectric layer on the capacitor which significantly enhances the sensor perfor-
mance. This effective improvement is largely due to the ultra-high capacitance generated by electron 
double layers at the interface between the ionogel film and the electrode. The sensitivity of the pro-
posed device was recorded at 0.023 mmHg-1, making it roughly 50 times more sensitive than similar 
capacitive devices without the ionogel film.

Keywords: pressure sensor, ionogel, electron double layer, LC resonator, phase-dip technique.

Background, Motivation an Objective
In recent years, the advancement of flexible 
pressure sensors for biomedical applications 
has garnered substantial interest [1]. The sen-
sors of the capacitive type enjoy widespread 
popularity due to its simple design and straight-
forward manufacturing process. In [2], the use 
of a polyurethane ionogel as the dielectric in 
capacitive sensing systems was proposed to 
boost the device efficiency. Such improvement 
is chiefly due to the creation of electron double 
layers (EDLs) at the dielectric-electrode inter-
face, which effectively elevates the capaci-
tance, and in turn, the sensitivity of the sensors 
[3]. In this work, we propose a highly sensitive 
ionogel-based pressure sensor that incorpo-
rates an LC resonator for the passive power 
and signal transmission. Furthermore, this sen-
sitivity enhancement substantially improves the 
device resolution.

Description of the New Method or System
Figure 1(a) shows the sensor layout with its 
components monolithically implemented on a 
flexible substrate, while Figure 1(b) illustrates 
the device configuration when folded to form a 
capacitor structure. The device consists of an
electro-plated copper inductor, a pair of capaci-
tor electrodes, and a microstructured ionogel 
film sandwiched between the capacitor elec-
trodes. The surface of the ionogel film features 
numerous grooves, enabling it to accommodate
buckled protrusions under external compres-
sion. Thus, the compressibility of the film is 
significantly improved due to its microstructured

fillable surface. Figure 1(c) illustrates the sens-
ing principle of the proposed device. The fabri-
cation process of the device is detailed in Fig-
ure 2. The planar coil was realized by the con-
ventional micromachining techniques, as de-
picted in Figures 2(a) to 2(f). A photodefinable 
PDMS prepolymer was spin-coated on the coil 
layer, and an ionogel film was placed in the 
PDMS cavities (Figures. 2(g)-2(j)). Note that the 
ionogel film was prepared using the similar 
technique using a sand paper [4]. Then, the LC 
tank layer was separated from the glass sub-
strate (Figure 2(l)). Finally, the layer was folded 
to form a capacitor structure. Figure 3 shows 
the SEM image of the microstructured ionogel 
film. Figure 4 presents images of the assem-
bled device, and a device folded and attached 
to curved surfaces.

Results
Figure 5 displays the setup used for character-
izing the proposed device. Figure 6 illustrates 
the measured impedance phase at various 
pressures ranging from 0 to 225 mmHg. With 
no external pressure, the resonance frequency 
is approximately 406 MHz. As pressure in-
creases, the total inductance rises, resulting in 
a decrease in the resonant frequency. Figure 7 
shows the normalized resonant frequencies.
The device with the ionogel film showed a sen-
sitivity of 0.023 mmHg-1 for pressures ranging 
from 0-30 mmHg, and 0.00042 mmHg-1 for 
pressures ranging from 30-225 mmHg. These 
results show that the utilization of ionogel film
significantly improved the device sensitivity.
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Illustrations, Graphs, and Photographs 

Fig. 1. The Schematic of the proposed device. 

Figure 2: The fabrication process of the proposed 
device. 

Figure 3: SEM pictures of microstructured ionogel 
films. 

Figure 4: (a) The fabricated results. (b) The pressure 
sensor attached on curved surfaces. 

Figure 5: Schematic of pressure sensor test meas-
urement setup. 

Figure 6: The measured impedance phase as a 
function of frequency for several applied pressures. 

Figure 7: The normalized measured resonant fre-
quencies vs. applied pressures. 
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Abstract:

Strain gauges are essential in various industrial applications. Commercial strain gauges are developed 
using Constantan and Karma alloys due to their low temperature sensitivity. Creating alloy inks for 
printing poses challenges due to high sintering temperatures. Consequently, printed strain gauges
(PSGs) are typically made using inks based on silver and carbon. However, the temperature coefficient 
of resistance (TCR) of these inks is high. In this work, a unique composite was developed using screen-
printable ink with silver-coated glass (AgG) particles. The objective of this composite formulation was to 
increase strain sensitivity while reducing the temperature dependence of the printed strain gauges. The 
PSGs made with the composite showed a greater gauge factor of 60. Comprehensive characterization 
of the PSG, including environmental testing, cyclic strain performance, and dynamic strain responsivity, 
demonstrates the effectiveness and reliability of the developed composite.

Keywords: Printed Strain Gauges, Wearable Technologies, High gauge factor, Composite inks, 
Printed sensors

Introduction
Strain gauges (SGs) are sensors that convert
compressive or tensile strains into electrical 
signals, usually in the form of variations in 
capacitance or resistance.[1] They are used 
where there is need of accurate assessment of 
force, strain, and torque in mechanically 
stressed components and in the diagnosis of 
structural damage.[2] Owing to structural 
simplicity and ease of electronic reading, 
resistive SGs are most commonly employed in 
industrial applications.

The sensitivity of resistive strain gauges is 
termed as the gauge factor (GF), which is 
defined as the relative change in the resistance 
of the strain gauge due to the applied 
mechanical strain. The gauge factor of 
commercial strain gauges made of alloys is
typically around 2. However, such strain gauges 
are not suitable for wearable devices, where a 
high gauge factor and mechanical working range 
are needed. For instance, detecting human 
respiration rate requires extremely sensitive 
strain sensors,[3] and monitoring joint 
movements necessitates high stretchability.[4]
Flexible and Printed technologies can be 
leveraged to meet the demands of such 
applications.

PSGs reported are dominantly employed 
Silver,[5] carbon[6], [7] or Silver/carbon 
composites,[8] which are susceptible to 
temperature variations that affect the accuracy 
of detecting mechanical deformations. 
Therefore, there is a critical need for PSGs that 
demonstrate reduced temperature dependence.
In pursuit of this objective, a novel composite 
was developed, comprising a screen-printable 
non-conductive paste with a polyurethane (PU)
matrix blended with AgG microparticles as
conductive filler. As anticipated, PSGs made 
with this composite demonstrated minimal 
temperature dependence and high gauge 
factors.

Materials and methods
Tubicoat was utilized as the screen-printable 
paste. eConduct Glass 352000 – AgG served as 
the conductive filler. These two components 
were mixed at a ratio of 1:5 (Wt:Wt) in a speed 
mixer. The resulting paste, termed PU 
composite, was then used to print resistive 
PSGs, as depicted in Fig. 1a. Fig. 1b shows the 
PSG printed with the PU composite. Mechanical 
characterization of the PSG was conducted by 
adhering it to a dog-bone structure using a push-
pull tester Zwick Roell, as shown in Fig. 1c. Fig. 
1d demonstrates the flexibility of the PSG, and 
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the microscopic image in Fig. 1e illustrates the 
AgG particles embedded in the PU matrix.  

 
Fig. 1 (a) Printing of resistive PSGs using PU 
composite paste. (b) Printed PSG with PU composite. 
(c) Mechanical characterization setup with push-pull 
tester Zwick Roell. (d) Flexible PSG. (e) Microscopic 
image showing AgG particles embedded in PU matrix. 

Results 
The PSGs were tested to assess the thermal 
dependence in an environmental chamber. The 
sensor's thermal responsivity is < 0.5% per 10°C 
increase in temperature, as depicted in Fig. 2a. 
Compared to printed carbon-based temperature 
sensors,[9] the PSG exhibits significantly lower 
temperature dependence. This is attributed to 
the presence of glass as the core material for the 
conductive particle, which has a lower thermal 
expansion coefficient. As a result, there is no 
physical elongation in the PU composite-based 
printed trace, unlike nanoparticle inks with the 
binding matrix, where the interparticle distance 
increases due to thermal expansion, leading to 
higher variation. 

 
Fig. 2 Performance assessment of PSGs, showcasing 
temperature response, strain sensitivity, linearity, and 
repeatability. 

Furthermore, the PSGs underwent testing 
by applying tensile strain up to 0.16%. The 
response of the PSG is depicted in Fig. 2b, 
and from the calibration plot (Fig. 2c), it is 
evident that the response is linear. The 
gauge factor is estimated to be around 60. 
The PSGs have demonstrated great 

repeatability when subjected to multiple stress cycles, 
as depicted in Fig. 2d. The conduction mechanism in 
these composite-based conductive traces is 
predominantly due to the tunneling, where electrons 
hop from particle to particle. When the interparticle 
distance increases due to the applied strain, the 
probability of hopping decreases, resulting in an 
increase in resistance. Such a high gauge factor is 
feasible due to this variation in interparticle distance 
between conductive particles.  
 
In summary, the demonstrated PSGs exhibit 
significant potential for use across a range of 
applications, from structural monitoring to wearable 
technologies. 
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Summary:
This work presents both the directivity pattern and distance dependence of the pressure field of a pie-
zoelectric micromachined ultrasonic transducer (PMUT). The PMUT comprises a silicon membrane 
and an integrated piezoelectric transducer based on aluminum nitride (AlN). It exploits bistability to 
achieve large membrane displacements during switching between both ground states.

Keywords: PMUT, bistability, PiezoMEMS, aluminum nitride, acoustic MEMS

Introduction
Ultrasonic sound has been utilized for decades 
in medical diagnostics, gesture recognition, 
non-destructive testing and range finding, to 
mention a few. Given the ongoing trend towards 
miniaturization, micromachined ultrasonic 
transducers based on the piezoelectric effect 
(PMUTs) have been gaining a lot of attention 
recently due to operation at lower voltage levels 
and the lack of any counter-electrodes as re-
quired in capacitive MUTs.

One way of increasing the pressure output of a 
PMUT is to increase the stroke level of the 
membrane element. There have been many 
approaches to achieve this, including the use of 
flexural supports [1] or differential transducers 
[2]. Due to compressive stress induced buckling 
however, bistability has been shown most re-
cently to be a highly effective approach to 
achieve high sound pressure levels from 
PMUTs [3]. In this work, we study the acoustic 
emission characteristics of such bistable 
PMUTs.

Experimental details
The PMUTs are fabricated starting from a 
100 mm silicon on insulator (SOI) wafer coated 
with a stress-compensated silicon oxide and 
silicon nitride bi-layer for electrical insulation. 
The piezoelectric transducer comprises ther-
mally evaporated bottom and top electrodes 
(chromium and gold) and a reactively sputter-
deposited aluminum nitride thin film sandwiched
between both electrodes. The membrane is 
defined by backside deep reactive ion etching 
and a subsequent hydrofluoric acid removal of 

the buried oxide layer to release the membrane. 
The stress in the AlN layer is tailored to ensure 
that the total compressive stress state in the 
membrane exceeds the critical stress limit re-
quired for buckling.

Figure 1. Measurement setup

The PMUT is electrically excited by applying a 
sinusoidal pulse train with n pulses to the AlN 
layer. The signal is generated using an Inter-
modulation products MLA-3 and is amplified by 
a factor of 50 using a Trek HF2100 broadband 
piezo amplifier. Membrane velocity is recorded 
using a Polytec single point laser Doppler vi-
brometer. Acoustic measurements are done 
using a Brüel and Kjær 4138 pressure field 
microphone with a frequency range of 6.5 Hz to 
140 kHz. A pre-amplifier 2670 in combination 
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with a Nexus signal conditioner with a 140 kHz 
bandwidth extension is used, before the signal 
is recorded using a Keysight DSOX1204G os-
cilloscope. The measurement is performed 
inside a soundproof booth by Soundbricks. The 
setup is shown in Figure 1. More details can be 
found in [3]. 

Results and discussion 
Figure 2 shows an exemplary measurement 
signal with the electrical excitation applied to 
the membrane (a), the membrane velocity (b) 
and the recorded pressure (c). In the red shad-
ed region, the membrane is undergoing contin-
uous snap-throughs between both ground 
states, whereas in the yellow shaded region the 
membrane rings down. The green shaded re-
gion marks the transition between these two 
regimes. 

Figure 2: a) Excitation signal. b) LDV signal. c) Pres-
sure measured with the microphone. 

Figure 3: Emission pattern of the PMUT. The gray 
area is not measured, since the PMUT is mounted in 
such a way as to not allow downwards emission. 

Figure 3 shows the directivity pattern of the 
PMUT measured at a distance of 92.5 mm. 
Distance is calibrated using the delay between 
electrical signal and sound (delay between 
electrical signal and LDV signal is compen-
sated) and a speed of sound of 343 m/s. The 
PMUT featured an almost omnidirectional 
emission pattern with a significant drop only at 
90° and 270° off-axis, which is due to the ge-
ometry of the measurement setup. 

Figure 4: Distance dependence of pressure. 

Figure 4 shows the impact of microphone dis-
tance r to maximum detected pressure meas-
ured at 0° on-axis and features the expected 1/r 
behavior. The straight line is a fit of a reciprocal 
function to the data. Distances were set by eye 
and subsequently calibrated using the same 
method as mentioned above. 

Conclusion 
The emission pattern of a bistable PMUT has 
been shown for the first time as well as the 
expected pressure decrease with distance. 
Future work will focus on a more in-depth study 
of these PMUTs, especially in continuous oper-
ation to provide proper sound pressure level 
values. 
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Summary
The present study deals with an integrated effort in the process of fabricating a silicon carbide-based 
micromachined device for measuring turbulent airflow in harsh environments, involving SiC etching 
and silicon substrate under-etching to create the MEMS structure. These SiC-based MEMS structures 
have been electrically and thermally characterized, with resistance and TCR measurements vs. tem-
perature.

Keywords: MEMS, silicon carbide, thermal flow sensors, harsh environments.

Background, Motivation an Objective
There is an increasing need to measure turbu-
lent airflow in harsh environments: high tem-
perature, high flow speeds and reactive gases 
[1]. Silicon carbide is a promising material, al-
ready used for power electronic applications [2] 
and in MEMS for its high bandgap, mechanical 
robustness, thermal and chemical stability [3], 
[4]. The semiconductor nature of the material 
enables to control the dopant concentration, 
making it suitable as an active element in 
MEMS devices, exploiting the piezoresistive 
and thermoresistive effects [5]. The usage of 
SiC enables these effects to be used in sensor 
designs for harsh environments applications [6]. 
In this work we will focus on the demonstration 
of proof of concept of SiC-based hot-wire sen-
sors, for measurement of hot and high-
Reynolds turbulent airflow.

Design and realisation
This work introduces a micromachined device 
aimed for thermal flow measurement in harsh 
environments, made with a double-clamped 
micro-wire structure.

Epitaxial 3C–SiC thin films have been deposit-
ed onto a silicon substrate using Chemical Va-
por Deposition (CVD) process. N-type doping of 
the SiC film has been achieved by introducing 
nitrogen in the CVD reactor. A negative 2 × 1018

cm−3 level of doping has been measured on 
Van der Pauw structures using a Hall effect 
characterisation setup. Structure patterning was 

achieved using Reactive Ion Etching (RIE) with 
a / mixture, followed by an under-etch process.

Fig. 1. Schematic view of the sensor micro-wire.

Fig. 2. SEM view of the sensor micro-wire.
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Characterisation 
First thermal and electrical characterisations of 
the device have been conducted, including 
current-voltage (I–V) curves to measure the 
electrical resistance of the micro-wire, as well 
as measurement of the Temperature Coefficient 
of Resistance (TCR) vs. the temperature. Em-
phasis is placed on the sensitivity evaluation for 
thermal sensors using SiC as an active layer. 
These measurements have been carried on 
temperatures ranging from 25 to 500 °C. A 
maximum TCR of 20000 ppm/K has been 
measured on a 180 °C overheat working point, 
which is much higher than what is typically ob-
tained with metal-based hot wires (2000 – 4000 
ppm/K). 

 

  
Fig. 3. Wire electrical resistance vs. length. 

 

  
Fig. 4. Resistance and TCR measurements vs. 
temperature. 

 

Conclusion 
In conclusion, this study presents a proof of 
concept utilising SiC for the development of hot-
wire sensors capable of measuring airflow in 
harsh environments. Through the fabrication 
and characterization of a SiC-based micro-wire 
structure, this study highlights the potential 
advantages of the material, making it a promis-
ing candidate for applications requiring thermal 
sensing in harsh environments. 
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Summary:
This paper presents a proof-of-concept silicon-based biocompatible dry/semi-dry platina EEG elec-
trode prototype for future usage in BCI systems. Using silicon-based MEMS technology, varied topog-
raphy can be created with dry and wet chemical milling. Other microtip-based electrodes achieve di-
rect contact by penetrating the epidermis. Our approach is to increase the adheres and contact sur-
face on hairy skin without penetrating into the skin surface.

Keywords: Electroencephalography, Electrodes, Brain-computer interfaces, Biomedical electrodes, 
Microelectromechanical

Introduction
There is increasing demand for applying the 
results of neuroscience and cognitive neurosci-
ence in brain-machine interfaces in many inter-
disciplinary research areas. In recent decades, 
traditional conductive gels and silver/silver-
chloride electrodes become less popular for 
electroencephalography (EEG) devices, and 
more convenient dry and semi-dry electrode 
systems have become commercially available. 
Their advantages are that they are more com-
fortable, gel dehydrates over time [1], and leave 
an unpleasant stain. However, dry and semi-dry 
electrode signal-noise ratio is usually lower than 
traditional wet EEG systems [1], [2]. As a result, 
these brain-machine interfaces often do not 
provide the expected performance.

This paper proposes a novel fabrication ap-
proach that integrates mechanical milling with a 
dicing saw and wet chemical etching, doping, 
and coating methods using semiconductor 
MEMS technology. The fabrication process 
begins with wet chemical etching of a 1000 μm 
thick silicon substrate. This way, the tips of the 
electrodes are formed. After that, mechanical 
milling is applied by a dicing saw to form square 
electrode geometries. Subsequently, the elec-
trode material is further doped to achieve better 
electrical conductance. The platinum layer is 
deposited to the electrode surface in the last 
step to achieve sufficient electrode-skin contact.

The integration of Hybrid Mechanical Milling 
with Wet Chemical Etching processes in semi-
conductor MEMS technology enables the reali-

zation of intricate electrode designs with high 
precision and reproducibility.

Fig. 1. The postsynaptic potential change of the 
pyramidal cells creates an electric dipole, the electric 
field measured by the EEG device.

Background, Motivation, and Objective
Our long-term vision is to develop a multisenso-
ry brain-computer interface (BCI) system for 
detecting students' stress, concentration, and 
arousal levels to evaluate different teaching 
methods. We intend to provide a tool for a more 
comprehensive understanding of students' cog-
nitive and flow mental states by integrating mul-
tiple sensor systems, leading to the develop-
ment of more effective teaching strategies and 
interventions that could ultimately improve edu-
cational outcomes. Currently, our focus is to 
improve the EEG recordings by experimenting 
with new electrodes and device structures to 
achieve a BCI system that can measure stu-
dents' EEG during lessons quite comfortably.

EUROSENSORSXXXVI 304

DOI 10.5162/EUROSENSORSXXXVI/PT4.200



Electrode manufacturing process 
The electrode manufacturing process starts 
with a 1 mm thick, n-type phosphorous doped 
wafer with surface orientation of <100> and 
1-2 Ωcm resistivity. The wafer is cleaned using
the RCA1 and RCA2 standard processes. After
that, a 200 nm thick oxide layer is grown on the
surface by high-temperature dry oxidation to
create a masking layer for the wet chemical
etching. The pattern is created for the tips using
a 400x400 μm rectangular mask in a
400x400 μm raster, as seen in Fig 2.

Fig. 2. Mask pattern for wet chemical etching. 

The wet chemical etching is performed with 
5wt% TMAH (Tetramethylammonium hydrox-
ide) in purified H2O for 80 minutes at 92°C to 
create an even D=100 μm deep anisotropic 
etching between the electrode tips. (Fig. 3.) 

Fig.3.  Electrode tips created by TMAH etching. 

To create a homogenous etched surface and 
prevent the unwanted formation of micro pyra-
mids 0.2 wt%/hour of APS (Ammonium Persul-
fate) was added to the solution. 

The 400 μm deep ditches were created by a 
300 μm thick dicing saw. (In the structure 
shown in Fig. 4., the staggered indentation is a 
by-product of the saw's geometry.) Hair can slip 
into the trenches, and in the future, we would 

like to experiment with filling them with skin 
conductance increasing materials. 

Fig. 4.  Electrode structure. 

To increase the conductivity of the silicon sub-
strate, further doping with n-type phosphorus 
was performed to make the substrate highly 
doped near the surface. Finally, a ~100 nm 
platinum layer was sputtered on the electrode 
surface to increase the conductivity further and 
make it biocompatible and resistant to mecha-
no-chemical effects. (Fig.5.) 

Fig. 5.  Electrode final layer structure. 

Results 
This paper presented a platina-coated silicon-
based dry EEG electrode prototype structure 
and its manufacturing process. The electrode's 
surface design adheres well to the skin's sur-
face, even under slight pressure, without pene-
trating into its upper layers. The structure is 
sufficiently resistant and does not wear out 
during use. Further characterization and real-
world EEG testing will proceed in the near fu-
ture. 
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Summary: 

This study presents significant advancements in microfabrication techniques for developing probes 
with diverse tip geometries and microspheres attached to probe tips for various applications. We intro-
duce a novel method for transfer of spherical microparticles onto probe tips. First, the microparticles 
were assembled within cavities bulk-etched into (100) oriented single crystal silicon and subsequently 
the scanning probes were patterned using SU-8 as the structural material. Upon sacrificial layer etch-
ing, SU-8 scanning probes were released with spherical microparticle tips at the distal end of the canti-
lever. Additionally, we explored the integration of bimorph electrothermal actuators for precise probe 
actuation. Notably, our bimorph thermal actuator demonstrates superior displacement at lower voltag-
es compared to the existing literature. The use of SU-8 as the probe material simplifies the fabrication 
process and enhances the device's biocompatibility. This property makes it particularly suitable for 
biomedical applications, extending the potential impact of this research beyond the scope of the cur-
rent study. 

Keywords: Actuator, Bimorph, Colloidal probe, Colloidal assembly, SU-8 

Introduction 

Cantilevers, especially those with colloidal tips 
are essential components in precision instru-
ments, utilized across fields like biomedical 
diagnostics [1] and to quantify surface interfa-
cial forces [2]. Particularly crucial in atomic 
force microscopy (AFM), they facilitate na-
noscale imaging and manipulation [3]. Tradi-
tional AFM probes employ piezoelectric or elec-
tromagnetic actuation methods to control inter-
actions with sample surfaces [4,5]. However, 
current cantilever technologies encounter chal-
lenges in sensitivity, integration, scalability, 
reproducibility, and long-term stability [6]. 

Recent advancements in the design and fabri-
cation of cantilevers have aimed to address 
these issues. Thermally actuated cantilevers 
offering a potentially more controlled and 
adaptable approach compared to traditional 
piezoelectric actuation [7]. The use of thermally 
actuated mechanisms in colloidal probes can 
potentially enhance the sensitivity and adapta-
bility of measurements, allowing for dynamic 
adjustments of probe properties in response to 
environmental changes or specific experimental 
needs. However, integrating these thermal 

mechanisms with colloidal probes presents a 
unique set of challenges and opportunities. 

This study is motivated by the need to optimize 
thermally actuated systems, particularly when 
integrated with colloidal probes. It aims to de-
velop a novel manufacturing protocol for fabri-
cating customized tip geometries and configura-
tions, including integration with complementary 
technologies like microfluidics, and addressing 
the associated design, fabrication, and optimi-
zation challenges. 

Materials and Methods 

The fabrication of cantilevers with various tip 
shapes or microspheres begins with cavity 
fabrication. First, SiO2/Si3N4/SiO2 layers are 
deposited on both sides of a Si wafer via 
PECVD. These layers are then patterned by 
lithography and etched using DRIE. For 
cantilevers with pyramidal tips or microspheres, 
the wafer is etched in KOH, and remaining SiO2 
is removed with BOE. 

For cubic-tip cantilevers, we used DRIE instead 
of KOH etching. To fabricate cantilevers with 
both pyramidal and cubic tips, a 200 nm SiO2 
sacrificial layer was deposited, followed by spin-
coating SU-8. After lithography patterning and 
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BOE immersion, the cantilevers were released. 
SEM images of the two tip shapes are shown in 
Fig. 1. Next, we attempted to attach micro-
spheres to the cantilever tips using pyramidal 
cavities. 

Fig. 1. SEM images showing (a) a cantilever with a 
cubic tip, and (b) a cantilever with a pyramidal tip 

To transfer microspheres to the cantilever tips, 
we used an assembly process within the cavi-
ties, aided by capillary flow for precise position-
ing. However, coating with SU-8 initially dis-
placed the particles, so we switched to the 
drop-casting technique for SU-8 coating, which 
serves as the cantilever material. 

To drop-cast a 200 µm thick SU-8 film, we cal-
culated the required SU-8 volume for each 
sample and applied it centrally using a micropi-
pette. After soft-baking on a flat hot plate for 
even distribution, the SU-8 was UV-exposed 
through a mask, followed by post-exposure 
baking and development in PGMEA. The pro-
cess finished with the release of the samples by 
etching away the sacrificial layer. 

Fig. 2a, 2b illustrate the microsphere assembly 
on the cantilever tip. Fig. 2c shows an assem-
bled microparticle inside the cavity. Side and 
top views of the cantilever confirm the micro-
sphere attachment to the tip (Fig. 2d, 2e). 

Fig. 2. (a),(b) Schematics of Microsphere Assembly 
on Cantilever Tip, (c) Assembled Microparticle within 
Cavity, (d) Cantilever with Microsphere Attached, (e) 
Top View of Microsphere on Cantilever Tip. 

The final goal of this study was to fabricate 
cantilevers with various tip geometries or mi-
crospheres attached to the tip that could be 
actuated. Fig. 3a illustrates a schematic of an 
actuated cantilever. To achieve this, we em-
ployed a bimorph electrothermal actuator. Ini-
tially, a 250 nm thick layer of Cu was coated 

onto the sacrificial layer using a thermal evapo-
rator, leaving the cavity area empty. To en-
hance adhesion, a 5 nm layer of Cr was depos-
ited on both the top and bottom surfaces of the 
Cu. To apply the input voltage to the pads of 
the thermal actuator, a probe station was uti-
lized (Fig. 3b). Fig. 3c depicts the Cu layer, 
which served as the active layer of the thermal 
actuator aligned with the cavities. Notably, there 
is no residual copper in the cavity area, and the 
cantilever can successfully actuate (Fig. 3d). 

Fig. 3. (a) Schematic of an actuated cantilever, (b) 
Utilization of a probe station to drive the cantilever (c) 
image of the active Cu layer, (d) Actuated cantilever. 
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Summary:
This paper reports a new method to integrate four micro-electrodes on one SOI wafer with micro-vias 
of any size. 6 different SOI chips with nice insulation between each electrode was fabricated. After the 
test of electrochemical seismometers (ECSs), it shows that the ECSs using the chips with large diam-
eter and small minimum inter-space of micro-vias feature small bandwidth but large peak sensitivity,
which provides a valuable reference for the design of the ECSs meeting different performance.

Keywords: SOI, micro-electrodes, micro-vias, MEMS technologies, electrochemical seismometers.

Background, Motivation an Objective
Four micro-electrodes arraying on the se-
quence of anode-cathode-cathode-anode is the 
sensitive element of electrochemical seismome-
ters (ECSs). They are typically formed on chips
with numbers of micro-vias [1-3]. With the grow-
ingly development of the MEMS technologies,
the tendency of them is to reduce the consump-
tion of wafers and to increase the integration of 
electrode areas. In recent years, the number of 
electrodes fabricated on one wafer had already
increase from one[1], two[2] to lately four[3]. 
However, the method presented by reference [3]
was only applicable to chips with the micro-vias
with large depth-to-diameter ratios. This paper 
supposed a new fabrication process of a SOI 
chip with four micro-electrodes, which could 
make vias of any size. 6 SOI chips were fabri-
cated to compare the influence of different
structural parameters on the performance.

Description of the New Method or System
This paper proposed a method to fabricate SOI
chips with four micro-electrodes on one wafer. 
On the beginning, a SOI composed of two 200μ
m thick silicon and one 2um thick SiO2 was 
prepared. After twice lithography and Deep 
Reactive Ion Etching (DRIE), the removal of the 
SiO2 was achieved by using hydrogen fluoride
to form insulating slot. Insulating layers of SiO2

were firstly deposited on the both surfaces of
the wafer by Chemical Vapor Deposition (CVD) 
before sputtering platinum on that. Finally, ex-
cess metal was removed by Ion Beam Etching 
(IBE), where the retained metal was protected 
by dry film.

Results
Six different SOI chips with four micro-
electrodes having nice insulation between each 
electrode were fabricated. By assembled in a 
same ECS and using a same testing circuit, 
their response of sensitivity vs frequency was
tested as the figure showed. The results sup-
posed that the chips with large diameter and 
small minimum inter-space of micro-vias 
achieved small bandwidth but large peak sensi-
tivity, of which the ECS using chip-1 had the
smallest bandwidth of 2.90Hz-7.60Hz and the
largest peak sensitivity of 12962.03V/(m/s)
@5Hz. To the contrary, the ECS using chip-6
had the largest bandwidth of 0.84Hz-34.21Hz
and the smallest peak sensitivity of
4098.83V/(m/s)@3Hz. This provided a valuable
reference for the design of the ECS meeting
different performance requirements.
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Figures 

 
Fig. 1. Fabrication Process of a SOI chip with four 
micro-electrodes. 

 
Fig. 2. Physical diagram of a MEMS electrochemi-
cal seismometer and a SOI chip with SEM diagram 
of its cross section. 
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Fig. 3. Graph of sensitivity vs frequency for six 
different SOI chips, where the mini-graph is the 
bandwidth of them. 

Tables 
Tab. 1: Structural parameters of six different SOI 
chips 

 Diameter of 
micro-vias 

Minimum inter-
space of micro-

vias 

Chip-1 110μm 10μm 

Chip-2 100μm 15μm 

Chip-3 90μm 10μm 

Chip-4 80μm 15μm 

Chip-5 70μm 10μm 

Chip-6 60μm 15μm 

Tab. 2: Bandwidth and peak sensitivity of six differ-
ent SOI chips 

 Bandwidth Peak sensitivity 

Chip-1 2.90Hz-7.60Hz 
12962.03 

V/(m/s)@5Hz 

Chip-2 1.55Hz-11.15Hz 
8262.24 

V/(m/s)@3Hz 

Chip-3 1.77Hz-12.87Hz 
11318.51 

V/(m/s)@5Hz 

Chip-4 1.13Hz-15.80Hz 
6524.09 

V/(m/s)@3Hz 

Chip-5 1.29Hz-18.55Hz 
9851.62 

V/(m/s)@5Hz 

Chip-6 0.84Hz-34.21Hz 
4098.83 

V/(m/s)@3Hz 
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Summary:
Considering the actual requirements in laparoscopic as well as robotic surgical practices and the 
advancements in utilisation of artificial intelligences in data analysis and decision making, the need for 
tissue mechanical analysis is greater than ever. However, the necessary data is still hard to acquire 
due to the existing gap between medical and engineering professionals in daily practice. Since the 
chosen methods of tissue characterization vary widely, we designed our measurement setup so that it 
resembles clinical practice as closely as possible. [1] In our cooperation with the Uzsoki Hospital, we 
present the results of our measurement system developed for gastrointestinal tissue characterization. 
We aim this as a pioneer project to form a basis for larger, more targeted data collection to improve 
medical professionals’ decision-making during surgical procedures.

Keywords: mechanical tissue characterization, indentation, gastric, biomechanics

Background, Motivation an Objective
While laparoscopic surgeries are some of the 
most routine procedures today, postoperative 
complications can still arise and though 
advanced robotics are precise and beneficial, 
improvements of surgical tools are still in high 
demand. Probably the most critical aspect in 
need of developments is the quantitative 
assessment of the surgeon's tactile feedback. [2] 
To provide researchers and medical engineers 
accurate data regarding tissue properties 
systematic and controlled measurements with a 
large sample size are needed. A MEMS force 
sensor based [3] indentation type tissue 
mechanical analyser have been developed and 
deployed at the Surgery and Onco-surgery 
Ambulance of Uzsoki Hospital in Budapest. In 
our current pilot study, we demonstrate the 
capability of our system for ex-vivo tissue 
thickness measurement at a clinically relevant 
force range. Furthermore, post-processing the 
force-displacement data provided by the sensor 
and supported with the metadata acquired about 
the patient and tissue condition, forms a 
promising foundation for AI-supported decision-
making algorithms. Our preliminary results 
demonstrates that the tissue analytical system 
would be integrated into a laparoscopic stapler, 
offering real-time data on tissue characteristics,
and potentially providing decision-making 
support to surgeons during surgery.

Measurement System and Methodology
Our measurement setup integrates the MEMS 
piezoresistive 3D force sensor developed by 
HUN-REN CER’s Microsystems Lab [3]. The 
setup applies the indentation method previously 
defined by Egorov et al. [4]. Since the medical 
objective of our long-term work is to adopt our 
tissue characterisation methodology in
laparoscopic devices, indentation is the 
corresponding solution to mimic the 
compression type deformations emerging during 
laparoscopic gastric surgeries.

Fig. 1. Indentation type measurement system at the 
Uzsoki Hospital.

The measurement system is driven by a custom 
made LabView application and records the 
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force-displacement curve during controlled 
compression of the examined tissue. The force 
information is provided by the MEMS 
piezoresistive 3D force sensor while the 
accurate deformation is generated by a high 
precision stepper motor. The setup is quite 
robust for ex-vivo field experiments, although the 
sensor itself can be easily integrated into a 
laparoscopic jaw according to its form factor. 

The tissue samples were mostly cancerous 
gastric leftovers which were removed during 
resection. The contact points of the sensor were 
chosen to be either on a tumorous (but 
measurable) region or near the sectioned and 
stapled line. Measurements on the anatomically 
important healthy regions were also executed for 
comparison the mechanical characteristics 
different tissue status. The majority of our 
measurements focused on different session of 
the colon, such as the transversum, the 
sigmoideum and the rectum, with additional 
samples obtained from the pancreas and the 
stomach. The experiments were accomplished 
under ethical authorization number IV/174- 2 
/2022/EKU. 

Results 
A total of 42 ex vivo measurements have been 
implemented on 30 human tissue samples to 
date. Two representative experimental force – 
displacement functions are demonstrated in in 
Figure 2. They represent the diverse tissue 
biomechanical properties associated with 
different medical conditions. 

 
Fig. 2. Force-displacement curve of two pancreas 
samples 

Considering the F(d) curve, the compressed 
tissue thickness can be determined from the 
displacement detected at the critical force value 
to be reached for optimal stapling during surgical 
procedure. The conventional pressure value 
between the stapler’s jaws is considered to be 
78,4 mN/mm2in clinical practice. The detected 
critical force value corresponding to this 
pressure can be calculated as 138 mN 
considering the sensor’s geometry. 

Outlook 
Accurate determination of the optimal thickness 
of the compressed tissue prior to stapling would 
represent a significant advancement in 
laparoscopic surgery. Moreover, the data 
obtained from the force – displacement 
measurements contain a wealth of relevant 
information regarding tissue biomechanics also. 
By extracting relevant parameters (such as 
uncompressed tissue thickness, Young-moduli, 
and others) from these datalines and analysing 
them with consideration medical metadata 
regarding patient vital signs, tissue condition and 
pathology, surgeons can establish a deeper 
understanding of how various pathological 
conditions affect tissue biomechanics and 
surgical results. With this background 
knowledge, these smart devices will be able to 
refine onsite surgical decision support during 
laparoscopic gastrointestinal surgeries. 

Discussion 
Testing different samples provided valuable 
insight on how these measurements can be 
carried out on a large scale by medical 
personnel. We are continuously refining both the 
software and user interface accordingly. This 
study demonstrates the ability to measure 
compressed tissue thickness and reveal 
clinically relevant differences in tissue 
characteristics, such as significant change in the 
biomechanical properties of a highly inflamed 
tissue compared to a healthy one. Based on our 
experiences, a handheld, laparoscope-like 
measurement system is to be developed for 
efficient large quantity data gathering. Critical 
feature is the precise laparoscope geometry 
compatible for usage in surgical environments. 
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Summary:
Torquer rods for commercial spacecraft need to be characterized for qualification purposes. Very ac-
curate characterization is possible using lengthy methods with accurate mechanical specifications, 
however, in the commercial environment this is not feasible. Three characterization methods, two 
magnetometric and one fluxmetric, are evaluated on robustness and uncertainty.

Keywords: Torquer rod, magnetic flux, coil, uncertainty, micro satellite

Introduction
Torque Rods are used on microsatellites, small 
satellites and cubesats as part of the attitude 
control systems [1] where the controllable mag-
netic moments of torque rods interact with the 
Earth’s magnetic field. Torque rods consist of a 
solenoid winding with soft magnetic material as 
a core and their characteristic (magnetic mo-
ment) need to be verified during qualification.

Motivation and Objective
This paper investigates various methods to 
characterize torque rods accurately using 
methods that could be commercially viable in 
terms of time. We studied three methods: abso-
lute and differential magnetometry using one or 
two magnetometric readings [1],[2], and an 
adaptation of a fluxmetric method used for per-
manent magnets [3]. Motivation for our work 
comes from the issue of accurately and repeat-
edly aligning the torque-rod relative to the mag-
netometer in the “single-point” magnetometric 
method, where the result uncertainty is domi-
nated by distance uncertainty (tilt up to units of 
degrees produces negligible errors). Uncertain-
ty due to mechanical placement was evaluated
by repeated measurements with the rod re-
moved and replaced, as well as at different 
axial displacements and orientation angles. The
torque rod used in this study has a length of 
375 mm and a nominal magnetic moment of 19 
Am2 at 296 mA; we used 200 mA for all meas-
urements. All evaluations were executed in a 
magnetically quiet environment (<1nT p-p
noise) and a fluxgate magnetometer (LEMI-
011B) was used.

Magnetic field at specific distance
The classical method involves the measure-
ment of magnetic flux density [1],[2]. The radial 

component of flux density Br is measured when 
the torque rod of length L is energized at a set 
distance R (Fig. 1). This method is, however,
extremely sensitive to the accurate distance 
between the rod and the magnetic sensor (its 
position in the magnetometer).

Fig. 1. Torque rod and magnetometer setup

Magnetic moment is calculated from eq. (1) [1].

(1)

Two test points with accurate separation
Given the extreme sensitivity of the previous 
method regarding distance of placement, obvi-
ous from eq. (1), and the chance of human 
error involved, a variation of this method is pro-
posed where two measurements are taken with 
the same sensor, at two set distances apart.
Only the difference in distances i.e. by a spacer 
or precise magnetometer movement is re-
quired, which can be accurately established. In 
this case, we do not use the full equation (eq. 
(1)) but the classical un-corrected point-wise 
dipole field equation for Br eq. (2) (valid only far 
away).

(2)

We can then express the distance R and substi-
tute to the same equation with R+dR:
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        (3) 

Distances of 850 mm and 1000 mm were used, 
given a separation dR of 150 mm. The magnet-
ic moment is calculated by minimizing eq. (3) 
where Br1 and Br2 is the magnetic flux density 
measured at the two positions respectively. 

Fluxmetric method 
The basis of the fluxmetric method is change in 
magnetic flux, as detected by a coil enclosing 
the flux lines of the magnetic dipole source 
(torque rod). We evaluated various Helmholtz 
coils as in [3], however, ended up using a sole-
noid which gave the best signal-noise ratio. The 
solenoid has a length of 600 mm, 300 turns, 
350 mm diameter and a coil constant of 543.23 
µT/A. The magnetic length of the torque rod is 
around 2/3 of the coil length, so we expected 
large errors as the coil homogeneity has been 
determined to be below 0.1 % within +-15 cm 
only. The torque rod was placed in the centre of 
the solenoid (see Fig. 2) and 200 mA applied. 
The change of magnetic flux in the coil was 
measured with a Hirst IFM03 Flux-meter. Mag-
netic moment is calculated from eq. (4) 

             (4) 

where Δϑ is the change in magnetic flux in Wb, 
and K is the coil constant in T/A (543.23 µT/A). 

 
Fig. 2. Torque rod inserted in solenoid centre 

Comparative summary of the three methods 
Table 1 and Fig 3 shows results for the 3 meth-
ods when repeated 5 times (torque rod placed 
and removed) and also when misaligned. The 
most robust and most repeatable is the fluxme-
tric method, insensitive both to angular and 
axial misalignment; however, it is about +6% off 
both magnetometric methods. The single posi-
tion calculation suffers, obviously, from a dis-
tance measurement error (+4% at 75 cm), 
which is suppressed with the differential two-

point method. Surprisingly, the differential 
method works well even with classical dipole 
field equation eq. (2) uncorrected on rod length. 
Tab. 1: Magnetic moments calculated 

Criteria Fluxmetric Single 
point 

Two 
points 

Mean/5 12.114 11.430 11.432 

10º  -1.2% -1.0% -0.1% 

+1 cm -0.08% +4.4% - 

 
Fig. 3. Spread of 5 repeated measurements for all 
three methods (relative to the mean value) 

Conclusions 
The “revived” solenoid fluxmetric method shows 
the most consistent results, with a correction 
factor applied, however, a single magnetometric 
calibration would suffice. Its main advantage is 
that it does not need precise positioning (a 1 cm 
misplacement yielded only 0.08% error). The 
method with 2 magnetometers has potential 
when employing both equations for radial and 
tangential field to avoid effects of large angular 
misalignments, however, resulted in almost the 
same spread of values due to the small differ-
ential distance. Both methods have potential to 
lessen calibration uncertainty while reducing the 
alignment time. A promising modification of the 
two-point method would be a fixed set of two 
magnetometers where the exact magnetic dis-
tance would be precisely determined i.e. with 
the help of gradient coils. 
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Summary:
This paper provides an extensive overview of more than a decade of continuous data collected by the 
Fiber Optic Sensing for CMS (FOS4CMS) network, featuring over 1000 Fiber Bragg Grating (FBG) 
sensors. These FBG sensors have been instrumental in monitoring temperature and strain within the 
Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider (LHC). Operational since 
2009, the monitoring system underwent expansions during LHC Long Shutdowns (LS1 and LS2) and 
upgrades for LHC Run3.
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Introduction
In this document, we present data gathered by 
a network of approximately 1000 Fiber Bragg 
Grating (FBG) sensors, collectively known as 
FOS4CMS, pertains to temperature and strain 
measurements recorded during the operation of 
the Compact Muon Solenoid (CMS) experiment 
within the Large Hadron Collider (LHC) when 
colliding proton beams, as well as during 
maintenance periods over the course of the 
past fifteen years. This FBG data collection has 
been continuous, running 24/7 throughout this 
time frame. FBG sensors have been strategical-
ly positioned to monitor various aspects of the 
CMS experimental apparatus. paragraphs.

Materials and Methods
The CMS Experiment [1] features a highly intri-
cate and extensive detector system, comprising 
a substantial superconductive magnetic sole-
noid capable of generating a magnetic field of 
up to 3.8T, accompanied by several sub- detec-
tors designed to capture and quantify various 
elementary particles generated in the LHC colli-
sions. This extensive detector spans dimen-
sions of 21 meters in length, 15 meters in width, 
and 15 meters in height, residing in a cavern 
buried 100 meters below ground level. The 
CMS detector is segmented into distinct com-
ponents: the primary body (referred to as the 
"barrel") consists of five disks, while the two 

extremities (known as the "endcaps") are con-
structed from four disks, each. Illustrated in 
Figure 1a, the detectors are composed of lay-
ered materials that leverage the distinct charac-
teristics of particles to detect and measure their 
energy and momentum. The operation of the 
CMS Experiment is conducted under exceed-
ingly complex environmental conditions, neces-
sitating ongoing monitoring of temperature, 
structural integrity, relative humidity, and mag-
netic fields. At present, thorough monitoring 
covers the entire CMS area, aiming to gather 
real-time data on all subsystems, particularly 
crucial for temperature-sensitive equipment and 
precise thermal conditions.

Fig. 1. Cutaway view showing the CMS detector © 
2008-2023 CERN.
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The existing multitude of detectors and electri-
cal components within the CMS does not readi-
ly accommodate the installation of additional 
monitoring systems. Furthermore, the demand-
ing operational conditions of the LHC, charac-
terized by elevated levels of radiation and mag-
netic fields, often render conventional electronic 
sensors unsuitable for ensuring optimal func-
tionality. 

A noteworthy attribute of FBG sensors [2] is 
their spectral encoding, rendering them imper-
vious to electromagnetic noise, optical carrier 
intensity modulation, and broadband-radiation-
induced losses. Ionizing radiation primarily re-
sults in wavelength-dependent radiation-
induced attenuation in optical fibers, as demon-
strated in [3]. These unique characteristics em-
power the development of extended-distance 
sensing systems capable of operation in chal-
lenging environments, such as the underground 
experimental facilities at CERN. 

Since 2009, our group has led the installation of 
FBG-based monitoring systems at CERN's 
underground CMS facility. Initially, the deploy-
ment included a gradual increase in the number 
of temperature and strain sensors, reaching a 
total of 200, which operated around the clock 
for a continuous three-year period during LHC 
collisions. Remarkably, these sensors func-
tioned seamlessly without any interference with 
the CMS experiment's operational conditions 
[4]. 

From February 2013 to March 2015, the LHC 
underwent Long Shutdown 1 (LS1), during 
which our FBG monitoring system at the CERN 
CMS facility expanded. Throughout LHC Run2 
(April 2015 to December 2018), the FOS4CMS 
system, comprising nearly one thousand FBG 
sensors, provided comprehensive coverage 
from the outer to inner components of the CMS 
experiment. Subsequently, during LHC LS2 
(April 2018 to April 2022), we further expanded 
FOS4CMS. With the commencement of LHC 
Run3 in May 2023, the upgraded FOS4CMS 
system now monitors the CMS experimental 
apparatus. 

The readout system for these FBGs relies on 
the Wavelength Division Multiplexing (WDM) 
technique, employing multiple interrogators 
whose outputs seamlessly integrate into the 
CMS Detector Control System [5]. 

Results 
The results will be presented in the paper pro-
vides compelling experimental evidence affirm-
ing the robust viability of FBG sensors in the 
intricate and challenging environmental condi-
tions of High Energy Physics (HEP).  

The data cover a span exceeding fifteen years, 
showcasing the remarkable success of FBG 
measurements within the CMS experiment. 
Throughout this period, our FBG sensors ac-
tively monitored temperatures within the core of 
CMS, capturing strains in diverse locations 
during LHC collisions and under the influence of 
a high magnetic field.  

 (1) 
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Summary:
Implantable devices for continuous, wireless monitoring of tissue rehabilitation are crucial for personal-
ized health. Traditional electronic sensors, though small and flexible, struggle with biomechanical 
matching, biodegradability, biocompatibility, and wireless monitoring. Here, we introduce an electron-
ics-free implantable strain sensor using ultrasonic metagel for continuous monitoring of wound rehabil-
itation. Tested on porcine tendon and wounded tissue in live pigs, the metagel monitors tissue rehabili-
tation continuously and wirelessly.

Keywords: Implantable sensor, strain sensor, flexible sensor, acoustic metamaterials, ultrasound

Title
AN IMPLANTABLE ULTRASONIC SENSOR 
FOR CONTINUOUS MONITORING OF 
WOUND REHABILITATION

Background, Motivation an Objective
The development of the metagel strain sensor 
is rooted in the growing need for advanced 
monitoring solutions in personalized healthcare, 
particularly for wound rehabilitation[1]. Tradition-
al implantable electronic sensors, despite being 
small and flexible, face significant challenges in 
terms of biomechanical compatibility, biodegra-
dability, biocompatibility, and effective wireless 
monitoring[2,3]. These limitations can hinder their 
long-term use and integration with biological 
tissues. Motivated by these challenges, the 
metagel strain sensor in this work provide a 
more effective, biocompatible, and biodegrada-
ble alternative for continuous and wireless mon-
itoring of tissue rehabilitation.

Description of the New Method or System
In this work, we present an ultrasonic implanta-
ble metagel strain sensor for continuous and 
wireless monitoring of internal tissue rehabilita-
tion. By utilizing a hydrogel-based 2D phononic 
crystal structure, the metagel sensor can seam-
lessly integrate with soft tissues and wirelessly 
transmit strain data through ultrasonic bandgap 
shifts, offering a promising solution for real-time 
monitoring and rehabilitation of wounds.

Results
In this article, an ultrasonic strain sensor, com-
posed of air cells in soft hydrogels, is designed
for continuous monitoring of internal tissue re-
habilitation. The ultrasonic metagel sensor 
stands out due to its all-hydrogel design, elimi-
nating the need for rigid materials like semicon-
ductor chips or metal components. As a result, 
the metagel sensor offers outstanding softness, 
biocompatibility, and biodegradability, along 
with the long communication distance, all of 
which are essential for implantable sensors in 
clinical applications.

The schematic of the metagel implant, which 
consists of periodic air columns embedded in 
soft hydrogels, is shown in Fig. 1. The wireless 
monitoring system uses an ultrasonic probe 
placed on the skin's surface. Deformation of the 
metagel causes a shift in the ultrasonic 
bandgap, detectable by the external ultrasonic 
probe. This probe emits ultrasounds towards 
the internal metagel implant and captures the 
returning echoes. By analyzing the spectral 
characteristics of these echoes, the sensor can 
detect internal tissue strains. The phononic 
crystal design, formed by the periodic structure, 
has an acoustic bandgap defined by its dimen-
sional parameters. As the metagel stretches, 
the acoustic bandgap shifts to a higher fre-
quency, causing a corresponding shift (Δf) in 
the peak frequency of the echoes.
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Fig. 1. Mechanism of the metagel strain sensor. 

To characterize the frequency shift of the met-
agel sensor more clearly, the movement of the 
peak frequency was measured in a typical 
stretch-release cycle within 20% strain as 
shown in Fig. 2. The shift of the echo’s peak 
frequency during the stretching process exhibit-
ed similar behavior to that during the release 
process, indicating dependable performance in 
20% strain. 

 
Fig. 2. Strain sensing ability of the metagel sensor. 

To verify the strain sensing ability of the metag-
el sensor in vivo, the metagel was implanted on 
the broken tendon to monitor the tendon 
stretching in live pigs. The metagel sensor on 
the broken tendon shows a larger frequency 
shift than normal tendon under the same bend-
ing process (Fig. 3). Therefore, the metagel 
sensor can be used to monitor tendon dehis-
cence in clinical applications. After the ruptured 
tendon re-grows and connects, the frequency 
shift of the metagel sensor was reduced under 
the bending process of the pig’s foot. Thus, the 
wound healing progress can be observed 
through long-term and continuous monitoring of 
tendon strains using the metagel sensor. 

Similar to the monitoring of the broken tendon, 
the metagel sensor can also be used on the 
monitoring of the subcutaneous wound. Two 
subcutaneous wounds were created by tissue 
excision on the back of a pig, then a normal 
metagel and a metagel with growth factors were 
respectively attached on each wound to 

achieve two different wound healing rates, as 
shown in Fig. 4. According to amplitudes of the 
frequency shift generated by breathing, we can 
monitor the wound recovery process. The faster 
the wound tissue grows, the quicker the de-
crease in frequency shift generated by breath-
ing. 

 
Fig. 3. Monitoring of the broken tendon’s rehabilita-
tion on day 1 (blue line) and day 7 (red line) post-
implantation. 

 
Fig. 4. Monitoring of the subcutaneous wound 
rehabilitation using the normal metagel (left) and 
metagel loaded with growth factors (right). 
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Summary:
This study focuses on developing a fully inkjet-printed gas sensor on a flexible substrate. The primary 
challenge lies in formulating metallic inks with long term stability, high concentration, and inkjet com-
patible properties. Two distinct methodologies were explored: one centered around nanoparticle-
based synthesis, while the other one was particle-free. To achieve an operational sensor, numerous
layers were deposited, ranging from gold electrodes to platinum resistance and a SnO2 sensing layer. 
Every stage of the manufacturing process has been optimized , allowing to obtain a functional device.

Keywords: Nanoparticles synthesis, Metallic inks, Inkjet printing, Flexible electronic, SnO2 sensing 
layer

Introduction
The context of this study is the preparation of a 
flexible gas sensor onto a plastic substrate, by 
inkjet printing. In order to get a full sensor, as 
shown in Fig. 1. semi-conductive metal oxide 
gas sensors are composed by a sensing mate-
rial, here, tin dioxide. This layer allows the de-
tection of different type of gas by measuring the 
resistance change of the semiconductor layer. 
This semiconductor layer is bridging two gold 
electrodes that are needed to acquire all the 
electrical measurement. Electrode are typically 
made of conductive material such as metals. 
Gold is frequently used in sensor fabrication 
field due to is low reactivity with gases. A heater 
is also printed on the back side of the heater. In 
this case, this heater is made of platinum layers 
connected to gold tracks and it is heating the 
sensor by using Joule effect.

Fig. 1. Scheme of metal oxide gas sensor composi-
tive layers [1]

SnO2 inks and layers have been developed in 
previous works [1, 2]. Homemade metallic inks 
have now to be developed. The advantages of 
homemade inks comparing to commercial one’s 
is that the compositions are controlled and no 
additives or pollutants are added.

All the intermediate steps of the metallic ink 
development involving particles synthesis, ink 
formulation, printing process, deposition, ther-
mal treatment and coating characterization, will 
be discussed. At the end of the day, a fully 
inkjet printed sensor will be characterized.

Materials & methods
Gold nanoparticles (AuNPs) solutions have 
been made by an optimized Turkevich method
[3] using Tanique Acid (TA) and Sodium Citrate
(SC) in aqueous medium allowing to obtain 
3.9mM solutions.

Platinum nanoparticles (PtNPs) solutions have 
been synthesized by reduction of a platinum
salt by polyols reaction triggered by the pres-
ence of a 150°C ethylene glycol (EG) solution.

Both of these nanoparticles solutions have 
been formulated depending on their own prop-
erties (surface tension and viscosity) in order to 
obtain suitable ink for inkjet process. This was 
done by adding mixture of solvents to modify 
these initial values.

Particles free inks have also been developed 
based on metallic salt solvation in solvents mix, 
resulting in obtaining a concentrated gold ink 
and a concentrated platinum ink.  

Finally, SnO2 ink have been developed by a sol-
gel process in presence of ethylene glycol that 
is allowing to obtain a ready to print tin dioxide 
ink [2].
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All these steps were merged together to obtain 
a complete and functional gas sensor. 

Results 
The gold nanoparticles solution is composed by 
a 5 to 15nm gold particles as shown by the 
particle distribution. Addition of glycerol and 
isopropanol to the AuNPs solution led to de-
crease the surface tension from 73mN/m to 
31.7 mN/m and to increase the viscosity from 
1mPa.s to 14mPa.s. This ink was correctly 
printed after optimizing the waveform, the ten-
sion applied, the nozzle and platen temperature 
and the wettability of the substrate. A total 
number of layers of 100 was printed on PI foil 
and then dried at 110°C and then thermally 
treated at 350°C for 2 hours. Finally, coating 
was not continuous as shown by SEM image 
presented in Fig. 2. 

 
Fig. 2. a) waveform used for inkjet printing of 

AuNPs ink b) 1D lines obtained after deposition op-
timization and c) SEM image of 100 layers deposited 

AuNPs coating 

Particle free ink is composed by HAuCl4 directly 
dissolved in a mixture water, ethylene glycol 
and isopropanol. The viscosity and surface 
tension of this ink were measured and are 32 
mN/m and 14 mPa.s. All the printing parame-
ters were also optimized and then 60 layers 
were deposited. Coatings obtained after ther-
mal treatment at 350°C, shown on the Fig. 3., 
are conductive. The measured resistivity is 
about 1.0x10-7 .m. 

 
Fig. 3. Deposit of 60 layers of particle free gold ink 

after thermal treatment at 350°C for 2 hours 

Combination of AuNPs made ink and precursor 
made ink make possible to deposit homogene-
ous, high resolution, and conductive gold elec-
trodes onto polyimide foils. 

Polyvinylpyrrolidone (PVP) stabilized platinum 
nanoparticles has been synthesized by reduc-
tion of H2PtCl6 salt in near boiling point ethylene 
glycol solution [4]. Optimized synthesis led to 

obtaining concentrated EG-PtNPs solutions. 
This platinum nanoparticles solution was mixed 
isopropanol and different solvents in order to 
reach a suitable surface tension and viscosity 
for the inkjet printing process. This formulation 
led to deposition of homogeneous and conduc-
tive platinum coating by inkjet printing.  

Tin dioxide ink is made of SnCl2 which is made 
to react with NH4OH and CH3COOH in order to 
substitute Cl atom by OH ligand and then 
CH3COOH. In presence of ethylene glycol, an 
oligomeric net named tin glycolate is formed 
allowing particles to be stable in solution [2]. 

All these layers were cured at a maximum tem-
perature of 350°C in order to not degrade the PI 
substrate. This complete device was character-
ized under reducing and oxidizing gases. Dis-
cussion on the benefits of homemade inks will 
conclude this work 
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Summary:
The soil moisture and the hydraulic properties of a soil matrix can only be characterized with consider-
able effort. Soil moisture is usually measured at specific points using moisture sensors, but a detailed 
spatial distribution of soil moisture cannot be derived from this. In order to achieve a comprehensive 
analysis of soil properties in 2D or 3D, a system for electrical impedance spectroscopy (EIS) or electri-
cal impedance tomography (EIT) is presented, which is designed for field use.

Keywords: electrical impedance spectroscopy (EIS); electrical impedance tomography (EIT); blue-
green infrastructure; sponge city; soil moisture

Introduction
Decentralized measures based on nature-
based system solutions (including blue-green 
infrastructure) have proven to be essential for 
adapting to climate change and, in particular, to 
the intensification of heavy rainfall events, 
which overload existing sewer systems. These 
include green roofs, planted surface infiltration, 
raingardens, or retention area infiltration such 
as ponds. Increasing sealing in urban areas as 
well as low water retention capacity in the sur-
rounding landscape elements and increasingly 
frequent heavy rainfall events lead to an over-
load of the rainwater and combined sewer sys-
tem with consequences such as flooding, dam-
age to infrastructure, buildings and people. 
During normal rainfall events, rainwater is 
quickly drained away via drainage systems 
such as canals or ditches and is not available to 
the local water balance to supply plants and 
trees, as well as contributing to groundwater 
recharge. In agricultural areas, heavy rainfall 
events lead to soil erosion and the entry of pol-
lutants into surface waters and groundwater 
due to the lack of landscape barriers [1].

So-called decentralized solutions have become
established as an adaptation measure, which 
throttle the inflow towards the sewer, retain 
water, store it, evaporate it and infiltrate it local-
ly. Various forms of blue-green infrastructure 
such as green roofs, storage ponds and differ-
ent types of infiltration systems are used here. 
This results in a reduction in runoff into the 
rainwater or combined sewer system, which 

prevents pluvial flooding due to overloading in 
the sewer. In addition, this contributes to the 
storage and use of rainwater for plants and their 
cooling effect, as well as increasing resilience 
to drought and heat and renewing groundwater 
through infiltration on site [2].

The principle of the sponge city is based on 
effectively absorbing rainwater, storing it, evap-
orating it and, if necessary, releasing it into the 
groundwater in a purified state. However, the 
functionality of the sponge city principle essen-
tially depends on the retentive materials used 
and their properties in the subsoil. The charac-
terization of the hydraulic properties of these 
materials can be determined by the soil mois-
ture content. Soil moisture content is an essen-
tial index that is suitable for characterizing the 
water dynamics of the subsoil and its coupling 
nature with the overlying road conditions in 
terms of water infiltration, water storage and 
groundwater recharge, etc. However, due to the 
spatial heterogeneity of the subsurface and 
complex influencing factors, it remains a major 
challenge to map soil moisture content on a 
field scale in an urban environment.

Method and Results
Conventional methods for estimating soil water 
content such as direct sampling and the tensi-
ometer cannot provide large-scale measure-
ments or detailed spatial data on soil moisture. 
The principle of spatial impedance tomography 
presented here can provide a 2D or 3D meas-
urement of local soil moisture. 
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Electrical impedance spectroscopy (EIS) or 
electrical impedance tomography (EIT) is a 
method for analyzing the electrical properties of 
materials and systems by exciting harmonic 
electrical signals at different frequencies. The 
recorded impedance vs. frequency is then re-
lated to the physical parameters or properties of 
materials and systems. Powerful and license-
free tools are available for the evaluation of 
impedance spectroscopic data, such as "Elec-
trical Impedance Tomography and Diffuse Opti-
cal Tomography Reconstruction Software" (EI-
DORS). EIDORS is a software package for 
image reconstruction in electrical impedance 
tomography (EIT) and diffuse optical tomogra-
phy (DOT) [3]. Fig. 1 shows the general struc-
ture of the EIS system. Fig. 2 shows the pattern 
of the connected electrodes. 

Fig. 1. Scheme of the EIS system. 

In order to obtain a complete set of measure-
ment data, a defined current (Ityp=1mA) was fed 
into the measuring arrangement at 2 electrodes 
and the voltage was measured between the 
other electrodes.  

Fig. 2. Measuring principle. 

This process was cyclically shifted clockwise by 
one electrode at a time to record a set of 208 
measurement data. For the test setup, 16 elec-
trodes with a diameter of DE=4mm were placed 
in a measuring cylinder with a diameter of 
DC=15cm. The measurement frequency for all 
tests was f0=30kHz.  

The results of the test setup are shown in Fig. 
3. The measuring cylinder was filled with water
and a plastic test tube with a diameter of
DT=3cm was placed in different positions. As
the plastic has a much higher impedance than
the liquid used (H2O+NaCl), the position of the
plastic tube is shown as an area with very low
conductivity and confirms the proof of principle.

Fig. 3. Results from first experiments. 
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Summary:
This study explores the electrochemical modification of laser-induced graphene (LIG) with polyaniline 
(PANI)., resulting in the creation of a flexible chemoresistive PANI@LIG gas sensor for detecting am-
monia (NH3) levels at room temperature. The results obtained demonstrate that the deposition of PANI
on LIG improves the response to NH3. This work presents the first-time utilization of PANI@LIG for gas 
sensing and introduces a simple, yet effective, approach for fabricating wearable gas sensors that ex-
hibit promising characteristics, including high sensitivity and flexibility. The findings open new avenues 
for developing low-cost, efficient, and portable gas detection systems.

Keywords: Laser-Induced Graphene, polyaniline, gas sensing, ammonia, flexible sensor

Introduction
Ammonia measurement is important in diverse 
applications from air quality monitoring to agri-
cultural regulation and chemical industry safety.
Due to the dangerous nature of NH3, it is crucial 
to develop sensitive sensors for real-time moni-
toring [1]. In recent years, many NH3 sensors 
have been developed, employing different tech-
nologies such as optical, electrochemical, and 
chemoresistive with both metal oxides and gra-
phene-based sensors [2]. Among these, gra-
phene-based sensors have increased their inter-
est due to their ability to work at room tempera-
ture, making them an ideal candidate for weara-
ble gas sensor applications [3]. However, tradi-
tional graphene synthesis methods pose chal-
lenges in terms of cost and integration into flexi-
ble electronics.

In 2014, a breakthrough approach was intro-
duced for producing porous graphene films from 
commercial polymer films using a CO2 infrared 
laser, termed laser-induced graphene (LIG) [4].
LIG exhibits high porosity, excellent electrical 
conductivity, and good mechanical flexibility 
making it suitable for various applications includ-
ing electronic devices, catalysis, water purifica-
tion, and biosensors [4]. Also, it has been used 
in gas sensing applications. Despite its potential, 
the utilization of LIG in NH3 sensing has been 
limited due to its low response to this gas. Previ-
ous works have demonstrated that loading gra-
phene with polyaniline (PANI) improves its 

sensitivity to NH3 [5]. Building upon this concept, 
the current research works to develop an elec-
trochemical method for fabricating gas sensors 
utilizing PANI@LIG.

Materials and Methods
For the fabrication of the LIG gas sensor (Fig.1
(a)), a commercially available polyimide film (50 
µm) was used as a flexible substrate. LIG was 
synthesized using a CO2 laser operating at a
max power of 25 W. The laser beam scanned 
over the surface at a speed of 200 mm/s, a fre-
quency of 12 kHz and 12% of laser power. The 
sensor has been designed with a sensing area 
of 3 x 6 mm2. To improve the connection of the 
sensor with the measurement system, Ag ink 
was drop-casted on the region of the electrodes.

Fig. 1. Schematic illustration showing (a) the fabrica-
tion process and (b) SEM images of the PANI@LIG 
gas sensor.
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Electrochemical growth was carried out using a 
potentiostat. A 3-electrode system comprised of 
bare LIG as working electrode, platinum wire 
auxiliary electrode, and Ag/AgCl reference elec-
trode was used for experiments. The nanocom-
posite was prepared by cyclic voltammetry 
method electrode cycled at 50 mV/s between -
0.2 and 1.3 V for 20 cycles in polymerization so-
lution ( 0.1 M aniline/0.5 mM tetrabutylammo-
nium perchlorate as the electrolyte /acetonitrile). 

Results and Discussion 
The SEM images show the morphology of 
PANI@LIG (Fig. 1(b)). The Raman spectra (Fig. 
2) revealed prominent peaks corresponding to 
the characteristic vibrational modes of graphene 
and polyaniline. 

 
Fig. 2. Raman spectra of (a) the PANI@LIG gas sen-
sor and (b) peaks corresponding to polyaniline. 

The sensing performance of the LIG gas sensors 
developed for NH3 detection was assessed 
through repeated cycles of response and recov-
ery to concentrations of 5, 10, 25, 50, and 100 
ppm. Fig. 3 illustrates the typical dynamic re-
sponses observed for the bare LIG (blue dots) 
and the PANI@LIG (red dots) gas sensors. The 
sensor responses (electrical resistance change) 
increased upon exposure to the target gas. The 
raised electrical resistance results from the de-
creased hole density and electrical conductivity 
of the p-type LIG upon exposure to the reducing 
NH3 (electron donating). Fig. 3 demonstrates 
that the doped sensor shows an improved re-
sponse and signal-to-noise ratio compared to 
the bare sensor. The PANI@LIG sensor exhibits 
responses that are up to 1.5 times higher in 
terms of the intensity of resistance changes in-
duced by exposure to ammonia, compared to 
bare LIG. 

Based on the experimental results, it can be in-
ferred that although the response of the 
PANI@LIG sensor is not significant compared to 

that obtained in other investigations, the combi-
nation of these two nanomaterials exhibits a syn-
ergistic sensing effect, in which LIG and PANI in-
teract with the NH3, resulting in superior chemi-
cal gas sensing performance. 

 
Fig. 3. Sensing performance of bare LIG (blue dots) 
and PANI@LIG (red dots) gas sensors to different 
concentrations of NH3 at room temperature. 

The development of a flexible room temperature 
chemical resistive sensor opens possibilities for 
NH3 monitoring systems, offering advantages 
like a simple interface circuit, cost-effectiveness, 
low power consumption, and high portability, 
ideal for wearable gas sensors. Further optimi-
zation of electrochemical deposition methods is 
needed to enhance NH3 sensor response, along-
side comprehensive studies on humidity effect, 
repeatability, stability, and selectivity for future 
improvements. 
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Summary:
Benzotriazole and its derivatives are ubiquitous in industries due to their diverse applications, yet their 
persistence in the environment poses ecological concerns. This study proposes a carbon nanotube-
Nafion-modified screen-printed electrode for electrochemical detection of benzotriazole, addressing the 
need for cost-effective and rapid monitoring methods. Electrochemical analysis revealed a single reduc-
tion peak, leading to an LOD of 2 µM with square wave voltammetry. This approach offers a comparable 
alternative to commercial electrodes, underscoring its potential for environmental monitoring.

Keywords: Benzotriazole, persistent organic pollutant, voltammetric sensor, screen-printed electrode, 
single-walled carbon nanotubes. 

Introduction
Benzotriazole (BTA) and its derivatives are 
extensively utilised in various industries for their 
properties as corrosion inhibitors, UV radiation 
filters and plastic stabilisers. BTA is therefore 
found in food packaging, dishwashing 
detergents, textiles, lubricants, antifreeze, 
aircraft de-icing fluids and other commercial and 
industrial products. [1,2]

Due to its solubility in water and resistance to 
biodegradation, BTA can persist in the 
environment. The inclusion of BTA as an additive 
in dishwashing detergents and tablets leads to 
its direct discharge into wastewater treatment 
plants, where it is only partially removed during 
the treatment process. As a result, BTA is 
prevalent in natural waters at nanomolar 
concentrations. While these concentrations may 
not pose an immediate threat to human health, 
the persistent nature and potential bioavailability 
of BTA can lead to long-term environmental 
consequences, which have yet to be sufficiently 
investigated. [1,2]

Currently, the primary methods for analyzing 
BTA in environmental samples involve solid-
phase extraction followed by gas 
chromatography-mass spectrometry or liquid 
chromatography-mass spectrometry. However, 
there is a need for cost-effective, fast, reliable, 
in-situ detection of BTA for real-time monitoring 
of environmental samples. Given that BTA and 

some of its derivatives can be electrochemically 
reduced at low potentials, electrochemical 
detection on screen-printed electrodes (SPE) 
emerges as a promising approach. SPEs offer a 
more cost-effective, portable alternative to 
traditional electrochemical setups, which use 
conventional electrodes such as glassy carbon 
and mercury drop electrodes. In this work, a 
sensor based on carbon nanotube-Nafion-
modified SPE (SPE-C/SWCNT) is proposed.

Materials and Methods
1 mg/mL dispersions of carboxyl-functionalised 
single-walled carbon nanotubes (SWCNT) were 
prepared in a 1:1 (v/v) mixture of DMF and water 
containing 1 wt.% Nafion. The dispersions were 
sonicated until fully dispersed. The sensor was 
fabricated by drop-casting 4 µL of the CNT sus-
pension on the working electrode of the SPE 
(DRP-150, Dropsens, Metrohm) and allowing it 
to dry at room temperature overnight. 

BTA solutions were prepared in Britton-Robin-
son buffer (pH 2.4) and analysed using cyclic 
voltammetry (CV) and square wave voltammetry 
(SWV). The electrochemical measurements 
were carried out by the PalmSens4 potentiostat. 
words. 

Results and discussion
The coverage of the working electrode by the 
drop-casted material was assessed using scan-
ning electron microscopy (SEM). As seen in Fig.

EUROSENSORSXXXVI 328

DOI 10.5162/EUROSENSORSXXXVI/PT5.34



1, the SWCNTs are anchored to the working 
electrode by a Nafion membrane, resulting in 
satisfactory surface coverage. 

Fig. 1. SEM image of the working electrode surface 
modified with SWCNT and Nafion.  

The electrochemical behaviour of BTA on the 
SPE-C/SWCNT was evaluated via CV. BTA 
exhibited a single reduction peak around –1,4 V 
with no observable oxidation peak during the 
reverse scan.  

Fig. 2. Plot of the reduction peak current recorded on 
SPE-C/SWCNT for different concentrations of BTA in 
Britton-Robinson buffer at pH 2.4.  

The SPE-C/SWCNT exhibited significant 
adsorption capacity for BTA. As a result, SWV 
analysis was performed after a 60 s 
preconcentration period at –1 V. With this 
approach, an LOD of 2 µM was achieved. This 
LOD is comparable to that obtained for BTA 
detection using commercially available SPE with 
a SWCNT working electrode [2], indicating that 
homemade modified SPEs offer a versatile 
alternative to commercial counterparts. 
Furthermore, by adjusting the composition, it 
may be possible to achieve an even lower LOD, 
comparable to those achieved using modified 
glassy carbon electrodes [3], making the 
proposed sensor suitable for real sample 
monitoring.  
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Summary:
Transient IR spectroscopy was used as a novel method for the mechanistic investigation of sensor 
materials for chemoresistive metal oxide gas sensors. Taking unloaded and gold-loaded tin oxide as an 
example, it was shown that in situ modulation-excitation spectroscopy (MES) combined with phase sen-
sitive detection (PSD) allows the identification of the active species of the sensor reactions towards 
ethanol and CO, as well as the observation of new surface adsorbates such as CO adsorbed on partially 
negatively charged gold nanoparticles (CO-Auδ-) not accessible under steady state conditions.

Keywords: Chemiresistors, tin oxide, IR spectroscopy, transient methods, mechanistic investigation

1 Introduction
To enable a rational design based on new and 
established chemoresistive sensor materials, a 
deep understanding of the underlying sensor 
mechanism is of great importance. Various ap-
proaches based on in situ and operando spec-
troscopy are available for the investigation of 
chemoresistive gas sensors based on metal ox-
ides as a sensor material [1-3]. Using these 
methods, new and important insights into the 
sensing mechanism of unloaded and loaded 
sensor materials such as SnO2 [1-3] could be ob-
tained, as previous studies based on IR, Raman 
and UV-VIS spectroscopy have shown [1-3].

Despite the great potential of established oper-
ando spectroscopic methods, it is often difficult 
to clearly identify the active surface species that 
are involved in the primary sensor response 
based on their vibrational bands in the IR and 
Raman spectra. These vibrational bands of ac-
tive species are often masked by spectator spe-
cies that accumulate at the surface but do not 
participate in the sensor response. However, al-
ready established in situ spectroscopic ap-
proaches for the investigation of chemoresistive 
gas sensors can be complemented by transient 
spectroscopic methods, such as MES based on 
diffuse reflectance infrared Fourier transform 
spectroscopy (ME-DRIFTS), to isolate these hid-
den active surface species and obtain further in-
formation about the underlying sensor mecha-
nism [4]. Unraveling these interactions of the gas 
phase with the sensor surface (reception) is in-
tegral for improving sensor properties such as 

sensitivity, reversibility and selectivity towards 
the specific analyte gas to be detected.

2 Experimental
Commercial tin(IV) oxide SnO2 (Sigma Aldrich) 
was used for the IR measurements in this work. 
Gold was loaded by wet impregnation using a
1 mM aqueous HAuCl4 solution and a 30 mM 
aqueous ammonia solution [4]. IR spectra were 
recorded on a Vertex 70 IR spectrometer 
(Bruker) and an Invenio R IR spectrometer 
(Bruker), each equipped with a built-in liquid ni-
trogen cooled MCT and a heatable Praying Man-
tis gas cell (Praying Mantis High Temperature, 
Harrick Scientific Products). During the ME-
DRIFTS periodic measurements (period length:
Tt,EtOH = 133.33 s; Tt,CO = 366.35 s), the sensor 
material is first exposed to 500 ppm of the corre-
sponding analyte ethanol or CO, each in syn-
thetic air as carrier gas, and then to synthetic air 
without the analyte, by switching the gas feed 
with a 4-way-valve controlled by the IR-spec-
trometer. The raw spectra recorded are sub-
jected to a background subtraction and after-
wards demodulated using PSD and thus trans-
ferred from the time to the phase domain by us-
ing a Fourier transformation.

3 Results and Discussions
Fig. 1a) shows PSD spectra obtained during eth-
anol gas sensing over Au/SnO2 at 150 °C. In the 
first half period during ethanol exposure, vibra-
tional bands for ethanol (~22 s), as well as for-
mate and acetate species (~24 s) can be ob-
served, as well as some terminal hydroxyl-
groups (~19 s). Other terminal, as well as 
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bridged hydroxyl-groups are also observed in the 
second half period (~95-107 s), where no etha-
nol is present, showing their consumption on the 
time scale of ethanol exposure and formate/ace-
tate formation. At around 2030 cm-1, two over-
lapping vibrational bands can be observed 
(~100 s), which cannot be observed under sta-
tionary conditions, but under the periodically 
changing conditions used here. They can be as-
signed to CO adsorbed on partially negatively 
charged gold nanoparticles (CO-Auδ-) [4] and 
represent a surface adsorbate that was not pre-
viously observed during ethanol gas sensing. 
Carbonates and carboxylates can also be ob-
served in the second half period (~91 s). Due to 
their time values in the second half period, they 
are not formed directly during the sensor reac-
tion with ethanol, but by decomposition of for-
mate and acetate-species as well as readsorp-
tion of CO2 from the gas phase. 

Fig. 1: a): PSD spectra for 0.58 wt.% Au/SnO2 during 
pulsing of 500 ppm ethanol in synthetic air at 150 °C 
(Top) with assigned time values Δt (Bottom); 
b): Proposed mechanism for ethanol gas sensing over 
gold-loaded tin oxide. 

Based on these spectroscopic results, we pro-
pose the mechanism for ethanol gas sensing 
over gold-loaded shown in Fig. 1b), involving an 
oxygen-spillover from gold on the surface of tin 
oxide [3]. In the course of the sensor reaction, 
hydroxyl-species are consumed during the ad-
sorption of ethanol and stepwise oxidation to for-
mate and acetate species, releasing electrons 
into the conduction band. These surface species 
formed can decompose in vicinity to gold, form-
ing hydroxyl-species as well as CO, which ad-
sorbs on gold and is oxidized to CO2 before de-
sorbing into the gas phase. CO2 can then 
readsorb, binding electrons from the conduction 
band [4]. 

Tin oxide and gold-loaded tin oxide were also re-
cently investigated during CO gas sensing using 
in situ modulation excitation DRIFT spectros-
copy. New insights into the proposed sensor 
mechanism [2,3] including the temporal evolu-
tion of reaction intermediates were obtained, 
which are not available under stationary condi-
tions. Our results show that carbonates are not 
directly involved in the primary sensor response 
to CO exposure and the formation of CO2 from 
CO with the participation of lattice oxygen. Car-
bonates are mainly formed after the surface re-
action by readsorption of CO2 from the gas 
phase, where they can impair the regeneration 
of the sensor material after the end of the CO 
exposure by remaining on the sensor surface, 
similar to the behavior observed during ethanol 
gas sensing. 

Based on the presented results we can conclude 
that the sensing mechanism of ethanol gas sens-
ing is characterized by the formation and con-
sumption of hydroxyl groups, as well as the for-
mation of formate and acetate as surface ad-
sorbates [4], while the mechanism of CO gas 
sensing is primarily based on a redox mecha-
nism involving the consumption of surface lattice 
oxygen atoms and the formation of CO2.  

Our results show the great potential of transient 
in situ spectroscopic methods for investigating 
the surface reaction of chemoresistive gas sen-
sors in presence of different analytes to gain new 
insights in presence of intermediary surface spe-
cies and their temporal evolution. Therefore, this 
transient approach can strongly facilitate the ra-
tional design of chemoresistive gas sensors with 
improved sensing properties. 
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Summary:
We have synthesized 2-dimenstional (2D) WS2 nanoflakes utilizing chemical vapor deposition to detect 
hazardous and harmful gas species at room temperature. The synthesized WS2 nanoflakes were 
characterized via scanning electron microscopy, transmission electron microscopy, X-ray diffraction, X-
ray photoelectron spectroscopy, and Raman spectroscopy. In addition, to verify the detection of 
hazardous and harmful gases at room temperature, we systematically investigated the gas sensing 
performances of 2D WS2 nanoflake-based gas sensors using NO2, NH3, C2H5OH, C3H6O, and H2 gases. 
Although the 2D WS2 nanoflakes showed lower NO2 response than that of a similar exfoliated WS2 
nanoflakes, unlike the exfoliated WS2 nanoflakes, the 2D WS2 nanoflakes exhibited good NO2 selectivity. 
These results indicate that the CVD-grown 2D WS2 nanoflakes can be applicable to sensing material 
for detecting NO2 at room temperature.       

Keywords: 2-dimensional WS2, chemical vapor deposition, gas sensing, room temperature, NO2 
selectivity

Background, Motivation an Objective
In modern society, highly sensitive and 
selective gas sensors that can quickly detect 
hazardous and harmful gases are necessary to 
a variety of applications, including air quality 
monitoring [1], tracking exhaust emissions for 
vehicles [2], preventing crops from the pests [3] 
and disease diagnoses [4].

Among the different gas species, in particular, 
nitrogen dioxide (NO2) is well known as a 
poisonous and fatal to human beings even 
exposure to as low as ppm-level. Additionally, 
NO2 gas molecules easily react with other 
chemicals in the atmosphere, resulting in the 
acid rain, ozone layer depletion, and global 
warming. Hence, development of highly 
sensitive and selective NO2 gas sensors is 
urgent.  

In recent decades, the semiconducting 
material-based gas sensors have attracted 
considerable interest because of their excellent 
properties, such as high response, thermal 
stability, miniaturization, compatibility with 
electronics, and applicability for mass 
production [5,6]. However, to detect the gas 
molecules utilizing semiconducting material-
based gas sensors, the high temperature (> 
200℃) should be needed, causing the huge 
power consumption. Furthermore, selectivity 

for certain gas molecules is also important 
parameter in practice gas sensor applications. 
Therefore, we attempted to implement the gas 
sensors operating at room temperature with 
NO2 selectivity. 

In this present, we successfully fabricated NO2 
gas sensors based on 2-dimenstional (2D) WS2 
nanoflakes utilizing the chemical vapor 
deposition (CVD). The fabricated sensors 
showed the best NO2 response at room 
temperature compared to NO2, NH3, C2H5OH, 
C3H6O, and H2 gases. 

Description of the New Method or System
To synthesize the 2D WS2 nanoflakes, WO3 
and sulfur powder were used as precursors and 
hydrogen (99.999%) gas was used as a carrier 
gas. We systematically investigated the 
sensing performances of CVD-grown 2D WS2 
nanoflakes at room temperature, compared to 
those of exfoliated WS2 nanoflakes. 
Interestingly, CVD-grown 2D WS2 nanoflakes 
exhibited good NO2 selectivity while exfoliated 
2D WS2 nanoflakes relatively showed poor gas 
selectivity.

Results
Fig. 1 shows the results of transmission 
electron microscopy (TEM) of CVD-grown 2D 
WS2 nanoflakes. As shown in Fig. 1(a), the 2D 
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WS2 nanoflakes consist of a few layers of WS2 
nanosheets. Fig. 2(b) exhibits the high-
resolution TEM image of 2D WS2 nanoflake, 
indicating high quality of crystallinity.   

 
Fig. 1. TEM images of 2D WS2 nanoflakes 

In addition, the component analysis were also 
conducted utilizing the energy-dispersive 
spectroscopy (EDS) equipped with TEM. The 
EDS results clearly show that the 2D WS2 
nanoflakes were successfully synthesized (Fig. 
2). The EDS results are in agreement with X-
ray diffraction result (not shown in this abstract).     

 
Fig. 2. The EDS results of 2D WS2 nanoflakes 

The sensing performances of 2D WS2 
nanoflakes were systematically investigated at 
room temperature, compared to exfoliated 2D 
WS2 nanoflakes. The all gas responses in this 
study were calculated using following equation: 

 𝑆𝑆(%) = 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎−𝑅𝑅𝑔𝑔𝑎𝑎𝑔𝑔
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎

× 100  

, where Rair and Rgas are the resistance when 
exposing to air and target gas, respectively. 
The transient NO2 response curves of 2D WS2 
nanoflakes measured at room temperature are 
shown in Fig. 3(a). To confirm the NO2 
selectivity of 2D WS2 nanoflakes, we also 
measured the gas response toward other gases 
including NH3, C2H5OH, C3H6O, and H2. As 
shown in Fig. 3(b), the NO2 response of 2D WS2 

nanoflakes is at least 2 times higher than those 
of other gases. Therefore, it is reasonable to 
claim that the 2D WS2 nanoflakes are promising 
candidate to apply to actual NO2 sensors.  

 
Fig. 3. NO2 sensing results of 2D WS2 nanoflakes 

Interestingly, even though the exfoliated 2D 
WS2 nanoflakes showed better gas response 
than CVD-grown 2D WS2 nanoflakes, the 
difference in gas responses was not obtained. 
In other words, the exfoliated 2D WS2 
nanoflakes did not show the gas selectivity. 
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Summary:
We report that nanosecond pulsed laser annealing (PLA) of solution based VO2 thin films yields high 
surface area amorphous/crystalline a-V2O5/VO2 nanostructures with promising chemoresistive gas 
sensing response to NO2 (400 ppb –1 ppm) at 100 °C temperature. In addition, Pt-nanoparticles (Pt-
NPs) decorated a-V2O5/VO2 show excellent response to H2 (5 – 100 ppm) with limit of detection (LOD) 
as low as 5 ppm. Remarkably Pt-NPs loading resulted to neutralize the humidity cross response (10 -
80% RH) to H2 sensing, opening new perspectives for selective H2 detection in humid environments.

Keywords: VO2, V2O5, Pt-Decorated, chemoresistive, NO2, H2, gas sensor

Background, Motivation an Objective
Vanadium VxOy metal-oxides (V-MO), enclosing 
a large variety of the vanadium element in sev-
eral oxidation states, (i.e. V3+, V4+, and V5+),
have been acknowledged as promising n-type 
material interfaces in gas sensing applications 
[1]. V-MO films have been deposited over dedi-
cated substrates, using various physical and 
chemical techniques, such as thermal evapora-
tion, electron beam evaporation, magnetron 
sputtering, sol−gel, electrochemical deposition,
and hydrothermal methods. Moreover, recent 
investigations highlighted that V-MO nanostruc-
tures can be conveniently decorated with cata-
lytic nanoparticles [2], or eventually engineered 
in complex heterostructures [3], to exploit supe-
rior room temperature gas sensing properties.
All the above-mentioned synthesis techniques 
require however, high annealing temperatures
( 550 °C) to properly fix crystallinity and stoichi-
ometry, which severely endanger the mechani-
cal adhesion of the metal electrodes (Ta/Pt) with 
the SiO2 and Si3N4 substrates. To solve this 
problem, we applied nanosecond pulsed laser 
annealing (ns-PLA), which allows for local tem-
perature increases within the film without involv-
ing the substrate, to synthesize amor-
phous/crystalline a-V2O5/VO2 heterostructures 
chemoresistive gas sensors for NO2 detection 
(400 ppb –1 ppm) at 100 °C operating tempera-
ture. We also demonstrated that Pt-nanoparti-
cles (Pt-NPs) decoration greatly improves both 
the H2 gas response (5 – 100 ppm) and the hu-
midity cross sensitivity.

Description of the New Method or System
The versatility of sol-gel reactions was combined 
with ultrafast ns-PLA for the simultaneous 

crystallization and nanostructuring of V-MO thin 
films. Specifically, V-MO thin films were synthe-
tized from a non-carcinogenic precursor and ir-
radiated with a KrF excimer laser at room tem-
perature in air. As shown in Fig. 1, the irradiation 
with 10 laser pulses induces the crystallization of 
a VO2 phase inside an amorphous matrix. XPS 
analysis revealed that the composition of the 
amorphous phase is V2O5, which resulted to be 
dominant ( 80%) as respect to crystalline VO2

( 20%). In conclusion we synthesized an amor-
phous/crystalline a-V2O5/VO2 heterostructure as 
a novel interface for gas sensing applications.

Fig. 1. Grazing Incidence GI-XRD of 10 ns-PLA an-
nealed sol-gel deposited V-MO thin film. Peaks at-
tributed to crystalline VO2.

Results and Discussion
We firstly investigated the electrical response to 
NO2 (10 – 80% @25 °C) of the a-V2O5/VO2 het-
erostructure, in dry air at 100 °C operating tem-
perature (OT), as shown in Fig. 2. 
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Upon exposure to NO2 resistance increases, 
yielding a sensor’s signal response (RR = Rg/Ra) 
of 1.6 ± 0.2 corresponding to 1 ppm NO2 and a 
limit of detection (LOD) of 400 ppb. 

 
Fig. 2. Gas sensing response of the a-V2O5/VO2 to 
NO2 (400 ppb - 2 ppm) in dry air at 100 °C operating 
temperature (OT). 

Considering that a-V2O5/VO2 heterostructure 
scarcely responds to H2 gas (here not shown), a-
V2O5/VO2 heterostructure was decorated with Pt-
NPs and the H2 response recorded as shown in 
Fig. 3.   

 
Fig. 3. Gas sensing response of the Pt-NPs decorated 
a-V2O5/VO2 to H2 (5 ppm - 100 ppm) in dry air at 100 
°C. Inset: comparison of the calibration lines of the a-
V2O5/VO2 (red line) and Pt-NPs decorated a-V2O5/VO2  
(blue line). 

Pt-NPs decoration highly improves the H2 gas 
response. LOD as low as 5 ppm H2 and a linear 
response of the calibration line (inset of Fig. 3) at 
100 °C OT, confirm the positive effect of Pt-NPs 
decoration over a-V2O5/VO2. As an interesting re-
mark, we noticed (here not shown) that Pt-NPs 
decoration of a-V2O5/VO2 almost annihilates NO2 
gas response. 

Humidity cross sensitivity test in the 10 - 80% RH 
range (RH @25 °C) revealed a substantial lack 
of selectivity of the a-V2O5/VO2 interface to de-
tect NO2 gas in humid environment. Opposedly, 
Pt-NPs a-V2O5/VO2 interface exhibits an excel-
lent selectivity to detect H2 gas in the presence 
of humidity.  

As a concluding remark, we envisaged two gas 
sensing mechanisms. The first considers the 
“not decorated”, the second the “decorated” a-
V2O5/VO2 heterostructures, when exposed to 
NO2 and H2 gases. 

Not decorated a-V2O5/VO2 heterostructure re-
sponds according to reactions (1) and (2) to NO2 
and H2 gases. The stronger electronegativity of 
NO2 molecules, as respect to H2, accounts for 
the prevalence of reaction (1) as respect to reac-
tion (2). This situation is experimentally demon-
strated by the higher response to NO2 as respect 
to H2 of the a-V2O5/VO2 interface.   

2𝐻𝐻2 + (𝑂𝑂2
′ −  𝑉𝑉𝑂𝑂

••)𝐴𝐴𝐴𝐴𝐴𝐴  ⇌  2𝐻𝐻2𝑂𝑂(𝑔𝑔) +  𝑉𝑉𝑂𝑂
•• + 𝑒𝑒′ (1) 

𝑁𝑁𝑂𝑂2(𝑔𝑔) + (𝑂𝑂2
′ −  𝑉𝑉𝑂𝑂

••)𝐴𝐴𝐴𝐴𝐴𝐴 ⇌ (𝑁𝑁𝑂𝑂2
′ −  𝑉𝑉𝑂𝑂

••)𝐴𝐴𝐴𝐴𝐴𝐴  + 𝑂𝑂2(𝑔𝑔) (2)

Platinum in Pt-NPs decorated a-V2O5/VO2 heter-
ostructure acts as a catalyst which activates the 
dissociation of hydrogen molecule to atomic H, 
which diffuses into the a-V2O5/VO2 layer result-
ing in the hydrogenation (reaction (3)) of V2O5 
into HxV2O5 [4].  

𝑉𝑉2𝑂𝑂5 + H ⇌  𝐻𝐻𝑥𝑥𝑉𝑉2𝑂𝑂5              (3) 

4𝐻𝐻𝑥𝑥𝑉𝑉2𝑂𝑂5  + 𝑂𝑂2
′  ⇌  4𝑉𝑉2𝑂𝑂5 + 2𝐻𝐻2O +  e′               (4) 

 

Beside reaction (2), which always contributes to 
the decrease of the resistance, regardless the 
Pt-NPs decorating effect, in Pt-NPs decorated a-
V2O5/VO2, reaction (4) further contributes to the 
production of electrons. In conclusion, for Pt-NPs 
decorated film reaction (4) accounts for the en-
hanced response of the decorated platforms as 
respect to the not decorated ones to H2 gas, as 
attested by the calibration lines in the inset of 
Fig. 3.  
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Summary:
ALD grown MoS2 nanofilm on TiO2 nanotubes support were studied as NO2 gas sensor. In addition to 
traditional relative resistance response, we show that a rarely studied first-order derivative response is 
an excellent alternative with monotone dependency on concentration and fast response time, avoiding 
the need for long gas exposure periods to achieve high and stable sensor response.

Keywords: molybdenum dichalcogenides, molybdenum sulphide, nanostructures, gas sensors, deriv-
ative response

Background, Motivation and Objective
2D structured molybdenum dichalcogenides are 
promising materials for chemical sensors de-
voted to environmental pollutants, such as NO2,
NH3, CO and volatile organic compounds [1].

We studied ALD grown MoS2 nanofilm on TiO2

nanotube supports [2] regarding its gas sensing 
properties. In order to minimize the sensors 
response and recovery times we utilized a first-
order time-derivative response which was rarely 
used in gas sensing experiments [3], [4], and 
can provide better results than routinely used 
normalized resistance response.

MoS2 samples fabrication

Fig. 1. SEM image of TiO2 nanotubes decorated 
with 3 ALD cycles of MoS2.

TiO2 nanotubes with 20 µm average thickness 
and 110 nm in diameter were used as a base, 
with two dimensional MoS2 nanostructures 
grown via Atomic Layer Deposition (ALD) tech-
nique (see Fig. 1), resulting in homogenously 
distributed nanofilm over the entire nanotube 
layer. The thickness of MoS is determined by 
the number of ALD cycles, 3 cycles were per-
formed. In detailed fabrication process was 
described in [2]. Golden electrodes were depos-
ited over the layer to form the electrical connec-
tion.

Methodology
Before any characterization, the sample was 
stabilized under constant 200 sccm synthetic air 
(SA) flow and 150 °C for a week, until the re-
sistance baseline was stabilized. All gas sens-
ing experiments were performed with sample 
connected to constant voltage of 0.5 V and 
constant gas flow of 200 sccm. Desired NO2
concentration was achieved by mixing 10 ppm 
NO2 in SA with pure SA, limiting the obtainable 
concentrations. Two different sensor responses 
were evaluated. The relative resistance re-
sponse was calculated as Rrez = RNO2/RSA,
where RSA is the resistance baseline in SA and 
RNO2 is the maximum resistance reached during 
the NO2 exposition. The first-order time deriva-
tion was calculated as a slope of linear fit over 
20 seconds time period and the maximum was 
taken as derivative response.
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Gas Sensing Characterization 

Fig. 2. Time dependence of resistance and its time 
derivation for 60 min exposure to 2 ppm of NO2. 

Fig. 3. Dependence of resistive and derivative 
sensor response on NO2 concentration, 60 min ex-
posures. 

Fig. 4. Time dependence of resistance and its time 
derivation for 1 min exposure to 2 ppm of NO2. 

Typical experiment comprised of 60 min NO2, 
60 min SA purge cycles, repeated with increas-
ing concentration. The first cycle was discarded 
as it was significantly distorted by adsorption in 
the apparatus gas lines and the measurement 
chamber. Fig. 2 shows the detail of one cycle. 
While the resistance was rapidly rising for cca 
15 minutes followed by slower increase for the 
rest of the exposure period, the first-order time 
derivative peaks within the first minute, return-
ing to smaller values for the rest of the gas ex-
posure period. This makes the derivative re-
sponse a much better choice for fast detections, 
as the magnitude of the response is not de-
pendent on prolonged gas exposures. Fig. 4 
shows the one cycle of 1 min exposure and 19 
min SA purge, which is sufficient for the deriva-
tive response operation. However, the limita-
tions of our apparatus (mainly the 140 cm3 vol-

ume of the test chamber compared to 200 sccm 
gas flow) are limiting the precision of these 
measurements, resulting in smaller derivative 
response than obtained with longer exposures, 
as well as being the limiting factor for the re-
covery. 

Adsorption States – Deep and Shallow – 
Influencing Response and Recovery Times 
Sensor response is determined by the NO2 
adsorption on MoS2 surface. Deep adsorption 
levels with high adsorption energy traps the 
molecule on the surface slowing down sensor 
recovery. However, the ab-initio calculations 
show that on the pristine surface of MoS2, there 
are multiple shallow adsorption states with 
nearly identical binding energy around 0.20 eV 
[5]. Although they also discuss the existence of 
deep adsorption levels on defects and edges, 
the initial adsorption speed, and consequently 
the derivative response, would be determined 
mainly by the shallow adsorption states, which 
are the most numerous and easily depopulated, 
reducing the necessity of long recovery periods 
connected to slow depopulation of deep ad-
sorption levels. 

Conclusions 
MoS2 nanosheets responds well to nitrogen 
dioxide. While the resistive response takes tens 
of minutes to reach stabilized value, the first-
order time derivative response peaks within the 
first minute, thus being much more suitable 
response function. 
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Summary:
The rumen of cattle can be monitored using an electronic rumen bolus, which is designed to remain 
permanently in the rumen. However, rumen boluses with pH sensing capabilities often only function for 
approximately 3 to 6 months. After this period, the rumen boluses are generally retrieved through sur-
gery or autopsy. We propose an alternative method of retrieval by manipulating the devices density to 
allow for time-gated natural excretion of a rumen bolus. The excreted device can then be recycled or 
recharged and used again to reduce waste and improve uptime of p monitoring in the rumen of cattle.

Keywords: rumen bolus, density control, absorbent polymer.

Introduction
Significant improvements in agricultural livestock 
techniques and technologies have been devel-
oped to reduce greenhouse gas emissions, im-
prove productivity, and improve the overall qual-
ity of life for cattle. The enhancement of data 
quality and collection methods is crucial for ad-
vancing research in areas such as drug delivery, 
feed composition, and environmental changes
[1]. Devices often referred to as electric rumen 
boluses provide a direct and autonomous 
method, as opposed to intermittent and invasive 
testing. An electric rumen bolus is a swallowable 
device designed to remain indefinitely in the ru-
men and perform measurements over 1-5 years 
or 3-6 months for pH-capable devices. These 
limitations typically stem from battery life and 
sensor drift. For pH sensing, this is due to the 
sensor surface becoming dirty and a lack of 
maintenance or recalibration [2]. Rumen boluses 
can remain within the rumen long term by adher-
ing to specific density parameters. Densities of 
1.3-1.6 g/cm3 result in delayed expulsion, densi-
ties greater than 1.6 g/cm3 prevent rumination, 
and densities greater than 3.0 g/cm3 are consid-
ered permanent [3]. Therefore, it is possible to 
artificially control the time before an object can 
be naturally defecated by manipulating its den-
sity. We propose a variable density module ca-
pable of utilizing the surrounding rumen fluid to 
inflate over time, thus varying the density enough 
to pass through the digestive system naturally af-
ter a desired duration. Herein, we implement and 

verify that our variable density module can func-
tion normally in a cow’s digestive system.

Design and Fabrication
The proposed design comprises a polymer cas-
ing that contains an absorbent polymer and a 
stretchable membrane. Rumen liquid enters 
through the liquid inlets and is absorbed by the 
absorbent polymer, causing it to expand and al-
ter the overall density of the device. The analysis 
of the mechanism and module functionality is re-
ported in our previous work [4]. However, con-
sidering the safety and psychological burden on 
the fistula cows used in the experiment, we re-
designed our original device and pre-inflated it 
for ejection in approximately 36 hours (Fig. 1).

Fig. 1. i) structure and assembly of variable density 
module. ii) assembled device with PTFE weight. iii)
fabricated device after inflation with Kapton tape layer.

The outer frame of the density variable module 
was made of Teflon (PTFE) using a bench-top 
CNC milling machine (KitMill CL100, ORIGI-
NALMIND). The device is assembled by sand-
wiching a 1.00 mm thick PDMS membrane, 0.3 g
of water-absorbent polymer, and nylon mesh 
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(PA-263µ, Azwan) together with cyanoacrylate 
(04612, Konishi) and silicone (HJ-148, Ceme-
dine) as adhesives. A variable density module 
was adhered to each side of a solid 3.5 x 20 mm 
PTFE disc to form a single device. A diameter of 
20 mm is appropriate to prevent duodenal ob-
struction. The overall weight of the assembled 
device was 1.4 g with a density of 1.7 g/cm3. The 
estimated excretion time was reduced to 36 
hours by pre-inflating the device in distilled water 
to an appropriate density of 1.3 g/cm3 [5]. The 
outer frame of the modules and the sides of the 
weight were wrapped with Kapton tape and 
coated with a silicone adhesive for intestinal pro-
tection and improved visibility in feces. 

Method 
One fistula cow is herded into a paddock in the 
early morning without food, and two variable 
density devices are inserted through the fistula. 
Device 1 (D1) in the rumen and device 2 (D2) in 
the reticulum (Fig. 2i). The diet of the fistula cow 
was not restricted. However, the cow was kept in 
the paddock to aid in the monitoring of the ma-
nure and habitat for discharged devices during a 
one-week observation period. 

Results and Discussion 
D1 was confirmed to be discharged between 30 
and 40 hours after being inserted into the rumen. 
The discharged device was found at some dis-
tance from the feces, with the weight and varia-
ble density modules separated. One of D1’s 
PDMS membranes ruptured, with water-absor-
bent polymer found near the damaged device. 
The location of each part of D1 indicates the de-
vice remained in one piece until it was stepped 
on by the cow. This is further supported by the 
visibility and location of scattered polymer (Fig. 
2ii-iii). 

Fig. 2. i) placement of devices D1 and D2 in fistula 
cow. ii) site where D1 discharge was confirmed at 40 
hours. iii) discharged components of D1. iv) warped 
component of D2 confirmed at 140 hours. 

The ejection time of D1 was around 36 hours. 
However, parts of D2 were discharged between 

130 and 140 hours. The parts were significantly 
deformed by intestinal pressure (Fig. 2iv). If the 
device broke in the rumen or reticulum, it would 
remain there, as the density of PTFE is 
2.2 g/cm3. Therefore, the device and weights are 
considered to have failed after migrating past the 
reticulum. Ongoing monitoring of the cow’s 
health and wellbeing has shown no negative 
short-term or long-term effects. Our density-con-
trolled device has demonstrated the capability to 
be excreted naturally with feces, but the strength 
of the device and the adhesive method need fur-
ther improvement. 

Conclusion 
Our proposed variable density module was inte-
grated with PTFE weights and implemented di-
rectly into the rumen and reticulum. The device 
placed in the rumen was successfully passed 
through the digestive system and defecated 
within 40 hours. The device placed in the reticu-
lum was damaged and partially passed within 
140 hours. This experiment has demonstrated 
our device’s potential for controlled natural pas-
sage through the digestive system of cattle. Fur-
ther investigations and improvements are 
planned. 
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Summary:
The findings suggest that Fe-doped SnO2 sensors, synthesized through the SILAR method, exhibit 
promising capabilities for detecting acetone efficiently, offering an effective solution for developing 
high-performance gas sensors with specific selectivity to acetone vapor.

Keywords: acetone gas sensors, MOS, SILAR, nanoparticles

Volatile organic compound (VOC) va-

pors hold considerable importance due to their 

substantial presence among indoor environ-

mental pollutants, posing a detrimental impact 

on human health. It has been confirmed a 

strong correlation between the emission of 

VOCs and the incidence of certain types of 

cancers [1]. The VOCs as acetone, which is 

also referred to as propanone, dimethyl ketone, 

2-propanone, propan-2-one, and β-

ketopropane, finds widespread usage in both 

laboratory and industrial settings [2]. The ace-

tone is detectable in the breath of individuals 

with diabetes, serving as a potential biomarker 

for diagnosing the condition [3]. Research find-

ings suggest that employing a non-invasive, 

painless, rapid, and cost-effective method for 

diagnosing diabetes, which involves measuring 

the concentration of acetone in breath, could 

serve as a viable alternative to traditional blood 

analysis techniques [4]. Hence, there is consid-

erable interest in efficiently detecting acetone 

levels.

Metal-oxide-semiconductors (MOSs)

as a class of chemoresistive sensors have at-

tracted great attention in environmental monito-

ring due to their sensitivity to various gases and 

VOCs. Their ability to detect changes in electri-

cal resistance in response to interactions with 

target molecules makes them valuable for ap-

plications such as air quality monitoring, indu-

strial safety, and medical diagnostics [5–7].

In recent times, significant endeavors 

have been directed towards the creation of gas 

sensors utilizing a range of oxide semi-

conductors such as SnO2, WO3, In2O3, ZnO, 

NiO, MnO2, and V2O5. Among the oxide semi-

conductors, SnO2, characterized as an n-type 

semiconductor with a wide band gap of 3.6 eV, 

has garnered significant attention owing to its 

superior performance and remarkable chemical 

stability. Certainly, doping is indeed a promising 

strategy for enhancing the gas sensitivity and 

selectivity of oxide semiconductor gas sensors. 

Doping involves introducing specific impurities 

or foreign elements into the semiconductor 

material to alter its electrical and chemical pro-

perties. The desired sensors can be obtained 

by successive ionic layer adsorption and reac-

tion (SILAR) method. The TiO2/CuO hetero-

structure gas sensors were synthesized by

SILAR method using SnCl2 as source of Sn and 

FeCl2 as source of Fe. Doping has the capacity 

to modify the grain size, crystal structure, oxy-

gen distribution, and carrier concentration of 

gas sensing materials, thereby amplifying the 
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sensing properties of SnO2 sensor. The uniform 

conditions 100 ppm gases and 175oC were 

employed for every gas selectivity assessment, 

showcasing the viability of employing Fe-doped 

SnO2 as sensor for detecting volatile organic 

compound especially acetone. 0.5 mol.% Fe-

doped SnO2 showed high response and high 

selectivity to acetone among we used gases 

and fast recovery time approximately 20 sec. 

Thus, the research findings indicate that the Fe-

doped SnO2 sensors synthesized by SILAR 

method showed high selectivity to acetone va-

pour in air atmosphere and fast recovery time. 

Therefore, doping Fe ions into SnO2 promise as 

an effective approach for developing and pro-

ducing high-performance gas sensors selective 

to acetone. 
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Summary:
This paper presents the preliminary results concerning a novel multianalyte sensor platform, devel-
oped through laser scribing. Featuring two different working electrodes and one counter and reference 
electrode, the platform was preliminary used for uric acid detection. Modification of one working elec-
trode with co-electrodeposited reduced graphene oxide and gold nanoparticles enables highly sensi-
tive detection using square-wave voltammetry. This platform holds promising applications for multi-
analyte rapid and accurate detection in diverse biomedical backgrounds.

Keywords: Electrochemical sensor, nanomaterials, electrochemistry, multiplex sensor, multi-analyte.

Introduction
In healthcare, there is a rising demand for a 
device that quickly and accurately identifies and 
measures metabolites in body fluids for rapid 
disease diagnosis and monitoring. Uric acid 
(UA), is found in serum and urine as it is ex-
creted by the kidneys and plays a crucial role in 
various human physiological processes [1].
Elevated levels of UA can be related to various 
disease conditions, such as gout [2] or cardio-
vascular diseases [3]. Therefore, monitoring of 
UA levels is necessary due to its potential im-
pact on health. Hence, numerous detection 
technologies have been developed. Among 
them, electrochemical methods enable rapid, 
simple, and accurate analysis with reduced 
sample volumes. The UA electrochemical de-
tection depends on the electrocatalytic ability of 
the electrode to directly oxidize UA [4]. Nano-
materials, with their exceptional properties such 
as high surface area and catalytic activity [5],
are well-suited for improving the performance of 
UA sensors in terms of sensitivity, selectivity,
and low limit of detection. Indeed, reduced gra-
phene oxide (rGO) was widely used as elec-
trode substrates for sensitive detection of UA 
[6]. The performance can be further improved, 
by introducing nanoparticles (NPs) of noble 
metals, such as gold [7] or platinum [8]. In this 
study, an Indium Tin Oxide Polyethylene ter-
ephthalate (ITO-PET) substrate was used to
create a multi-analyte sensor platform. A CO2

laser was employed to create two working elec-
trodes, the reference electrode, and the counter 
electrode on the same ITO-PET sheet. One 
working electrode was modified with co-
electrodeposited rGO and AuNPs. 

Experimental 

Fig.  1 rGO/AuNPs/ITO-PET electrode SEM image.

An ITO-PET sheet served as the substrate for 
the sensor platform. The design comprises two 
working electrodes (E1 and E2), a reference 
electrode (R), and a counter electrode (C). To 
achieve the formation of these four electrically 
insulated electrodes, the thin layer of ITO cov-
ering the PET was removed using a CO2 laser 
(with a nominal power of 50 W) imposing a 
laser power of 1.75 W and speed of 50 mm s-1.

GO and AuNPs were co-deposited on E1 elec-
trode according to the method described in our 
previous work [9]. Briefly, the deposition was 
conducted at -0.8 V vs SCE for 200 s in acetate 
buffer solution (ABS) containing 0.25 mM of 
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HAuCl4 and 0.5 mg mL-1 of GO. A platinum 
mesh was used as a counter electrode. After-
wards, the R electrode was covered with an 
Ag/AgCl conductive paste.  

UA detection measurements were conducted in 
a 3D-printed cell with a volume of 3 mL. Square 
wave voltammetry (SWV) was performed in the 
range potential from -0.5 to 0.4 V vs Ag/AgCl, 
with a pulse of 0.025 V for 0.02 s and a step 
height of 1 mV. 

Results 
As described in our previous work [9], the po-
tentiostatically co-deposition method ensured a 
uniform coating of rGO decorated with AuNPs 
of about 25 nm, clearly visible in the SEM im-
age of Fig. 1. 

Fig.  2 Calibration line obtained with rGO/AuNPs 
ITOPET sensor.  

The sensor calibration was performed in a 
Phosphate Buffer (PB, pH 7.4) varying the con-
centration of UA from 10 to 500 µM. The SWV 
voltammogram exhibited an oxidation peak at 
0.15 V within the potential range of -0.5 to 0.4 V 
vs Ag/AgCl. This peak intensity increased with 
higher UA concentration. A linear range be-
tween 10 to 400 µM was observed, the calibra-
tion line is reported in Fig.  2. A satisfactory 
sensitivity of 0.102 µA µM-1 cm-2 was achieved. 
The proposed sensor performances were com-
parable to other studies utilizing rGO/NPs-
based electrodes [10]. 

These preliminary satisfactory results demon-
strate the feasibility of utilizing the proposed 
laser-scribed ITO-PET device as a sensor plat-
form integrating internal reference and counter 
electrodes. This simple method allows for vari-
ous designs, including those with single or mul-
tiple electrodes. According to the proposed 
design, the other electrode E2 could be proper-
ly modified for the detection of another analyte. 
Thus, further investigation would be necessary 
to assess the multiplex-sensor performance 
and its behavior in real samples. 
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Summary: 

Ammonia (NH3) gas presents risks to human health and environment, requiring continuous monitoring 
using reliable sensors. The versatility and the sensitivity to ammonia of conductive polymers make 
them excellent candidates for use as active layers in sensors. In this study, our goal is to analyze and 
compare the response of two chemiresistive sensors fabricated using two low-bandgap polymers with 
distinct functional groups in their side chains to detect NH3. The manufactured sensors exhibit high 
sensitivity to NH3 (0,37%/ppb and 0,27%/ppb, respectively) and a good repeatability. 

Keywords: Gas sensors, drop-casting, semiconducting polymers, thin film, chemiresistive sensor 

Introduction 

NH3 is a hazardous compound commonly found 
in products and industrial environments. Even 
at low concentrations, in parts per million (ppm) 
levels, this compound can present significant 
risks to human health and to the environment 
due to a high level of toxicity and its capacity to 
react with acids forming harmful aerosols. 
Therefore, the detection of this gas becomes 
necessary to mitigate potential environmental 
and health risks [1].   

Conductive polymers (CPs) have appeared as 
a promising active layer of sensors to detect 
compounds like NH3. Compared to metal-oxide 
semiconductors, CPs present a lower cost, an 
ease of processing, a high sensitivity, and an 
ability to work at room temperature [2]. Moreo-
ver, the capacity to add/modify functional 
groups during the synthesis enhances their 
adaptability and versatility, providing the possi-
bility to target more specific applications.  

CPs with narrow bandgaps were widely studied 
because of their capacity to exhibit intrinsic 
electrical conductivity without doping and their 
broad absorption spectrum which can be bene-
ficial for applications in organic devices. For 
instance, Low-bandgap polymers have exhibit-

ed good selectivity and sensitivity in detecting 
NH3 when applied in Field Effect Transistor 
Sensors [3]. This study aims to evaluate the 
application of those materials in simplest devic-
es such as chemiresistive sensors, known for 
their low cost and easy implementation. 

Materials and Methods 

The active layer of the sensors were the low-
bandgap polymers poly[4,4'-diethylhexyl-4H - 
cyclopenta [2,1-b;3,4-b' ] dithiophene - alt - 2,5 - 
didodecyl-3,6 - bis (thiophen-2-yl)pyrrolo[3,4-c]-
pyrrole-1,4-dione] (PCPDPDPP_C12) and 
poly[4,4' -diethylhexyl-4H-cyclopenta [2,1-b;3,4-
b'] dithiophene – alt -2,5- di(2-(2-(2-
methoxyethoxy)ethoxy) ethyl-3,6-bis ( thiophen-
2-yl) pyrrolo[3,4-c] -pyrrole-1,4-dione] 
(PCPDPDPP_TEG), both synthesized accord-
ing the process described previously [4]. From 
this point forward, the materials will be referred 
as C12 and TEG, respectively. 

Both polymers were dispersed in Chloroform (1 
mg/mL) and agitated using an ultrasonic bath 
for 2 hours. To make the sensors, 6 µL of the 
solution was drop-casted onto gold interdigitat-
ed electrodes, 50 µm of space between the 
digits, and allowed to dry for 3 hours at ambient 
temperature.  
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Fig 1 – Molecular structure of the low-bandgap poly-
mers A) PCPDTDPP_C12 and B) PCPDTDPP_TEG. 

To characterize the sensors, two cards with 10 
devices each were placed inside a treated 
stainless-steel chamber at room temperature 
(~23 °C) and monitored by a Sensirion SHT21 
temperature and relative humidity (RH) sensor. 
The NH3 gas in nitrogen was obtained from 
Messer (9,70 ppm concentration).  The flow 
rate was set for 4 L/min, with the NH3 concen-
tration ranging from 50 to 2000 ppb. RH was 
maintained at 50% using an Omicron gas gen-
eration and dilution system, model OMI-
SR042A-A. Sensors resistances was measured 
by the Agilent Data Acquisition/Switch Unit, 
model 34970A, and NH3 concentration inside 
the chamber was monitored by LGR gas ana-
lyzer, model 907-0016-0000. 

Results 

In general, independently of the functional 
group, all sensors show an increase in the re-
sistance values when exposed to NH3. 

Fig 2 shows the continuous response-recovery 
curves for NH3. A direct correlation between the 
intensity of the response and the concentration 
of ammonia used in the cycles was noticeable. 
This increase shows that both materials are 
sensitive for NH3 and can be used as detec-
tors. 

Fig 2 - Response of the PCPDTDPP_C12 and TEG 
NH3 sensors at 50% RH in continuous response-
recovery curves. 

Furthermore, sensors based on C12 polymer 
proved to be more stable in terms of reproduci-
bility and had lower resistance values (ranging 
between 0,2 MΩ to 9 MΩ). More TEG sensors 
were going out of scale due to high resistance 
values (from 30 MΩ to more than 100 MΩ) 

causing difficulties in analyzing their reproduci-
bility. The observed difference for resistance 
values can be attributed to functional groups in 
the side chains: twelve carbons to C12 and a 
trietyleneglycol to TEG.  

Fig 3 – Repeatability study of the PCPDTDPP_C12 
and TEG sensors at 50% RH and 200 ppb of NH3. 

Fig 3 exhibits the repeatability curves response. 
In terms of repeatability, both sensors demon-
strated a low coefficient of variation over the 6 
cycles of NH3, with C12 sensors showing ap-
proximately 18% variance and TEG sensors 
demonstrating around 13%. Moreover, C12 and 
TEG present a high sensitivity at 0,37%/ppb 
and 0,27%/ppb for 200 ppb of NH3, respective-
ly. 

To summarize, both sensors exhibited sensitivi-
ty to NH3, displaying good repeatability and 
sensitivity at 50% RH, with C12 demonstrating 
superior stability and lower resistance values. 
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Summary:
In this study, we investigated the combination of receptor function, one of the material design guidelines 
for semiconductor gas sensors, and the gas adsorption characteristics during MEMS driving, along with 
the reaction with adsorbed oxygen during heating, to achieve ultra-high selectivity. Specifically, by using 
MoO3-loaded SnO2 particles as the sensing film of MEMS gas sensors and applying double-pulse driv-
ing, we found a significant improvement in ethanol sensitivity compared to methanol.

Keywords: semiconductor gas sensor, receptor function, selectivity, acidic oxides, tin dioxide

Introduction
As guidelines for material design in semiconduc-
tor gas sensors, we propose three important fac-
tors (Yamazoe-Shimanoe Design) [1]: receptor 
function, transducer function, and utility factor. 
Among these factors, those related to gas selec-
tivity are receptor function and utility factor. Re-
ceptor function directly relates to factors such as 
chemical reactivity and functional group charac-
teristics. We aim to maximize this receptor func-
tion to propose gas sensors with ultra-high se-
lectivity. Specifically, tin oxide, which has the 
ability to adsorb negatively charged oxygen, is 
used as the base material, while acidic oxides 
that do not possess the ability to adsorb nega-
tively charged oxygen are loaded as receptors 
on the base material. In this sensor material, ad-
sorption of the target gas to the receptor and the 
partial oxidation reaction of the adsorbed gas 
with negatively charged oxygen proceed, result-
ing in ultra-high selectivity. In this study, we re-
port the fundamental characteristics using 
MEMS sensors.

Experimental
SnO2 nanoparticles were synthesized using hy-
drothermal treatment using 1 M of SnCl4·5H2O
solution and NH4HCO3 solutions. After removing 
Cl- ion by centrifugation, the gel was dispersed 
into deionized water with stirring. Then the pH of 
mixture was adjusted to 10.5 by tetrame-
thylammonium hydroxide (15 %) solution. Sub-
sequently the mixture was transferred to a Tef-
lon-lined autoclave and held at 200oC for 10 h in 
an oven. The transparent sol was dried in 

vacuum, and then annealed at 600oC for 3 h un-
der O2 flow to prepare the SnO2 nanoparticles. 
As receptors, we selected MoO3 which is one of 
acidic oxides. MoO3-loaded SnO2 was prepared 
through impregnation method. The MEMS sen-
sor was fabricated by the micromanipulation 
method using MoO3-loaded SnO2. For MEMS 

Fig. 1. (a) Operating processes during double-
pulse-driven mode; (b) Explanation of the sen-
sor responses.
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sensors, the electrical resistance of obtained gas 
sensors was evaluated using double-pulse-
driven mode [2-3], as described in Figure 1. The 
preheating and measurement temperature was 
respectively set to 450oC and 350oC. During the 
detection process, the electrical resistance of 
sensor could be divided to Ra (the resistance in 
air), Rg,i (the resistance in gas at the initial of 
measurement phase), and Rg,e (the resistance in 
gas at the end of measurement phase). On the 
basis, we proposed three different sensor re-
sponses, Se (Ra /Rg,e), Sp (Rg,e /Rg,i), and Si (Ra 
/Rg,i). 

Results 
Fig. 2a)-b) shows sensor responses Sp, Si and 
Se of neat-SnO2 and MoO3-loaded SnO2 mi-
crosensors to 10 ppm ethanol and methanol 
measured at 350oC under double-pulse-driven 
(DP) mode. Herein, Sp (Rg,e /Rg,i) primarily repre-
sented the combustion of adsorbed and con-
densed gas molecules during measuring period. 
And Si (Ra /Rg,i) referred to the total resistance 
change between air and target gas atmosphere, 
including gas adsorption and combustion in the 
sensing layer. It was clear that neat-SnO2 exhib-
ited an extremely minimal Sp of about 3, demon-
strating the weak combustion of adsorbed etha-
nol molecules in the sensing layer of SnO2. 
Meanwhile, Sp of MoO3-loaded SnO2 to 10 ppm 
ethanol was approximately 496. Generally, the 
sensing performance of resistive-type gas sen-
sor was evaluated by the change in electrical re-
sistance between air and gas atmosphere. The 
improved Sp value indicated it is possible to ac-
complish gas detection only by monitoring the 
behavior of microsensor in gas atmosphere. 
Moreover, Si values showed similar results with 
Sp, MoO3-loaded SnO2 exhibited distinctly higher 
response to ethanol than neat-SnO2 microsen-
sor. The sensor responses (Se) of neat-SnO2 
and MoO3-loaded SnO2 microsensors to 10 ppm 
ethanol and methanol at 350°C are shown in Fig. 
2c). Conversely, the MoO3-loaded SnO2 mi-
crosensor exhibited much lower Se values for 
both ethanol and methanol compared to the 
neat-SnO2 microsensor.  

The results prove the significant effect of recep-
tor material design on improving the gas sensing 
performance by controlling the reaction pathway 
and gas adsorption. 
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Fig. 2. (a) Sp, (b) Si and (c) Se values of neat-SnO2 
and MoO3-loaded SnO2 microsensors to 10 ppm 
ethanol and methanol under DP-mode. 
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Summary:
Highly sensitive and selective H2S sensors are required for human health and environmental monitor-
ing. However, the humidity in the real working environment always harms either the sensitivity or se-
lectivity of the H2S sensors. Here we reported a significant amplified sensitivity towards H2S gas in-
duced by the variation of humidity for a chemiresistive sensor, which is based on Ti3C2Tx MXene-
conjugated polymer composite. The sensor also provides a unique selectivity to H2S with a negative 
response, while positive to water vapor and most of the other analytes.

Keywords: H2S sensing, Ti3C2Tx MXene, humidity effect, intercalation, conjugated polymers

Introduction
Humidity is often regarded as a prevalent factor 
that diminishes the sensitivity and selectivity of 
various types of gas sensors based on nano-
materials [1-3]. In the practical applications, 
water vapor was inevitably mixed with the ana-
lytes, which requires humidity filter to reduce 
the moisture content prior to analysis. For the 
chemiresistive gas sensors based on absorp-
tion, the water vapor can interfere with the ac-
tive sensing materials in different manners, e.g., 
competitive adsorption, surface blocking, chem-
ical reaction, and conductivity modulation, etc.
To tackle these issues, researchers have de-
veloped anti-humidity gas sensors, where the
active surfaces were inert to water vapor. How-
ever, the reinforcement of the water humidity 
resistance always accompanies with reduced 
sensitivity or selectivity, longer response time, 
higher cost or complexity, limited measurement 
range. It is ideal to have a highly sensitive and 
selective chemiresistive gas sensor which does 
not affected by moisture, even the performance 
can be enhanced under high humidity environ-
ment.

New Method
Utilizing the highly negative surface potential of 
Ti3C2Tx flakes and polar charged nitrogen of 
conjugated polymers (poly[3,6-diamino-10-
methylacridinium chloride-co-3,6-
diaminoacridine-squaraine], PDS-Cl), we simply 
used physical blending to fabricate the sensing 
material. The PDS-Cl has intercalated in the 

MXene layers, preserving the high selectivity of 
MXene while enhances the sensing response of 
composite sensor [4].

The humidity amplification effect was seldom
reported in gas sensor systems [5,6]. To the 
best of our knowledge, this is the first demon-
stration that MXene based gas sensor can have 
an enhanced sensitivity in higher humidity envi-
ronment. Our work has demonstrated the ver-
satility of MXene-based gas sensors in real-life 
scenarios.

Results
Figure 1 demonstrates the H2S sensing re-
sponse of the MXene-polymer sensor for differ-
ent concentration of analytes at relative humidi-
ty (RH) of less than 10%. The lowest limit of 
detection for sensor is 0.5 ppm.

Fig. 1. Dynamic sensing response of MXene-
polymer for different concentrations of H2S. The 

EUROSENSORSXXXVI 352

DOI 10.5162/EUROSENSORSXXXVI/PT5.95



baseline is subtracted for clarity and readability of the 
signal. 

Gas sensing response 
The gas response is calculated using Equation 
1: 

                (1) 

where R0 and Rg are the resistances of the 
sensor upon exposure to N2 and the target gas, 
respectively. 

Strikingly the sensing response of sensor under 
higher level of RH will improve, as indicated in 
Figure 2. The sensing response, summarized in 
Table 1, shows a linear sensing response at 
different RH level. 

 
Fig. 2. The gas sensing response of sensor under 
different RH for 0.5 and 1 ppm H2S. 

Sensing mechanism 
In the case of MXene/PDS-Cl composite, the 
polymer opens the interlayer spaces and by 
increasing the RH level, the H2O molecules will 
intercalate between layers and provide even 
higher number of accessible active sites as 
shown in Figures 3. This can lead to enhance-
ment of the charge transfer effect and result in 
higher sensing response.  
Tab. 1: Response of MXene composite sensor 
under different RH 

H2S Concen-
tration 

 
RH (%) 

0.5 ppm 1 ppm 

<10% RH -0.1% -0.2% 

43% RH -0.2% -0.5% 

55% RH -0.3% -0.6% 

78% RH -0.4% -1% 

 
Fig. 3. (a) Schematic illustration of the structure of 
our MXene-polymer composite. (b) Proposed mech-
anism of the amplification sensitivity for H2S sensing. 
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Summary:
The use of metal oxides for gas sensing applications is a common and commercialized strategy but, in 
most cases, these materials present two important drawbacks: a cross-sensitivity to common gas spe-
cies and a high operation temperature (100-400 °C). It has been recently reported that, on its turn, metal-
organic frameworks can sense gases at room temperature, offering the so-called "sieving effect" that 
allow them to work as filters for improved selectivity. This research explores metal-organic frameworks 
and their potential synergy with metal oxides and multivariate statistics to create next-generation gas 
sensors.

Keywords: Gas sensor, metal oxide nanowires, metal-organic frameworks, machine learning, green-
house gas

Headlines
Recently reported metal-organic frameworks of-
fer the possibility of operating gas sensors at 
room temperature and, therefore, their integra-
tion in common use electronic devices.

The synergy of new sensing materials that ex-
hibit the sieving effect, combined with multivari-
ate statistic techniques, can enhance the selec-
tivity of gas sensors.

Background, Motivation an Objective
Metal oxides (MOx) have been investigated and 
commercialized as gas sensing materials for
several decades because they offer high sensi-
tivity, easiness of integration, robustness of the 
final device, and they are cost-efficient. How-
ever, they show cross-sensitivity to many gas 
species, especially to moisture, many times 
providing false readings. Furthermore, it is well-
known that these materials need high tempera-
tures (100-400 °C) to operate in optimal condi-
tions [1], what makes it challenging to integrate
MOx-based gas sensors in common electronic 
devices, such as smartphones, and, at the same 
time, this induces power consumptions that 

hinder deploying these sensors in remote loca-
tions with reduced access to power grid.

Recently, metal-organic frameworks (MOFs)
have been demonstrated to work as gas sensing 
materials as well, being sensitive to a large vari-
ety of gases while operating at room tempera-
ture, thus increasing their potential for practical 
applications, and presenting easiness of integra-
tion, robustness of the final device and cost-effi-
ciency as good as MOx [2]. Moreover, they show 
the so-called sieving effect [3] through which
MOFs, depending on the size of their pores,
electron affinity and/or specific functional 
groups, can act as a filter for certain gases.

Our goal is to explore MOx, MOFs, and possible 
synergies between them to obtain novel gas sen-
sors with enhanced features for practical appli-
cations such as room temperature operation with 
fast response times and/or increased selectivity.

Methodology
By means of chemical vapor deposition, we syn-
thesize assemblies of single-crystal MOx nan-
owires and, by using chemical routes, we syn-
thesize MOFs, both directly and site-selectively 
integrated on interdigitate electrodes. In this 
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way, we obtain gas sensors that offer new sens-
ing characteristics with few fabrication steps. 
These sensors operate at room temperature, 
opening the path to integration of gas sensors in 
common electronic devices. The obtained data 
are treated via multivariate statistic techniques to 
assess the discrimination power of the fabricated 
sensors. 

Results 
We will present the gas sensing behavior ob-
served for the fabricated MOx- and MOF-based 
sensors when exposed to CO2 and CH4 ranging 
from 300 to 1200 ppm and from 1 to 10 ppm, re-
spectively, diluted in dry and humid synthetic air. 
As an example, Figure 1a shows one of the MOx 
single-crystal nanowire forests directly grown 
onto interdigitate electrodes, while Figure 1b 
demonstrates the discrimination power by 
means of principal component analysis of the re-
sponse of one of the synthesized MOFs. 

 

 

 
Fig. 1. (a) Metal oxide nanowires site-selec-
tively grown on interdigitate electrodes by means 
of chemical vapor deposition and (b) results of 
principal component analysis from gas measure-
ments of a metal-organic framework layer when 
exposed to carbon dioxide and methane ranging 
from 300 to 1200 ppm and from 1 to 10 ppm, re-
spectively. 
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Summary:
This study presents two novel all-solid-state optodes, emloyed for detecting different heavy metal ions 
(HMIs) in waters. For this reason, PVC-based polymeric membranes, containing tetraphenylporphyrin 
(TPP) and Zn(II)TPP-1,3-bis(2-pyridylimino)isoindoline-Crown (ZnPC) as cation-sensitive ionophores, 
were embedded in nanocellulose substrate. In addition, a water-soluble porphyrin and silver nanopar-
ticles (AgNPs) were doped with nanocellulose to devise an aqueous  sensing suspension. The optical 
response of these chemical sensors displayed a successful detection of multiple HMIs.

Keywords: Chemical sensors, Nanocellulose, Porphyrin ligands, HMIs, Optical detection

Background, Motivation and Objective
A rise in the level of HMIs in water resources, 
mainly due to industrial activities, has caused 
mounting concern about human health. Accord-
ingly, the fabrication of sensing platforms aimed 
at monitoring HMIs has attracted researchers´ 
attention [1]. Among all, optical sensors are of 
substantial interest owing to their privileges, 
including fast response, excellent sensitivity, 
and easy usage. Porphyrins and their ana-
logues have been actively used as a sensing 
materials for the development of chemical sen-
sors over the last decades [2]. It is noteworthy 
to mention that the utilization of porphyrin lig-
ands in optical sensors opens up new possibili-
ties in detecting HMIs thanks to their ability in 
hosting and chelating several ions [3]. On the 
other hand, Nanocellulose, offering unique pro-
perties, like biodegradablity, non-toxicity, and
sustainablity, can be a promising candidate in 
sensing platforms [4]. As a result, the integrati-
on of porphyrin ligands in nanocellulose sub-
strate leads to a selectivite, sensitivite and bio-
compatible optical sensor.
The objective of this work is the development of 
optical sensing platforms in which porphyrin 
ligands are incorporated in PVC-based poly-
meric matrix; and nanocellulose applied as a 
solid support is investigated as well. It should 
be noted that these are the first steps of series 
of experiments for development of optical sen-
sors for HMIs with nanocellulose as a solid 
support, the further studies are in progress.

Two sensing materials based on plasticized 
PVC membranes were prepared by incorpora-
ting 1 wt% of one of the porphyrin ligands and 5 
wt% of TpClPBK cation exchanger as it was 
reported previously [3]. The membrane cock-
tails in THF (2 µl) were deposited on the small 
round pieces of freeze-dried nanocellulose (~d= 
0.5 cm), isolated from bleached eucalyptus pulp 
by using high-pressure homogenizer (100-700 
bar, 20 cycles, 10 L.h-1). The performance of
the obtained sensing platform in recognizing 
different concentrations (10-7-10-1 M) of variant 
HMIs (Ni2+, Cu2+, Co2+, Hg2+, Pb2+, Cd2+, Zn2+)
were examined. For this reason, 5 µl of all the 
concentrations of each HMIs were deposited on 
the prepared sensing optodes.
Additionally, NC was used to facilitate the up-
load of free base 5, 10, 15, 20 tetrasulpho-penyl 
porphyrin (TPP-(SO3)4) on AgNPs. The TPP-
(SO3)4/NC@AgNPs suspension was then used
for HMIs optical sensing. The suspension was 
synthesized according to the literature [5,6] in 
one-pot procedure through drop-by-drop addi-
tion of sodium citrate (2.4×10-3 M) into  aqueous 
suspension of NC (0.1 wt%, at boiling point) to 
which AgNO3 and TPP-(SO3)4 in 10:1 mass 
ratio were dissolved. The mixture was refluxed 
for 40 min. To investigate the performance of 
the sensing suspension, the HMIs mentioned 
before were added to it so that obtaining differ-
ent concentrations of them (10-5-10-3 M) in the 
suspension.
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Description of the New Method or System 
To the best knowledge of the authors, this is the 
first time that nanocellulose is exploited as a 
substrate for porphyrin ligands. Besides, a na-
ked-eye observation in the attained sensing 
suspension opens a perspective for newly de-
veloped NC-based composite materials doped 
with porphyrins for development of optical sen-
sors for HMIs detection. 

Results 
Fig. 1(a, b) depicts the images of TPP- and 
ZnPC-based optodes in response to all the 
concentrations of the aforementioned HMIS. As 
can be seen in Fig. 1a, the optical response of 
the TPP-based optode to all the ions except 
Zn2+ is visible by naked-eye and appears in 
color change from red to green by increase in 
their concentrations, attributed to the formation 
of the sitting-a-top complex of porphyrin with 
HMIs [2]. In contrary, Fig. 1b depicts that  
ZnPC-based optode does not have an obser-
vable response to the HMIs. However, graysca-
le color model showed the considerable change 
in the intensity of its color in the presence of 
Cu2+, Hg2+ and Zn2+. In this case, the response 
of the ZnPC ligand  corresponds to the binding 
of HMIs by the crown ether cavity [3]. The data 
extracted by means of ImageJ software [8].  

 
Fig. 1. The images of a) TPP-, b) ZnPC-based 
optodes in the presence of HMIs in a 10-7-10-1 M 
range of concentrations, c) Plotted data extracted 
from ZnPC-based optodes by Grayscale model. 

Fig. 2a indicates the UV-Vis spectra of TPP-
(SO3)4/NC@AgNPs in the presence of growing 

concentrations of Hg2+, and the variation of 
peak intensity as well as red shift of Soret band  
(typical for porphyrin complexes). Moreover, as 
can be seen in Fig. 2b, the evident color 
change of the sensing suspension upon the 
addition of 10-3 M Co2+, Hg2+ and Cd2+ can be 
observed. More details on optical signal extrac-
tion and HMIs quantitative analysis will be dis-
cussed in our presentation. 

 

Fig. 2. a) UV-vis spectra of TPP-(SO3)4/NC@AgNPs 
aqueous solution in the presence of growing concen-
trations of Hg2+, b) the image of as synthesized TPP-
(SO3)4/NC@AgNPs, upon the addition of 10-3 M 
solutions of different HMIs.  
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Summary:
Benzisothiazolinone (BIT) serves as an antimicrobial agent in water-based products, acting as a pre-
servative. Exposure to BIT in such products can lead to sensitization and allergic contact dermatitis 
upon dermal contact. This study aims to detect BIT using portable electrochemical sensors, specifical-
ly investigating screen-printed electrodes with carbon and gold-based working electrodes. Cycle volt-
ammetry and square wave voltammetry were employed and compared to establish an effective detec-
tion method for BIT.

Keywords: isothiazolinone-based biocide, electrochemical sensors, cyclic voltammetry, square wave 
voltammetry, screen-printed electrodes.

Title
Development of the Method for the Detection of 
Benzisothiazolinone.

Headlines
Fast Detection and Monitoring of Benzisothia-
zolinone biocide by portable electrochemical 
sensors.

Background, Motivation an Objective
Benzisothiazolinone (BIT) functions as an 
antimicrobial agent present in a range of 
products, including laundry detergents, water-
based paints, and food packaging materials, 
among others, contributing significantly to 
municipal wastewater contamination. Exposure 
to BIT can lead to skin sensitization and allergic 
reactions, particularly in individuals with pre-
existing skin conditions. Its introduction into 
water through direct discharge or runoff poses 
risks to aquatic ecosystems, affecting fish and 
algae. The persistent nature of BIT underscores 
the necessity for novel detection and monitoring 
methods. Electrochemical techniques offer 
promising solutions due to their simplicity, rapid 
response times, affordability, and widespread 
acceptance. Among these, cyclic voltammetry 
(CV) is commonly used despite its limitations,
notably capacitive contributions affecting
sensitivity. To mitigate this, pulse techniques
like square wave voltammetry (SWV) have
been developed, offering faster and more

sensitive detection. In this study, we employ 
two electrochemical voltammetric techniques 
using screen-printed electrodes to detect BIT.

Description of the New Method or System
Two types of screen-printed electrodes (SPE) 
were utilized: one with a carbon-based working 
electrode and the other with a gold-based 
working electrode. The counter and reference 
electrodes remained consistent, consisting of 
platinum and silver, respectively. 
Electrochemical measurements were 
conducted using the portable potentiostat 
PalmSens. The initial study involved the use of 
the redox probe Fe(CN)63-/4- to evaluate screen-
printed electrodes. Cyclic voltammetry (CV) 
covered a potential window from 0 V to 1 V with 
a step size of 10 mV, while square wave 
voltammetry (SWV) ranged between 0.2 V and 
0.9 V with a step size of 10 mV.

Results
A concise evaluation of the electrochemical 
behavior of Fe(CN)63-/4- at carbon-based and 
gold-based SPE was depicted in Fig. 1,
demonstrating the better performance of the 
gold-based electrode in terms of peak-to-peak 
separation and peak maximum. Further 
analyses of SPEs were done using CV and 
SWV in the BIT solution at different 
concentrations. The electrochemical detection 
of benzisothiazolinone biocide relies on irre-
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versible oxidation, manifested by a peak at 
0.7 V vs. Ag/AgCl in the voltammogram. We 
utilized cyclic voltammetry and square wave 
voltammetry to construct calibration curves, 
determining sensitivity and limit of detection 
(LOD) under specific conditions (Fig. 2). SWV 
notably enhanced sensitivity for carbon-based 
SPE electrodes compared to CV, while gold-
based SPE exhibited similar sensitivities with 
both methods. For gold-based SPE, CV and 
SWV showed comparable LOD and LOQ for 
BIT detection, whereas SWV proved superior 
for BIT detection and monitoring with carbon-
based SPE electrodes. While the redox behav-
ior suggested superior performance for the 
gold-based electrode, both cyclic voltammetry 
and square wave voltammetry revealed that the 
carbon-based electrode exhibited better per-
formance.  

 

 
Fig. 1. Redox behavior of Fe(CN)63-/4- using carbon-
based and gold-based SPE. 

 

 

  

Fig. 2. Carbon and gold-based SPE for compar-
ison of CV and SWV voltammograms [3]. 

 

 

 (1) 
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Summary:
The importance of monitoring greenhouse gas (GHGs) levels with miniaturized and efficient devices has 
become an important challenge which remains unresolved. In this work, we make use of the recently 
growing field of metal-organic frameworks (MOFs) to develop conductive materials and test them as 
room-temperature chemiresistive sensors for CO2, CH4 and N2O.

Keywords: Gas sensors, Greenhouse Gases, metal-organic frameworks, conductive MOFs, chemo-
resistive.

Background, Motivation an Objective
The direction of sustainability and overall health 
concerns in which society is moving towards has 
brought an increasing demand of reliable and af-
fordable new materials-based sensing systems 
capable of monitoring key Greenhouse Gases 
(GHGs). However, significant challenges remain 
for the precise and efficient monitoring GHGs 
since current monitoring systems are complex, 
bulky and expensive, having them bound to few 
fixed locations.

Most solid-state gas sensing technologies come 
from devices that are made from semiconducting 
metal oxides (MOX), whose improved properties 
have been achieved through intensive research 
on advanced material micro/nanofabrication. 
Despite these large efforts, two major drawbacks 
remain: their relatively high operating tempera-
ture (above 150 ºC) and their poor selectivity, 
i.e., their inability to correctly discriminate and
quantify the concentration of a specific gas within
a mixture [1]. Improvement in the operation tem-
perature has been achieved by replacing MOX
by metal-organic frameworks (MOFs) as sensing
material in chemoresistors [2].

MOFs are organic-inorganic hybrid crystalline 
materials consisting in a regular array of metal 
“nodes” surrounded by organic “linker” 

molecules that form a cage-like structure with ex-
tremely high surface area and porosity. The 
huge structural and chemical diversity provided 
by the available metals and linkers allows almost 
infinite possibilities of tuning the properties of 
MOFs. This porosity, together with the strong in-
teraction between the material and the surround-
ing ambient, has made MOFs ideal material for
gas capture and conversion [3], as well as very 
interesting candidates for sensing. Among the 
different properties that MOFs can present, a re-
duced subfamily, known as conductive MOFs, 
present an electrical conductivity which is com-
parable to that of solid-state semiconducting ma-
terials. In addition, some of them present the
ability to change their conductance by the chem-
ical atmosphere surrounding them [4].

In this work we will present the results of our 
study of triphenylene derivative MOFs for 
chemiresistive gas sensing of CO2 and CH4.

Description of the New Method or System
Triphenylene derivative MOFs with 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) 
and 2,3,6,7,10,11-hexaaminotriphenylene 
(HITP) were synthesized by a modified solvo-
thermal approach in relation to that published in 
literature [5], obtaining M3(HOTP)2 and 
M3(HITP)2 respectively (where M=Co(II), Ni(II),
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Cu(II), Zn(II)). We have optimized the synthesis 
parameters and we have studied, as well, the 
use of different coordinating solvent to modulate 
the growth and to yield high-quality crystalline 
MOF nanoparticles, as shown in Figure 1a.  

For the sensor fabrication, a suspension of the 
corresponding MOF in water was drop-casted 
onto interdigitated electrodes (IDE) to obtain a 
thin layer of deposited MOF.  

Results 
The synthesized material typically present rod-
like shape, as shown in Figure 1a, for the 
Cu3(HHTP)2 MOF. Similar structures have been 
observed for most of the synthesized MOFs, with 
a slight variation as a function of both the organic 
ligand and the metal and its salt. Most of these 
materials present chemoresistive response to 
the two most important GHGs, namely to CO2 at 
concentrations between 100 to 700 ppm and to 
CH4, from 0.5 to 15 ppm. For both cases these 
gas concentration values are comparable to the 
background ambient concentration. Figure 1b 
shows the response of one of these sensors to 
CH4, between 0.5 and 2 ppm. 

In the presentation we will discuss the gas sens-
ing results as a function of the MOF constituents 
(ligand and metal) and of the gases to be de-
tected. 

Fig. 1. (a) SEM image of Cu3(HHTP)2 nanoparticles. 
(b) Resistance variation of Cu3(HHTP)2 when exposed 
to CH4 pulses of different concentrations.
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Summary:
The gasistor is a device, which combines gas sensing and resistive switching in a single capacitor-like 
metal/metal oxide/metal cell. It works as a gas sensor with memristive memory or as a thyristor-like 
switch triggered by a change in the target gas concentration. The same metal oxide layer and the 
same cell used for gas-sensing is also used for resistive switching. The mutual entanglement of their 
fabrication parameters impedes the ability to separately adjust the two functionalities. In this work the 
two parts (sensor and memristor) are developed separately, allowing for their individual tuning, target-
ing specific gas concentration and improving the sensitivity of the gasistor device.

Keywords: Gasistor, hydrogen gas sensor, memristor, titanium dioxide, nanoporous electrode

The gasistor
The gasistor[1] is a device, which com-

bines gas sensing and resistive switching in a 
single capacitor-like metal/metal oxide/metal 
cell. It has the ability to switch from high-
resistance to low-resistance state when the 
concentration of a reducing gas in its vicinity 
reaches a pre-set value. The structure of the 
device is equivalent to chemiresistive gas sen-
sor in a capacitor-like Pt/TiO2/Pt arrangement[2].
The sensor reacts to the presence of hydrogen
gas in an oxidizing atmosphere (air). The 
memristive (resistive switching) functionality is 
allowed by a conductive filament formed by soft 
dielectric breakdown in the TiO2. The region of 
conductive filament is rich in oxygen vacancies
and can be considered gas-insensitive. The 
device can thus be modelled as being com-
posed of 2 separate devices – non-memristive 
gas sensor and gas-insensitive memristor -
connected in parallel. The key feature of the 
memristor is its hysteretic I(V) curve, which 
indicates the existence of at least two re-
sistance states. The transition between those 
states can be continuous or abrupt. The 
memristors used in the gasistor tend to switch 
abruptly. The switch is induced by high enough
electric field in the memristor, i.e. the voltage 
applied to its terminals. In the case of switching 
just between two resistance states, those states 
are LRS (low resistance state) and HRS (high 
resistance state). The threshold voltages are
Vset - voltage required to switch the device from 

HRS to LRS and Vreset required to switch from 
LRS to HRS. In the case of bipolar resistive 
switching, these two voltages are in opposite 
polarities (this is also the case of a gasistor). 
The model [1] assumes that in the HRS and LRS 
the conductive filament is shortened or pro-
longed, respectively.

The working principle of gasistor as-
sumes comparable resistances of the hydrogen 
gas sensor at studied conditions[1] (hydrogen 
gas concentration, temperature and humidity) 
and the memristor in the HRS. The process of
the gas-induced resistive switching requires the 
gasistor to be biased by a suitable constant 
current, the hydrogen gas concentration  to be 
above desired switching concentration and the 
memristor part to be in the HRS. After that,
when the hydrogen concentration drops, the 
resistance of the gas sensing part increases, 
along with voltage applied to the gasistor. When 
the voltage reaches Vset, the memristive part 
switches from HRS to LRS.  The LRS is stable
until it is re-set on purpose in the opposite po-
larity, thus effectively providing the gasistor with 
a long-term memory function.

The separation of the gas sensing and the 
memristive cells

However, the above-mentioned condi-
tion of resistances of the gas-sensing and 
memristive part being similar is difficult to 
achieve, especially for lower hydrogen concen-
trations. The base resistance of gas sensor 
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(subjected to air at room temperature) is typical-
ly higher than 1012 𝛺𝛺, while the memristor after 
electroforming in the HRS reaches resistances 
of up to 107 𝛺𝛺 . The adjustment of such devic-
es simultaneously is a challenging task. There-
fore, this work focuses on the isolation of the 
two parts (Fig.1) and their separate characteri-
zation. We show that we can improve the gas 
sensor by implementing large-scale (> 100x100 
µm2) nanoporous top electrode, as the sensing 
process occurs at the edges of the top elec-
trode, since the Pt layer is almost impermeable 
to hydrogen and water vapor. Implementation of 
the large-scale nanoporous top electrode effec-
tively decreases the base resistance, while 
maintaining the sensitivity. Increasing the area 
of the memristor would be undesirable, as the 
increased capacity leads to several problems 
and the electroforming on such structures often 
leads to lower resistances. The opposite can be 
done to increase the resistance of the HRS. 
Separating the cells also allows us to isolate the 
memristive part from the surrounding atmos-
phere by a passivation SiO2 layer (Fig.2), which 
will allow easier analysis of the device function-
ality. Fine-tuning of both devices separately will 
lead to a gasistor device targeting specific gas 
concentrations, with higher sensitivity. 

Fig.1: Hydrogen gas sensor and memristor with 
an equal area (∼150 × 150 μm) 

Fig.2: Resistance response to hydrogen con-
centration (green) of: separate memristor pas-
sivated by SiO2 layer (blue) and gas sensor with 

nanoporous top electrode (red) in an arrange-
ment as shown in Fig.1. 
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Summary:
The use of sorption coatings to functionalize samples is a frequent strategy to enhance the sensitivity 
and selectivity of some gas sensors. In this regard, metal-organic frameworks have recently attracted
attention because their nanometre-sized pores allow the molecular adsorption of gases into their 
structure, which modulates the refractive index of this material depending on the amount of adsorbed 
gas molecules. This research explores their use in surface plasmon resonance sensors for volatile 
organic compound optical detection and the further miniaturization of the sensing device to achieve 
smaller and portable gas sensors.

Keywords: Gas sensor, surface plasmon resonance, optical detection, metal-organic frameworks, 
volatile organic compounds

Headlines
Surface plasmons generated between a metal 
film and its surroundings are extremely sensi-
tive to the composition of the neighboring and 
can be used in gas sensing applications.

Metal organic frameworks can increase the 
sensitivity of gas sensors by several orders of 
magnitude.

Background, Motivation an Objective
Volatile organic compounds (VOCs) have been 
linked to several health issues and other envi-
ronmental problems such as global warming by 
infrared absorption or formation of ground-level 
ozone [1]. Therefore, the analysis of VOCs is
key to monitor air quality and prevent severe 
health problems that occur due to their long-
term inhalation and exposure.

Gas chromatography coupled with mass spec-
troscopy (GC-MS) is currently the established 
method for VOCs analysis. However, GC-MS is 
expensive, bulky, and must be done off-site. 
Even though there are more practical methods, 
also sensitive to VOCs, they present cross-
sensitivity to many gases, making it difficult to 
distinguish between gas species and affecting 
its response.

In this sense, a pathway to increase the re-
sponse of gas sensors relies on the functionali-
zation of their surface with porous solids in or-
der to increment the concentration of gas mole-
cules at the surface and even tailor selectivity 
by chemical affinity or pore size [2]. On this 
matter, metal-organic frameworks (MOFs) are 
porous materials with a refractive index (RI) that 
is modified depending on the amount of ad-
sorbed gas molecules in its structure. There-
fore, tracking the variation of the MOF when 
exposed to different gaseous atmospheres via 
RI sensing mechanisms such as Fabry-Pérot 
interferometry or surface plasmon resonance 
(SPR) [3] can lead to a new generation of gas 
sensors.

Our goal is to monitor different VOC concentra-
tions with MOF-coated SPR sensors by tracking 
the red-shift of the surface plasmon resonance 
wavelength under the different atmospheres. In 
parallel, we are also working on the miniaturiza-
tion of our monitoring system to obtain portable,
cost-efficient and smaller gas sensors.

Methodology
The ZIF-8 film (Fig. 1a), which is the MOF that 
has been used, is grown via the layer-by-layer 
deposition method reported by Hupp et. al. [4]
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on top of SPR substrates containing gratings 
with periods of =400 nm and =500 nm. Gas 
sensing measurements are then conducted via 
spectral interrogation on the fabricated samples 
at room temperature, which are placed in a 
holder inside a home-built aluminum chamber 
with a quartz window and connected to two 
mass flow controllers (MFC) that command the 
gas flux entering the gas chamber. 

In addition to the previously presented results in 
Eurosensors 2023 [5] and considering the min-
iaturization of the current optical set-up, meas-
urements are now being conducted by illuminat-
ing the sample with LEDs instead of white light. 
With this aim, the LED needs to be adjusted to 
the period of the diffraction gratings and the 
thickness of the deposited ZIF-8 film, both re-
sponsible for the resulting SPR wavelength, to 
obtain the maximum sensitivity of our sensors 
(Fig. 1b). 

To further miniaturize our device, we have also 
substituted the spectrometer for a photodiode 
(PD) and gas measurements are currently be-
ing tested.  

 
Fig. 1. (a) SEM image of a ZIF-8 layer (b) 
spectrum of a 660nm-LED (black curve) adjust-
ed to the =400 nm SPR dip (blue curve). The 
red curve represents the simulated response 
that would be acquired with a PD. 

Results 
We will present the gas sensing results of the 
fabricated samples when exposed to different 
concentrations of VOCs using LEDs as illumi-
nation source, as well as the simulated re-
sponse with a PD. As an example, Fig. 2a 
shows the simulated reflectivity that would be 
acquired with a PD, while Fig. 2b shows a pre-
liminary result of the response of the sensor to 
synthetic air (SA) and saturated ethanol (EtOH) 
pulses.  

 
Fig. 2. (a) Simulated reflectivity acquired by a 
PD using a 660nm-LED to scan the chip (b) 
red-shift of the =400 nm SPR dip under SA 
and saturated EtOH atmospheres (blue curve) 
when illuminating with a 680nm-LED and simu-
lated PD response (red curve). 
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Summary:
Novel methodologies for the preparation of reactive oxygen species (ROS)-responsive thin-film sen-
sors that display distinct color and pattern changes were developed. The 
ROS-responsive thin films presented herein are advantageous for the development of ROS sensors 
because of their relatively simple preparation and non-complex organic synthesis. In addition, there is 
virtually no limitation to choosing dyes, and any kind of visual color and pattern changes can be real-
ized.

Keywords: reactive oxygen species, hydrogen peroxide, hypochlorous acid, boronic acid, thin film

Introduction
Boronic acids are known to form boronate es-
ters with polyhydroxy compounds such as sac-
charides through reversible boronate-diol inter-
actions. Moreover, boronic acids give rise to 
their phenol derivatives after reaction with reac-
tive oxygen species (ROS) such as hydrogen 
peroxide (H2O2) and hypochlorous acid. The 
latter reaction has been utilized to develop col-
orimetric and fluorescent ROS sensing probes 
through a strategy in which a boronic acid moie-
ty is directly connected to a chromophoric or 
fluorophoric group. Boronic acid-based ROS 
probes are advantageous over conventional 
enzyme-based sensors in terms of durability 
and reproducibility because of absence of un-
stable bioorganic substances such as enzymes. 
However, one of the drawbacks of the boronic 
acid-based probes is the necessity of compli-
cated organic synthesis. Moreover, limited color 
change could be an obstacle for developing 
user-friendly sensors. Thus, to realize a widely 
used ROS sensor at a low cost, it is necessary 
to introduce a novel methodology.

Our research group has developed thin-film-
based colorimetric sensing systems that exhibit 
unprecedentedly large color changes [1,2]. The 
preparation of these sensors is relatively simple 
and does not require complex organic synthe-
ses. Moreover, this methodology is the most 
advantageous as compared to other methodol-
ogies as no limitation in selecting dyes for the 
coloring of the thin films exists. We hypothe-
sized that this mechanism would be applicable 
for ROS sensing by utilizing the interaction of 

boronic acids with ROS. Accordingly, thin films 
containing ROS-responsive boronic acid units 
in addition to positively charged tertiary amine 
units with different compositions were prepared. 
The thin films were immersed in aqueous dye 
solutions before or after reaction with ROS in 
an aqueous solution. As a result, the color 
and/or pattern of the thin films changed distinct-
ly in response to ROS concentration [3].

Experimental
The ROS-responsive thin films were prepared 
on a glass slide by the radical copolymerization 
of boronic acid monomer 1, tertiary amine mon-
omer 2, acrylamide 3, and crosslinker 4 in the 
presence of an initiator 5 (Fig. 1). The monomer 
solutions were poured onto the glass surface of 
the slides using a micropipette and covered 
with an acrylic plate. Polymerization was con-
ducted by irradiating the sandwiched monomer 
solution with UV light (365 nm) using a UV lamp 
under nitrogen atmosphere at 20–25 °C for 3 h. 
After removing the acrylic plate from the glass 
slide, the resulting thin films were washed with 
water and air-dried. Then, the sensor was im-
mersed in aqueous solutions containing ROS at 
25 °C for 1–60 min. Subsequently, the sensor 
was immersed in an aqueous dye solution at 25 
°C for 1–60 min. Polyols such as fructose or 
sorbitol were sometimes added to the ROS or 
dye solutions to enhance the change in charge 
state of the boronic acid moiety. In the case 
where colored samples were used for ROS 
response, the experimental order was reversed: 
the thin film was immersed in a dye solution, 
then reacted with ROS.
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Fig. 1. Chemical structures of monomers. 

Results and Discussion 
The dependency of H2O2 concentration on the 
color of thin films at different reaction times at 
pH 7.4 was measured (Fig. 2). The sensor dis-
played a visible color change from colorless to 
blue at 4 μM. The color deepened with increas-
ing reaction time and H2O2 concentration. This 
behavior can be attributed to the change in the 
charge state of the thin film. Before reacting 
with H2O2, the cationic charges on the thin film 
should be electrostatically neutralized by boro-
nate groups, resulting in lack of adsorption abil-
ity for anionic dyes. After reacting with H2O2, 
the thin film was colored with an anionic dye 
because the boronate groups were converted 
into neutral phenol groups and thus the thin film 
became positively-charged. A plausible re-
sponse mechanism is illustrated in Fig. 3. 

 
Fig. 2. H2O2 concentration-dependent color chang-
es in the thin film colored by Fast Green FCF in the 
presence of fructose at pH 7.4.  

 
Fig. 3. Mechanism of hydrogen peroxide-
responsive color change in the thin film in the pres-
ence of fructose at pH 7.4.H2O2 concentration-
dependent color changes in the thin film. 

Instead of an anionic dye, a monovalent cation-
ic red dye (Safranin T) was used to color the 
thin film after reacting with H2O2 (Fig. 4). The thin 
film was colored red when the H2O2 concentra-
tion was lower than 13 μM. A further increase in 
H2O2 concentration resulted in a decrease in 
the adsorption of the dye, which became almost 

colorless when the H2O2 concentration was 
above 130 μM. In addition, experiments were con-
ducted by simultaneously using anionic and cationic 
dyes for coloring (Fig. 5). When the H2O2 concentra-
tion was lower than 40 μM, the thin film became red 
due to the adsorption of the cationic red dye. By 
increasing the H2O2 concentration from 40 μM to 
100 μM, the color of the thin film gradually changed 
from red to blue. The thin film finally became blue 
when the H2O2 concentration was higher than 100 
μM. 

 
Fig. 4. H2O2 concentration-dependent color chang-
es in the thin film colored by Safranin T in the pres-
ence of fructose at pH 7.4. 

 
Fig. 5. H2O2 concentration-dependent color chang-
es in the thin film colored by Fast Green FCF and 
Safranin T in the presence of fructose at pH 7.4. 

Because the response mechanism of the pre-
sent method is based on changes in the charge 
state of the thin films, principally, any kind of 
anionic or cationic dyes can be used. To con-
firm this experimentally, various dyes were 
used to color the thin films. Accordingly, I suc-
cessfully established a novel methodology for 
creating H2O2 sensors that exhibit diverse color 
changes. In the conference, I will also talk 
about sensors with changing patterns and hy-
pochlorous acid sensors. 
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Summary: The research aimed to replace a set of standard methods for edible oil quality control by 
developing an AI-enabled rapid headspace analysis procedure. The use of a ceramic sensor array con-
firmed the feasibility of assessment of oil oxidation under static conditions, however, it was unable ac-
curately predicting individual quality parameters. Due to the impracticality of applying selective enhance-
ment approaches to ceramic sensors, an array of commercially available microsensors were used in 
combination with different temperature modulation modes. 

Keywords: SMOX-based sensors, temperature modulations; quality assessment; edible oils; AI. 

Introduction. The applications of chemical sen-
sors for monitoring the quality/safety of food 
products, including edible oils, have not found 
sufficient implementation to date in the industry. 
If the control of technological processes is mainly 
monitored by physical sensors, monitoring a 
complex food matrix has been limited due to con-
straints in sensor characteristics and the lack of 
progress in data science. However, advance-
ments in today's chemical sensor development, 
such as the miniaturized Sensirion Gas Platform 
(SGP) multi-pixel gas sensor [1], as well as deep 
machine learning algorithms incorporating ele-
ments of artificial intelligence (AI), offer the po-
tential to enhance the sensitivity and selectivity 
of novel alternative methods and to provide nec-
essary multidimensional information about the 
sample's state and the physicochemical reac-
tions occurring within it.
Needs of industry. Quality control of vegetable 
oils ready for distribution is mandatory require-
ments regulated by both international and local 
authorities [2, 3] through a set of physico-chem-
ical methods [4, 5]. Such methods are character-
ized by significant disadvantages, such as the 
necessity to use a large amount of suitable sol-
vent mixtures for sample dissolution before titra-
tion (peroxide and acid values (PV and AV, re-
spectively)), long measurement times, poor re-
peatability (moisture and volatile matter content, 
MVC), lengthy and multi-stage sample prepara-
tion for the analysis of the anisidine value (p-AV), 
and the need to measure a set of parameters to-
gether to account for possible various types of 
spoilage determined by the different composi-
tions of oils. The current speeds and production 
volumes ask for a critical examination of

traditional analytical chemistry approaches for 
food analysis to ensure effective monitoring of 
their quality and safety. 
Experiment and results. Samples of various 
cold-pressed and refined vegetable oils were 
taken from production for quality analysis during 
the oxidation process: sunflower, rapeseed, and 
olive oils of different geographical origins. The 
oils were exposed to autoxidation to facilitate the 
transfer of the obtained models to real-life condi-
tions, because the mixtures of formed oxidized 
compounds and their concentrations vary in the 
nature and composition of oils, as well as in the 
conditions and extent of oxidation.
The reference parameters, required to enable a
comprehensive monitoring of oil quality, were
used, regardless of the possible product spoil-
age mechanism. We monitored: MVC and AV as 
indicators of lipolysis; PV and p-AV values, which 
together can provide information about primary 
and secondary products of oxidation. 
At the initial stage, sensors TGS 2600, 
TGS 2620, and FIS SB-AQ1-06 were investi-
gated (Figaro, USA; Nissha FIS, Japan). Ex-
tracted parameters at the beginning and end of 
the transient response to oil vapors under con-
stant sensor heating were used as input data for 
principal component analysis (PCA).
PCA was used for exploratory analysis and dis-
covering informativeness and hidden dependen-
cies in the data. Its essence lies in assuming lin-
earity of data relationships and their projection 
onto a subspace of orthogonal vectors where the 
variance is maximized. These vectors, called 
principal components (PC), determine the direc-
tions of greatest variability (informativeness) of 
the data. In other words, it's a linear projection 
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that minimizes the mean squared distance be-
tween the original points and their projections. 
The data matrix was autoscaled. PCA was per-
formed based on the singular value decomposi-
tion algorithm and cross validated. PC1 corre-
sponds to the direction of maximum variation in 
the data. In the Fig.1, we observe the clear trend 
of changes in the quality of oil samples along 
PC1 (86% of explained variance), as well as the 
separation of two types of oils along PC2 (13%).  

 
Fig. 1. PCA scores plot based on the responses of 
three sensors to various qualities of sunflower (SO) 
and rapeseed (RO) refined oils from six different man-
ufactures.  

For the differentiation among individual quality 
parameters and for a more precise prediction of 
the PV, AV, p-AV, MVC, it is necessary to in-
crease the dimensionality and orthogonality of 
the sensor arrays. The sensors used in the first 
set of experiments also show strong multicollin-
earity (correlation of more than 0,96 between the 
TGS 2600 and TGS 2620) in prediction the PV 
and AV parameters.  
A possible approach to selectivity enhancement 
is the operation of the sensors in different heat-
ing profiles; besides that, such practice is not 
recommended by manufacturers, their relatively 
large mass makes fast modulation impossible, 
besides this they have a considerable power 
consumption and even influence on the compo-
sition of the gaseous samples they are exposed 
to. The alternative increase of the sensor array 
by increasing the sensor number is not consid-
ered feasible for this application. The SGP 40 
sensor (Sensirion AG, Switzerland), in this con-
text, presents itself as an optimal solution for a 
miniaturized device with the capability to en-
hance selectivity through individual temperature 
modulation of each of its four pixels (Fig. 2). Fig-
ure 2 shows one modulation of 19 temperature 
steps (1 ramp), which resulted in 76 responses 
(19 steps x 4 pixels) from the device for a 3-mi-
nute measurement.   
The used sensor array consisted of three SGP40 
sensors (3 x 4 pixels) with different temperature 
modulation modes for each, mounted in a sensor 
chamber that allows for direct measurement of 
the oil headspace. 

 
Fig. 2. One of the three temperature modulation 

modes, applied for the SGP40 sensors. 

As the sensors measure the total VOC content 
simultaneously present in the oil headspace, our 
approach ensures the high sensitivity and broad-
band-sensing capabilities towards various clas-
ses of VOCs and individual target gases. The 
same procedure was performed for ambient air to 
take into consideration the baseline change, hu-
midity compensation and the sensor signal nor-
malisation.  
In parallel the composition of oil VOCs during ox-
idation was investigated using GC-MS. Groups 
of markers that most correlate with quality pa-
rameters (PV, AV, MVC, p-AV) were selected. 
Based on this data, specific gas mixtures were 
prepeared for investigating the sensor character-
istics of the array using gas mixing system, as 
well as proposing conversion factors from sig-
nals to the correlating physicochemical parame-
ters. 
Recurrent neural network (LSTM) with long-term 
memory was used to analyze time-series data 
sets of the oil oxidation process and operating 
states of sensors. For classification different gas 
markers to 4 groups related to different quality 
parameters was used convolutional network.  
The research is at control-defining stage, as well 
as the drawing of final conclusions. 
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Summary:
Chemiresistive sensors offer a promising option for establishing extensive sensing networks, providing 
a cost-effective and energy-efficient solution. This study introduces novel hybrids consisting of lead 
halide perovskite nanocrystals decorating graphene, operable under ambient temperature conditions. 
Evaluating the impact of two cations (methylammonium and cesium) and two anions (chlorine and 
bromine), MAPbBr3 emerges as the most promising composition for NH3 detection at room tempera-
ture.

Keywords: gas sensor, NH3 detection, chemical resistive sensor, graphene, lead halide perovskites

Background, Motivation an Objective
In recent decades, the escalating threat of air 
pollution has underscored the urgent need for 
continuous monitoring to safeguard both the 
environment and public health. However, estab-
lishing a large air quality sensor network re-
quires reliable, cost-effective, and energy-
efficient sensing devices. Chemiresistive sen-
sors, owing to their simple fabrication and oper-
ation, emerge as a promising option. Graphene 
has garnered considerable attention, albeit with 
limited gas sensitivity and selectivity owing to its 
inherent chemical inertness [1].

In response to this challenge, significant re-
search efforts have shifted towards leveraging 
perovskites for gas sensing applications. Per-
ovskites offer advantages such as room-
temperature operation and tunable bandgap. 
Despite their promise, perovskites suffer from 
instability in humid conditions, limiting their 
commercial viability. Recent studies have 
demonstrated that dispersing perovskite nano-
crystals on graphene effectively shields them 
from ambient moisture, thus mitigating long-
term degradation [2].

This advancement suggests that decorating 
graphene with perovskite nanocrystals (NCs) 

holds immense potential for developing gas 
sensors that are both sensitive and selective, 
while also being cost-effective and energy-
efficient.

Method
The influence of both anions and cations in lead 
halide perovskites for NH3 detection has been 
investigated for the first time. The perovskite 
composition significantly affects sensing per-
formance. Lead halide perovskites are typically 
structured as ABX3, with B representing Pb+2

and A representing a cation. In this study, an 
organic methylammonium (MA+) and an inor-
ganic cesium (Cs+) were utilized as cations. 
The X3 denotes the anion, with Cl- and Br- being 
employed. Various synthesis methods, as out-
lined in our previous publication [3], were em-
ployed to obtain different compositions (MAP-
bBr3, MAPbCl3, and CsPbBr3).

Briefly, for MAPbX3 (where X = Br-, Cl-), the 
synthesis included preparing solutions of oleic 
acid (OA), 1-octadene (ODE), and octylammo-
nium bromide (OABr). Specific solutions for 
each perovskite anion were then prepared us-
ing different precursors for Br- (MABr and 
PbBr2) and Cl- (MACl and PbCl2) anions. These 
solutions were combined, cooled, and acetone 
was added to induce nanocrystal precipitation. 
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After centrifugation, the precipitates were dis-
persed in toluene. For CsPbBr3, Cs-oleate was 
prepared by mixing Cs2CO3, ODE, and OA in a 
heated flask. Another solution, consisting of 
PbBr2 and ODE, was prepared, dried, and in-
jected with oleylamine (OLA) and Cs-oleate. 
After solubilization, the solution was cooled, 
and tert-butyl alcohol (tBuOH) was added for 
precipitation. The resulting CsPbBr3 nanocrys-
tals were redispersed in hexane after centrifu-
gation. 

Subsequently, a graphene solution underwent 
pulsed sonication (1s on/2s off) at 280 W for 90 
minutes to ensure proper exfoliation. The per-
ovskite NCs were then added (5% wt.) to the 
solution, and the mixture was vigorously stirred 
for 1 hour. The resulting hybrids were deposited 
onto alumina substrates containing screen-
printed platinum interdigitated electrodes. The 
developed sensors were enclosed in an airtight 
Teflon chamber connected to calibrated gas 
cylinders.  

Results 
Various dilutions of NH3 with dry air were pre-
pared to achieve different concentrations (25, 
50, 75, and 100 ppm). Before exposure to the 
target gas concentration for 5 minutes, the sen-
sors were stabilized under synthetic dry air for 
15 minutes. The sensors were tested at room 
temperature to minimize power consumption, 
extend the active nanomaterials' lifetime, and 
prevent perovskite degradation. 

Fig. 1 depicts electrical responses recorded 
upon NH3 exposure during cycles, illustrating a 
high level of reversibility in the interaction, al-
most fully recovering the initial baseline re-
sistance. Additionally, despite operating in dy-
namic mode, the sensors exhibited high re-
peatability. 

 

Fig. 1. Example of the electrical responses us-
ing MAPbBr3 NCs decorating graphene to de-
tect four concentrations (25, 50, 75 and 100 
ppm) of NH3 during 3 consecutive cycles. 

Fig. 2 compares the sensing performance of the 
different hybrids in detecting NH3. Several con-
clusions can be drawn. Firstly, bare graphene 
exhibited lower responses to NH3 compared to 
decorated graphene, indicating that the pres-
ence of perovskite nanocrystals (NCs) on gra-
phene enhances sensitivity to the target gas, 
regardless of perovskite composition. 

Secondly, among the various perovskites em-
ployed, MAPbBr3 demonstrated notably better 
sensing responses than MAPbCl3 and CsPbBr3. 
Specifically, for 100 ppm of NH3, MAPbBr3 NCs 
exhibited approximately three times higher re-
sponses than the other perovskite composi-
tions. This suggests that MAPbBr3 likely pos-
sesses an optimal energy-level alignment with 
graphene for hole extraction, as the hybrids 
function as p-type semiconductors for electron 
donor gases like NH3.  

 
Fig. 2. Calibration curves comparing 4 sensor 
compositions for detecting NH3. 

Moreover, MAPbBr3 tends to feature a higher 
density of trap states compared to MAPbCl3 
and CsPbBr3, which could potentially interact 
with gas compounds. Furthermore, experi-
mental findings reveal that MAPbBr3 exhibits a 
lower photoluminescence quantum yield, indi-
cating a higher concentration of defects that 
may also facilitate interaction with NH3. 
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Summary:
With the development of a novel microfluidic system for environmentally friendly electrochemical pro-
duction of hydrogen peroxide, a need for a specifically designed electrochemical sensor for hydrogen 
peroxide in alkaline media (pH 13) arises. Flash graphene was used to modify the carbon screen-
printed electrode together with manganese dioxide. The proposed sensor exhibited two linear ranges 
(1 to 100 µmolL–1, and 100 to 1000 µmolL–1), the sensitivity of 0.244 µAµM–1cm–2 and the limit of de-
tection was 0.238 µmolL–1.

Keywords: flash graphene, electrochemical sensor, screen-printed electrode, carbon electrode, hy-
drogen peroxide. 

Introduction
Electrochemical sensors stand at the frontier of 
the ever-expanding electrochemical research 
with their favorable properties. These include 
high selectivity and sensitivity, low cost, robust-
ness, portability, generally wide linear range, 
and what is most important for the presented 
research – rapid response time, possible minia-
turization and integration, and minimal (or none) 
sample preparation steps.

Hydrogen peroxide (H2O2) is a small inorganic 
molecule that is important in various fields. It is 
a transparent, slightly viscous liquid with a pun-
gent odor. In biological systems, it is a byprod-
uct of numerous enzymatic processes, as well 
as a signaling agent (in strictly regulated, low 
concentrations) [1]. Additional to its biological 
role, H2O2 is present in numerous energy con-
version devices, such as fuel cells and Li-air 
batteries, both of which utilize the oxygen re-
duction reaction. Its use as an antimicrobial, 
bleaching, and oxidizing agent is successful 
partly due to the fact it yields only water and 
oxygen as byproducts and is as such consid-
ered environmentally friendly [2]. The anthra-
quinone oxidation process remains the predom-
inant method for industrial-scale H2O2 produc-
tion. However, the necessity for complex safety 
measures, additional purification due to the use 
of stabilizers, and lower cost-effectiveness due
to the use of palladium-based catalyst and the 
anthraquinone carrier, prompt interest in devel

oping decentralized, on-site H2O2 production.
Utilizing a selective 2e– oxygen reduction reac-
tion, this process can be carried out electro-
chemically. Some such systems with selective 
catalysts have been reported [3], whereas the 
aim of this work is to develop an electrochemi-
cal sensor for H2O2 that can be integrated into a 
microfluidic device for electrochemical H2O2,
and therefore monitor its concentration in the 
system.

Many electrochemical sensors for H2O2 have 
been described, using various electrode mate-
rials and modifications. Often a combination of 
carbon nanomaterials and metal oxides are 
deposited onto an electrode surface to increase 
the surface area of the electrode and to cata-
lyze the degradation of H2O2, respectively [4]. 
Recently, flash graphene (FG) has attracted a 
lot of attention [5] also as a potential new mate-
rial for the use in electrochemical sensors. Its 
novelty and attractiveness lie in the production 
method, flash Joule heating, where the source 
material is rapidly heated using high electronic 
currents, as well as the fact that theoretically 
any carbon containing source can be turned 
into a high value material, namely FG. In the 
presented work, FG was used for the first time 
in combination with MnO2 to modify carbon 
screen-printed electrodes and amperometrically 
detect H2O2 in alkaline (pH 13) media. 
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Results 
Cyclic voltammetry was used to study the gen-
eral electrochemical properties of modified elec-
trodes utilizing a commonly used electrochemi-
cal probe [K4[Fe(CN)6]/K3[Fe(CN)6]. Peak 
heights and peak-to-peak separations indicated 
the optimal modification of the electrodes – 2 
drop-casted layers of FG and MnO2 dispersed 
in 50 % ethanol with 5 % Nafion. The expected 
increase in the surface area when FG is pre-
sent on the electrode was indicated with an 
increased capacitive current and confirmed with 
the calculation of electrode surface areas using 
Randles-Ševčik equation. The surface areas for 
non-modified and modified electrodes were 
0.1789 cm2 and 0.2522 cm2, respectively. 

Since the target application of this sensor is 
continuous monitoring of H2O2 concentrations in 
a microfluidic device, where the electrochemical 
production of H2O2 takes place, the optimization 
of experimental parameters must be consid-
ered. Efficient, carbon-based, electrocatalysts 
have been shown to be active and selective 
towards 2e– oxygen reduction reaction at high 
pH [3]. Therefore, to successfully integrate the 
produced sensor into such a device it must be 
efficient and stable at high pH values. The use 
of 0.1 M KNO3 in 0.1 M KOH as a medium has 
shown satisfactory results. The detection of the 
analyte was carried out with hydrodynamic am-
perometry. The operating potential was opti-
mized and was 0.15 V (vs Ag).  

Proposed sensor has two linear ranges, first 
spans from 1 to 100 µmolL–1, the second from 
100 to 1000 µmolL–1. Considering the expected 
concentration of electrochemically produced 
H2O2, the lower linear range will be in use for 
the present batch sensor setup. The sensitivity 
of the electrode in this range is 0.244 µAµM–

1cm–2. Limit of detection was calculated as 
0.238 µmolL–1.  

The results of the work so far are highly satis-
factory considering the harsh alkaline working 
conditions. First tests on the real samples have 
already been carried out and the results are in 
agreement with other detection techniques that 
were used for the monitoring of H2O2 concen-
tration produced in the microreactor, namely 
optical H2O2 sensor, designed by Tjell et al. [6]. 
The results differ by less than ±5 %. Further-
more, the results so far indicate the possibility 
of multiple uses of a single screen-printed elec-
trode. 
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Summary:
A chip set for development of chemoresistive gas sensors is presented. The basic chip carries three 
microheaters with resistance measuring electrodes on their top. Manually aligned masking chips ena-
ble local deposition of the sensing layer on the heaters’ surface. The use of the chip set facilitates the 
functional characterization of the sensing layer without the need of chip processing capabilities. 
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Introduction
In spite of the half-century long continuous re-
search and the relatively limited practical use of 
the chemoresistive solid state gas sensors, still 
large effort is dedicated for development of new 
sensing materials. New composition of thin 
layers [1], 3D nanostructures [2] and large vari-
ety of sensitizing methods aim at the improve-
ment of sensitivity and selectivity. Although the 
vast majority of the reported sensors suffer from 
poor selectivity and dynamics, the promise of 
extremely low costs and the ppm level sensitivi-
ties keep many research groups continuing the 
development better sensing materials.

As the transduction principle relays on physi-,
and chemisorption phenomena the sensors are 
operated at elevated temperatures.  Conse-
quently, to ensure battery backed operation, its 
power dissipation must be kept as low as pos-
sible.  Although several laboratories and manu-
facturers have developed low power consump-
tion microheater structures, their fabrication re-
quires wafer processing lines. Thereby the    
access to the basic device is limited for many 
laboratories. In this work we present the first 
version of a set of microheater chip and aligned 
local masking chips to facilitate laterally selec-
tive deposition of the sensing layers and easy 
testing the sensor characteristics without the 
need for the complex technical background.

Results and discussion

1) The sensor chip

The 3.5x3.5 mm2 chip contains three micro-
heaters of 150µm diameter as suspended on a 
500 µm circular membrane. The heater is an

embedded Pt filament what encapsulated in a 
SiO2/Si3N4/SiO2 multilayer structure. The cross 
section (Fig.1), and the design considerations 
were reported earlier [3].  

Fig. 1. The cross section of the microheater with 
the sensing layer on top. 

DRIE backside Si etching process provides the 
membrane release to get the reduced power 
dissipation as represented in Fig.2.

Fig. 2. Temperature-power characteristics of the 
microhotplate. The colour of the inset demonstrates 
the temperature uniformity of the heater @ 650oC.

The filament geometry provides uniform (<±3%) 
temperature distribution over the heated sur-
face.  It is visibly demonstrated by the inset of 
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Fig. 2, showing uniform colour at 650°C. How-
ever, according to the long-term tests, de de-
vice stability is guaranteed below 500°C. 

Pt electrodes are formed on the top of the heat-
er to measure the resistance of the gas sensi-
tive layer. We offer two versions having 10 and 
100 µm electrode distances to better match with 
the characteristic resistivity of the sensor layer. 
The three independently heated micro hotplates 
can be operated at different temperatures, 
thereby accelerates the screening the tempera-
ture vs. response characteristics; or setting the 
same heating power an average response can 
be calculated to more accurately characterize 
the sensor properties (Fig. 3). 

 

Fig. 3. The chip contains 3 identical microhotplates 
with 10 µm (top right) or 100 µm (bottom right) elec-
trode distances. 

 

2) Masking for locally selective deposition 

Various processes have been reported for for-
mation and deposition of the sensing layers; 
e.g. PVD and CVD methods as well as droplet 
or screen-printing techniques from separately 
synthetized suspensions. In our approach we 
fabricate masking chips for PVD and CVD layer 
depositions. Although the wet chemical synthe-
sis of 3D nanostructured sensing materials 
dominate the current research activity, the pro-
posed setup is partially meets the suspension-
associated requirements. The droplet technique 
inherently provides local deposition, whereas 
the screen-printing is not compatible with the 
fragile thin membranes.  

Considering the typical substrate temperatures 
of the conventional thin film PVD and CVD pro-
cesses, we formed alternative masks for the 
deposition-through process: a 3D printed plastic 
version up to 60°C and perforated Si membrane 
for higher temperatures. Auxiliary chip holder 
enables the proper alignment of the chip and 
the mask. The setup is adaptable for both sub-
strate positions (top down or bottom up) in the 
deposition system (Fig.4). 

 

 

 

 

 

Fig. 4. Substrate positions in the deposition cham-
ber: test chip (A), mask (B), auxiliary holder (C). The 
arrows indicate the direction of the precursor flow. 

 
Beside the single-chip masks, we also fabricat-
ed masking caps for mounted and wire bound-
ed chip. The recessed centre part with three 
openings is in a close vicinity of the chip sur-
face but the bonding wires remain intact. This 
ultimate solution may perfectly assist in the 
R&D work by providing completely ready-to-test 
devices right after the sensing layer deposition. 

 

Fig. 5. The three heaters as seen in the vias of the 
transparent plastic (top left) and c-Si membrane 
(bottom left) masking elements. The 3D printed 
masking cap (top right) on a TO mounted chip (bot-
tom right).  
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Summary:
In this study, we increase the range of applications of boron-doped diamond electrodes as 
electrochemical sensor for narcotics detection, using electrochemiluminescence (ECL) principles. The 
method involves the enhancement of the chemiluminescence from permanganate ions upon oxidation 
of narcotic molecules in electrolytic solution, and has been demonstrated e.g. for
Δ-9-tetrahydrocannabinol (THC) with typical limits of detection below 15 ng/mL (47.7 nM).

Keywords: boron-doped diamond electrodes, electrochemical sensor, electrochemiluminescence, 
narcotics detection, reusable electrodes.

Boron-doped diamond (BDD) is a very
interesting electrode material due to the variety 
of assets it features when compared to more 
conventional electrode materials. The 
polycrystalline structure of boron doped diamond 
ensures high  stability including resilience to 
corrosion, alongside with a low double layer 
capacitance and wide potential window in 
aqueous media.[1] In addition, such electrodes 
may be electrochemically pretreated before 
measurements to overcome the issue of fouling.
For instance using sequences of current pulses 
with high densities has proven effectiveness to
achieve this goal [2]. All these properties made 
BDD electrodes suitable for 
electrochemiluminescence (ECL) in sensor 
applications, potentially offering better sensitivity 
than standard amperometric methods. Besides, 
the increase of recreational drugs consumption 
has become a major societal issue nowadays. In 
the context of road safety, conventional sensors 
for control generally use antibodies,
functionalised with a tracer. As saliva samples 
are being analysed, the low solubility of the 
drugs in aqueous media make it challenging to 
detect molecules in trace amount. Thus second 
post toxicology analyses, using traditional 
methods in laboratory, are required for legal 
validation, which also present limitations [3].
These constrains have conducted to develop 
new reliable sensors for drug detection. In this 
context, ECL has shown promising results for 

drugs detection with a fast, sensitive and 
scalable method [4].

Figure 1: Electrochemiluminescence measurement 
with (a) cyclic voltammetry of KMnO4 152 µM pH 3 
buffer in Na2SO4 0.1 M (dash) and 2 µL of THC 
24.5 nM deposited on the electrode surface in KMnO4
buffer (line) and the corresponding ECL measurement
(b) with KMnO4 (dash) and in presence of THC (line)

(a)

(b)
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In this work, we were able to detect a variety of 
illicit substances (THC, Amphetamine, Cocaine, 
Methamphetamine, Benzoylecgonine, rac-
MDMA, morphine, etc) using BDD electrodes 
while carefully selecting the ECL luminescent 
probes, leading to quenching / enhancing 
properties upon exposure to narcotics, 
depending on the choice of co-reactants. For 
instance, we identified permanganate ions as 
efficient ECL probes in aqueous media. To our 
knowledge permanganates have been reported 
as chemiluminescent probes when associated 
with long chains of polyphosphates [5], but not 
as electrochemiluminescent probe before. 
Figure 1 shows the ECL detection of THC in the 
presence of permanganate at a concentration of 
24.5 nM. At this concentration levels cyclic-
voltammetry curves do not show any significant 
oxidation signal due to the presence of THC 
(Figure 1.a). By contrast, Figure 1.b shows the 
resulting ECL response. Here the blank solution 
of KMnO4 does not exhibit any light emission 
within the voltage range of 0 V to 1.6 V. 
However, after drop casting 2 µL of THC at a 
concentration of 24.5 nM on the electrode 
surface, a peak of luminescence is detected 
leading to the detection of THC. These results 
will be discussed further during the conference 
and more results presented with other narcotic 
compounds.   
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Summary:
Organophosphates are extensively employed as pesticides in intensive agriculture. Being strong nerve 
agents, they represent one of the most common causes of poisoning in the world. Given their detri-
mental impact on both human health and the ecosystem, it is critical to develop a compact, reliable, 
fast, selective, and low-cost sensor able to detect pesticides residues in aqueous medium such as 
drinking water, foods, and soil samples. 

Keywords: Metal organic frameworks, Optical sensor, Nitro compounds, Pesticides, Sensing layer

Introduction
Exhibiting a high surface area, metal-organic 
frameworks (MOFs) can be customized to ef-
fectively adsorb the targeted analytes. Interest 
in integrating such porous materials as selec-
tive adsorbent layers in chemical sensors has 
increased lately [1]. Though, refinement of 
sensing materials and transducer mechanisms 
is still essential to increase the reliability, selec-
tivity, and response kinetics to a level suitable 
for commercial purposes. While MOFs seem 
excellent candidates for selective sensing, sev-
eral studies demonstrate a higher response for 
the selected analyte compared to interferents 
because the compounds are tested each inde-
pendently. In real-world applications, the sensor 
will be exposed to all components concurrently, 
including some interferents present at much 
higher concentrations than the analyte. One 
way to address the selectivity challenge is to 
combine cross-sensitive sensors to form an 
array or "electronic nose" (e-nose) [2]. 

Fig. 1. E-nose concept schema.

When the combined response of the array con-
tains enough non-correlated information, the 
focused analyte can be monitored in a complex 
environment via chemometric data analysis
(Figure 1).

Fig. 2. Scanning electron micrograph of ursin-like Zr-
MOF.

Results
Due to the variety of organophosphate pesti-
cides, nitro-based compounds have been fo-
cused on this study. Luminescent Zr-MOFs 
have been synthesized for the specific uptake 
of the toxic analytes from 1,2,4,5-tetrakis(4-
carboxyphenyl) benzene and Zr(IV)[3]. Charac-
terization by X-ray diffraction (PXRD) and SEM 
(Figure 2) shows an ursin-like morphology. Due 
to the luminescence properties of the MOF, the 
first sensing tests have been done by fluorime-
try. Together with a surface area corresponding 
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to 1453.2 m2/g and micropores size of about 
0.60 nm, this MOF has shown a specific affinity 
with nitro-based family by the quenching of the 
luminescence of the fluorophore via adsorption. 
Zr-MOF has been tested in the presence of 
other compounds containing a nitro group as 
well as nitrates and nitrites salts (Figure 3). It 
can be observed that all compounds containing 
a nitro group extinguish the fluorescence to 
varying degrees. The most probable explana-
tion is that the presence of the -NO2 group has 
caused the transfer of photoexcited electrons 
from the Zr-MOF to the nitro compounds. 
Therefore, the quenching of the MOF will 
strongly depend on the electro-attractive prop-
erties of the nitro compound. We could then 
observe a lack of selectivity of this MOF when 
targeting a specific compound, but it appears to 
be reactive to most nitro compounds. 

 

 
Fig. 3. Photoluminescence responses of Zr-MOF 
against 10 organophosphates compounds containing 
nitro group. The final concentration of all the com-
pounds is 0.012 mM. 

 

The interesting luminescent properties of Zr-
MOF have been utilized to create an active 
layer for detecting pollutant compounds con-
taining a nitro group. For this purpose, the MOF 
was incorporated into a silica-based sol-gel. 
This compound can then be deposited onto a 
transparent surface such as PET via spin, bar, 
or spray coating (Figure 4). The coated layer 
has shown to be sufficiently hydrophilic to ena-
ble a rapid response to the presence of this 
family of pollutants. Further characterizations 
are now ongoing to evaluate and confirm the 

reliability, selectivity, and sensitivity of the final 
sensor. 

 

 
Fig. 4. MOF-based coating quenched off by the 
presence of methyl parathion (MP) after 5 minutes. 
 
Conclusion 
To conclude, we acknowledge that the selectivi-
ty of MOFs can be a significant limitation for the 
development of an optimal sensor especially for 
real-world applications. To tackle this primary 
challenge, the design of an electronic e-nose 
concept could be developed using the remark-
able proprieties of MOFs for the detection of 
pollutant families. By integrating multiple MOF-
based sensors with cross-sensitivity, we could 
effectively identify compounds within the same 
family. 
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Summary:
The properties of all-solid-state optical sensors based on the polyamine receptors PP-1 and PP-2
bearing pyrene fluorogenic groups able to signal selective ketoprofen, KP, binding through the en-
hancement of the fluorescence emission have been investigated. The series of PVC polymeric mem-
branes, plasticized with different plasticizers and doped with fully protonated PP-2 ligand, together 
with  TDACl or TDMACl anion exchanger in 1:1, 1:2 and 1:3eq.  ratio was studied in order to tune the 
highest selectivity toward KP. The appropriate choice of a solid support, selecting from cellulose-
based or glass materials, influences significantly the performance of sensor. The fluorescent intensity 
of developed optical sensors increased with  KP concentration  growth. The images of sensors were 
acquired with smartphone and digitalized with a free on-line software of image processing in order to 
construct calibration model. Developed chemical sensors have shown the possibility to detect KP in 
the concentration range 2 μM – 0.1mM, with low influence of several interfering ions of the similar 
structure, such as naproxen, ibuprofen and benzoate. All-solid state sensor on paper support  was 
successfully applied for KP assessment in pharmaceutical composition OkiTask  with RSD of 2.1% 
and recoveries in range 98-102%. 

Keywords: all-solid-state fluorimetric sensors, ketoprofen, polyamine bis-pyrene receptors, pharma-
ceutical analysis.

Background, Motivation and Objective
The ketoprofen (KF) main action is an inhibition 
of prostaglandin synthesis with cyclooxygenase 
enzyme, that make it an effective against acute 
and chronic pain courses [1]. KF has been re-
cently recognized as an emerging contaminant 
with high environmental impact due to its chem-
ical stability, lack of efficient methodologies for 
removal from waste, and widespread consump-
tion [2].  Hence, rapid and effective detection of 
KF is an actual analytical task. The chemical 
sensors are an effective alternative to the tedi-
ous and time-consuming standard instrumental 
analysis, like HPLC-MS, recommended for KF 
detection. Previously several types of chemical 
sensors and multisensor systems for KF were 
reported [3-7]; among them optical sensors are 
the most attractive since they do not require 
sophisticated hardware, can be wireless and 
their output may be estimated with common 
optoelectronic devices or simply through ‘na-
ked-eye’ observation. Also, a fast response 
time, acceptable sensitivity, and selectivity, 

together with low cost and easiness in handling 
make optical sensors very requested.
In this work, 6 sensing materials were prepared 
by incorporating 1 wt% of PP-1 ligand and 1- 5
wt% of TDACl or TDMACl anion-exchangers
inside plasticized PVC membranes, Table 1.
The membrane cocktails in THF were then 
treated with TFA in order fully protonate fluoro-
phore in membrane phase and to tune optical 
response towards KP. The 2 µl of each sensing 
membrane were deposited on different solid 
supports (glass, filter paper or cellulose fiber 
used as color catcher material in laundry).  The 
performance of the obtained sensing platform in 
recognizing KP and interfering anions as NS-,
IB-, Benz-, ClO4-, SCN-, as well as Cu2+ and 
Zn2+ cations was examined. For this, 5 µl of 
tested solution were dropped over the prepared 
sensing sports, the image of overall sensing 
platform, containing from 6 to 11 sensing spots 
with deposited on them solutions of KP in con-
centration range 2 μM – 0.1mM, and/or interfer-
ing ions was registered with a smartphone and 
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digitalized with a free on-line software ImageJ 
[8] in order to construct calibration curve in co-
ordinates luminescence intensity vs log[KP].  

Results 
The chemical structures of novel polyamine 

receptors PP-1 and PP-2 bearing pyrene fluo-
rogenic groups are shown in Figure 1A. As it 
was previously reported, the protonated PP-1 
receptor in 0.005 M TRIS-HCl/EtOH solutions  
(1:1 vol/vol, pH = 7), shows a significant in-
crease of fluorescence intensity  at 𝜆𝜆ex =360nm 
and upon titration with KP- ions due to the inhi-
bition of the photoinduced electron transfer 
(PET) process between the non protonated 
amines and the pyrene  units in receptor struc-
ture [ 9].   

 
Table 1. Composition of tested polymeric mem-
branes, doped with 1 wt% of PP-2.  
 

N Plasticizer PP-1:TDACl, 
mol : mol 

TFA, 
eq. 

Mb1* TOP 1 : 0.7 - 
Mb1 TOP 1 : 0.7 3 eq 
Mb2 DOS 1 : 0.7 3 eq 
Mb3 DOS 1 : 0.7 - 
Mb4 DOS 1 : 1.5 3 eq 
Mb5 DOS 1 : 2.8 3 eq 

 
 
 
 
 
 
 
Fig. 1. (a) Chemical structures of KP-H, PP-1 and PP-2;  
(b) the photogram of PP-2-based all-solid-state optodes 
deposited on glass support;  (c) the photogram and (d) 
relative luminescence intensity of membrane Mb5 deposit-
ed on filter paper support for 40 μM KP and different 
interfering ions the extracted from (c).  𝜆𝜆ex =360nm 

 

Through addition of trifluoroacetic acid, TFA, in polymer-
ic membranes Mb1, Mb2, Mb4 and Mb5, in 1:1 ratio in 
respect to PP-1 amount, the protonated (on -NH groups) 
form of fluorophore was obtained.  These membranes 
were deposited on solid support (glass or paper) and their 
response  towards KP and selectivity properties were 
studied, Figure 1c,d. The optimized all-solid-state optodes 
have shown the linear increase of fluorescence intensity 
upon illumination at 365 nm in presence of KP  in the 
concentration range 2 μM – 0.1mM, and few influence of 
all tested interfering ions, Figure 1d. The membrane Mb5 
based on fully protonated PP-2 ligand, with TDMACl 
anion exchanger in ratio 1:3 eq. in respect to fluorophore, 
and plasticized with DOS plasticizer, had the best optical 
response, and was applied for KP assessment in 
pharmaceutical composition OkiTask  with RSD 
of 2.1% and recoveries in range 98-102%.  

The detailed discussion on all-solid-state optodes selectivi-
ty evaluations, influence of solid support material and the 
applications for ketoprofen assessment in real samples as 
waste waters and biological samples (urine of patients in 
treatment several hours after KP assuming) will be illus-
trated in our presentation. 
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Summary:
In this paper, we present a gas sensor with a sensing layer composed of Zinc Oxide (ZnO) and Boron-
Doped Diamond (BDD) nanoparticles, deposited via inkjet printing technology. The sensor operates at 
room temperature and uses UV illumination to enhance its sensitivity and stabilize its responses. We 
investigated the gas-sensing capabilities of the ZnO-BDD layer for detecting low concentrations (ppm 
level) of NO2 in synthetic air.

Keywords: boron doped diamond, zinc oxide, ink, inkjet printing, UV light, gas sensor. 

Introduction
The detection of gaseous substances, especial-
ly toxic ones, is crucial across various sectors 
such as automotive, aviation, agriculture, secu-
rity, healthcare, defense, industry, and envi-
ronmental monitoring. This includes applica-
tions in food freshness and quality prediction 
[1].

Inkjet printing is an attractive method for fabri-
cating micro and nano functional structures due 
to its low cost and good material compatibility. 
This technology allows for the deposition of 
layers with small thicknesses and larger surface 
areas, potentially enhancing the sensitivity of 
gas sensors. Inkjet printing accommodates a 
wide range of liquids, optimized for various 
substrates, including non-flat, rigid, or flexible 
ones. Furthermore, it enables short production 
times, low costs, and highly efficient material 
usage [2].

Metal oxide nanomaterials are widely used in 
advanced technologies due to their unique 
structure, morphology, and chemical, optical, 
and electrical properties [2]. These materials 
are particularly valued in the fabrication of gas 
sensors because of their high sensitivity, fast 
response and recovery times, low cost, and 
flexibility [3]. Additionally, UV light irradiation 
has been employed to enhance the sensing 
characteristics and sensitivity of these sensors
[4]-[5].

Experimental
Solvothermal synthesis was used for prepara-
tion of ZnO nanoparticles. Zinc acetate dihy-
drate (0.66 g) was dissolved in methanol (30 
mL), and the solution was transferred into a 50 
mL Teflon insert of Berghof DAB-2 pressure 
vessel. The vessel was heated to 150 °C for 
12 h, and then cooled to room temperature 
spontaneously. The particles were collected by 
exhaustive centrifugation and washed in three 
cycles of redispersion in ethanol followed by 
centrifugation. For preparation of the ZnO ink, a 
fine fraction of particles was isolated by two 
consecutive mass fractionation steps. These 
steps involved centrifugation in water and eth-
ylene glycol-water mixture at 262 and 116 rcf 
(relative centrifugal force), respectively, after 
which the corresponding supernatants were 
separated. The final ink was prepared in the 
ethylene glycol – water mixture (1:1), and its 
concentration was adjusted to ⁓4 mg(ZnO)g-1.

The BDD ink was prepared by mixing a 
commercially available aqueous suspension of 
B-doped nanodiamonds with the mean size of
50 nm with ethylene glycol in volumetric ratio of
1 : 1 under application of ultrasound agitation.
The so-obtained suspension with the
concentration of 2.5 mg/mL was directly used
for the inkjet printing (see Figs.1 and 2).

Both inks exhibit stable printing properties, and 
no degradation was observed when stored at 
room temperature for several months. Printing 
was conducted using a drop-on-demand Fuji-
film DMP-2831 inkjet printer equipped with a 
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piezoelectric Dimatix Cartridge-Samba G3L 
printhead under the following conditions: a noz-
zle diameter of 17 µm, a native drop volume of 
2.4 pl, a cartridge height of 750 µm, and an ink 
printing resolution of 2540 dpi. The print mode 
was set to 4 times 1 pass, involving two layers 
of ZnO ink and two layers of BDD ink (four lay-
ers in total), with each layer being printed onto 
a completely dry previous layer. The jetting 
frequency was 2 kHz, the drop velocity was 9.5 
m/s, the cartridge temperature was 32 °C, and 
the substrate temperature was 40 °C. 

Optimal printing conditions were achieved using 
Ohnesorge theory and piezoelectric waveform 
optimization. Optical images (Fig.4) show the 
patterning capability over an active area of 1.2 x 
1.2 mm2 on a Micrux ED-dIDE1-Au substrate 
with interdigital electrodes (30 pairs of Ti/Au 
interdigital electrodes, 10 µm electrode width 
and 10 µm gap). The thickness of the BDD-ZnO 
active layer was approximately 100 nm. 

Gas sensing measurements were performed 
using an in-house developed setup [6]. The 
baseline resistance of the sensor is approxi-
mately 500 kΩ under UVLED at 365 nm with an 
intensity of 50 μW.cm-2. The graphs indicate 
relatively stable responses (Fig.5). 

Results 

Fig. 1. Transmission electron micrograph of ZnO 
(left) and BDD (right) nanoparticles (Philips CM 120). 

Fig. 2. Intensity distribution of hydrodynamic size of 
ZnO (left) and BDD (right) nanoparticles in ethylene 
glycol – water mixture (1:1) based on dynamic light 
scattering measurements at 25 °C (DLS, Malvern 
Zetasizer Nano ZS).  

Fig. 3. Waveform for the printing process of both 
the ZnO and BDD inks, and view of firing droplets. 

Fig. 4. Optical images of the realized sensor with 
inkjet printed ZnO-BDD active layer(Olympus BX-60). 

Fig. 5. Dynamic sensing response curves of the 
sensor with inkjet printed ZnO-BDD active layer for 
constant concentration of NO2 at room temperature. 

Conclusions 
We demonstrated the fabrication and character-
ization of gas sensors featuring a printed nano-
particle ZnO-BDD active layer that operates at 
room temperature. Perspective inkjet printing 
technology was used for the selective deposi-
tion of Diamond-ZnO nanoparticles. 
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Summary:
This paper describes the custom design of a 3D printed µ-GC column that is combined with commer-
cial MOX gas sensors. A spiral-shaped column is designed in SolidWorks, the 3D printed structure is 
coated with OV-1, and integrated into an e-nose sensor system. 2-methyl butanol mixed with ethanol 
was used to test the µ-GC’s ability to separate compounds based on their molecular affinity to the 
PDMS coating. Our preliminary results demonstrate the potential of a basic, low-cost 3D printed µ-GC 
based system to offer better selectivity than MOX sensors alone.

Keywords: Gas Micro chromatography, 3D printing, Metal oxide sensors, Volatile organic compounds 
(VOCs). 

Background, Motivation an Objective
Conventional gas chromatography (GC) is 
known for its high accuracy and versatility in 
analyzing complex mixtures of chemical com-
pounds having similar physicochemical proper-
ties. However, they are expensive, bulky and 
require high power, making them unsuitable for 
field-portable applications. Therefore, there is a 
clear need for economical, compact, and ener-
gy efficient alternatives that can provide compa-
rable performance [1]. Recently, there has been 
an increase in effort to fabricate µ-GCs on a Si 
substrate using a simple Lift-off process. This 
approach enables the fabrication of miniature 
columns with precise control over dimensions 
and geometries, which may facilitate an efficient 
separation of target compounds. However, this 
method involves microsystems processing, 
which is costly and time-consuming for low vol-
ume applications. Here we are using a low-cost 
3D printer (Elegoo Mars 4 Ultra) that can write 
micro-channels into a plastic resin in less than 
an hour. 

One of the proposed applications of a portable 
µ-GC system is in plant pest control, which in 
turn could lead to the reduction of pesticide use. 
Plants emit specific volatiles when diseased or 
attracted by pests and one of identified com-
pounds, 2-methyl butanol, is used for prelimi-
nary characterization of the proposed 3D print-
ed µ-GC. 

Design, Fabrication and Methodology
In this preliminary study, we have made a rela-
tively short column length of 1.2 m (see Figure 
1). The overall dimensions of the printed µ-GC 

substrate are 40mm × 40mm × 5mm (length, 
width, and height) with a channel length of ap-
proximately 1.2 m, width of 0.5 mm, and depth 
of 0.4 mm. The channel walls were injection 
coated with an OV-1 stationary phase and the 
substrate sealed with 1.0 mm thick polyethylene 
terephthalate (PET) sheet. The µ-GC perfor-
mance was investigated by employing Scio-
Sense ENS161 metal oxide gas sensors before 
(S1) and after (S2) the µ-column (see Figure 2). 
2-methyl butanol was chosen to assess the per-
formance of the fabricated µ-GC column. Upon
exposure to 2-methyl butanol, S2 showed de-
layed and reduced magnitude response curves
as compared to S1 indicating that the com-
pounds are affected by the OV-1 film. The vari-
ation in S2 response can be utilized to calibrate
the µ-GC for different compound molecules.

A photograph of the entire designed column is 
shown in Figure 1(a) together with an insert 
revealing the channel dimensions and shape. 
Figure 1(b) shows the final OV-1 coated and 
fully sealed 3D printed µ-GC. 

The µ-GC coating was prepared by first dissolv-
ing 0.025g of OV-1 in 5 ml of dichloromethane. 
The solution was then injected into the channel 
while the µ-GC substrate was placed on top of 
a hotplate set to 45oC. Afterwards, UV resin 
was spun coated on PET substrate and placed 
on the channel surface for sealing. The device 
was then tested for leaks before final assembly 
into the prototype system. Figure 2 depicts the 
µ-GC setup, comprising the two sensor cham-
bers housing metal oxide sensors, the fully 
sealed µ-GC column, and a microcontroller 
(Feather TFT: ESP32-S3).  In this arrangement, 
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the target VOCs pass first through the S1 
chamber, then the µ-GC column, and finally the 
S2 chamber, while the microcontroller continu-
ously monitors the resistance change of both 
sensors over time. 

 
Fig. 1. (a) CAD design (b) sealed µ-GC.  

 
Fig. 2. µ-GC based e-nose. 

Results and Discussions 
Fig. 3 shows the response of sensors S1 and 
S2 to the mixture of 0.7 ppm pulses of 2-methyl 
butanol and 0.2 ppm of ethanol as a known in-
terferant. Results indicate that OV-1 coated µ-
GC column absorbs the compounds and re-
leases them when dry air flows through the 
channel. This causes a delay and reduction in 
S2 response magnitude. As it can be seen from 
the enlarged image of the first cycle that the 
response and recovery time for S2 were de-
layed around 80 s and 50 s, respectively (see 
Figure 3(b)). On the other hand, the response 
magnitude for S2 was reduced by about 66% 
as compared to S1.  

Our preliminary results suggest that this highly 
economical 3D printed µ-GC column holds po-
tential for identifying different VOCs at PPM 
level. This cost-effective 3D printed µ-GC offers 
a promising method for quick onsite analysis of 
compound mixtures. The integration the µ-GC 
in front of a multi-sensor e-nose could enhance 
compound classification performance [2]. Fur-
ther work includes detailed parametric investi-
gations of coating thickness, optimum tempera-
ture, flow-rate, injection pulse width, and µ-
column dimensions, as well as advanced pro-
cessing of the time-dependent responses. 

 

 
Fig. 3. Two repeats of sensors’ response before 
and after OV-1 coated µ-GC column to 2-methyl 
butanol mixed with ethanol (a) at different ex-
posure time, and (b) first cycle enlarged re-
sponse curve. 
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Summary:

Herein, we report molecularly imprinted polymer (MIP) and non-imprinted polymer (NIP) thin films on quartz crystal 
microbalances (QCM) via in-situ polymerization to detect Engineered nanoparticles. This study focuses on 
controlling polymerization for controlling thickness in terms of optimal particle removal from the polymer. The 
sensing behavior of polymeric sensors using QCM is investigated by comparing MIP sensitivity against NIP and 
analyzing MIP selectivity based on particle properties.

Keywords: in-situ MIP, QCM measurement, Raft polymerization, Gold NPs, Magnetite NPs

Introduction
Detecting Engineered NPs (ENPs) is particularly
important due to their extensive application in 
biomedicine [1], environmental monitoring, and 
industrial processes. Established instrumental
techniques, such as single particle inductively 
coupled plasma mass spectrometry (SP-ICP-MS), 
are used to detect and characterize engineered 
nanoparticles (ENPs) in complex environmental 
matrices by measuring their concentration and size 
distribution[2, 3]. To address this, recent research 
has focused on approaches such as molecularly 
imprinted polymers (MIPs). However, detecting 
nanoparticles requires depositing very thin films on 
device surfaces in a reproducible manner: they need 
to be thinner than the particle radius.

Synthesizing
To achieve this, we report on synthesizing MIP and 
NIP thin films in situ on Quartz Crystal Microbalances
(QCMs) using controlled radical polymerization,
namely Reversible Addition-Fragmentation chain 
Transfer (RAFT). Methyl methacrylate (MMA) and 
EDGMA were used as the monomer and cross-linker 
in a molar ratio of 1:1. Herein, 4-Cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPA) was 
chosen as the RAFT agent because of its high 
reactivity with acrylic monomers.
Here we mainly focused on imprinting gold NPs 
(GNPs) and magnetite NPs (MNPs) in the size range 
of 20–70 nm. For that purpose, it is essential to 
characterize polymer growth in situ as a function of 

polymerization time (PT) to control the thickness of 
polymer layers. During sensor measurements,
QCMs served to assess the binding affinity of in-situ 
MIP films by comparing it against the corresponding 
non-imprinted polymers (NIPs) when detecting 
ENPs. To completely characterize the systems, the
selectivity behavior of MIPs was studied based on 
different particle cores, shells, and particle sizes,
respectively.

Results
The polymer height is investigated using a network 
analyzer based on the change in resonance 
frequencies of QCM electrodes before and after 
polymerization for NIP. As illustrated in Fig. 1,
polymer growth was measured for two series of NIP 
samples over 7 hours. The results indicate that 
maximum growth of NIP occurred between 2 to 6 PT. 
The polymer thickness reached the optimal height of 
10 nm after 4 hours of polymerization.

Fig. 2 shows the AFM images of gold MIP surfaces 
after removing NPs, confirming successful imprinting 
of 75 nm GNPs onto the MIP surface without polymer 
overgrowth. The AFM height profiles of two different 
particle spots (1,3) display cavities in the polymer 
surface aligning well with the size and shape of 
GNPs.
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Fig. 1. Growth of polymer thickness as a function of a 
polymerization time (PT=1-7 hours) for NIP  

 

Fig. 2. Left-hand side AFM images of GNPs MIP surface 
after polymerization and particle removal. On the right-hand 
side profile of the particle and cavity size. 

After successful imprinting, the NPs are removed 
from the polymer and leave behind cavities that 
selectively bind to the target NPs. MNPs removal was 
facilitated by a magnet, while for GNPs, the outer 
layer of NPs covered with 16-MHDA instead of PVP 
shell as a hydrophilic layer, ensuring effective 
washing off from cavities. Table 1 summarizes the 
responses average of MNPs MIP and the respective 
measured signals of NIP channels in 2mM citrate 
buffer as the background at c= 6e15, 3e15, 1.5e15, and 
7.5e14 n/L, respectively. The corresponding limit of 
detection is around 8.25e13 n/L NPs based on the 
noise of the bassline and slop of MIP sensor 
characteristics. 
Table 1. Sensor responses of both MNPs MIP and NIP 
sensors, at listed concentrations on QCM. 

MNP 
concentration 

(n/L) 

Average 
signal of two-
MIP channels 

(Hz) 

Average 
signal of two-
NIP channels 

(Hz) 

6e 15 -550 -180 

3e15 -271 -78 

1.5 e15 -137 -35 

7.5e14 -68 -12 

 

Alternatively, the surface of MIP was characterized 
using AFM to verify the binding of the MNPs directly 
into the cavities. 

 
Fig. 3. The right-hand side AFM image is the MIP surface 
after MNPs removal and washing the polymer surface, Left-
hand side AFM image of the MIP surface after rebinding 
MNPs to the MIP surface. 

Selectivity studies revealed that the binding process 
of NPs is controlled by their shell properties, such as 
zeta potential, pH, and functional groups, while 
sensitivity strongly relies on the respective core 
materials. The selectivity factor of the MNPs-PVP 
sensor against its PVP stabilizer is approximately 9.3. 
Moreover, the imprinted MNPs-PVP film 
demonstrates high selectivity against MNPs with the 
same diameter but with an oleic acid shell, with a 
relative selectivity of only 14% compared to the 
MNPs-PVP sensor response. The MNP MIP sensor 
exhibits selectivity factors of approximately 67% and 
6% against 20 nm and 60 nm SiO2 NPs with silanol 
surfaces, respectively. Similarly, against 20 nm and 
40 nm TiO2 NPs containing surface hydroxyl groups, 
the corresponding selectivity factors are 48.1% and 
15%, respectively. These results underscore the 
significant size and shell selectivity of the in-situ 
synthesized MIP. However, when competitor NPs 
and target NPs share the same size, these factors 
are inherently lower. 
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Summary:
Advances in combustion-aerosol gas sensors enable today mobile health monitoring, on-site food 
safety assessment and air quality tracking to immediately alert people of potential hazards. This 
presentation will discuss examples of sensors made by combustion aerosol technology highlighting 
their distinct advantages over traditional wet chemistry processing. These advantages are traced to 
combustion’s steep temperature gradients and high particle concentrations during sensing particle 
formation and film deposition. Finally, sensor systems (arrays and filters) and their integration into 
devices with validation under realistic conditions is presented.

Keywords: Chemoresistive sensor, Gas sensor, Nanotechnology, Porous films, Inorganic materials

Flame-made gas sensors enable today hand-
held devices [1] for mobile health monitoring, 
on-site food safety assessment and air quality 
tracking to immediately alert people of potential 
hazards. Therein, combustion aerosol technol-
ogy has distinct advantages for the assembly of 
chemoresistive gas sensors compared to their 
traditional wet chemistry synthesis. These ad-
vantages are traced to combustion’s steep 
temperature gradients and high particle concen-
trations during sensing particle formation. This 
gives direct access to a plethora of material 
compositions (e.g. metastable phases, solid 
solutions, mixed oxides) and fractal-like porous 
but rigid structures that can lead to unique sen-
sor selectivity, sensitivity and stability along with 
short response and recovery times [2].

The characteristics of sensing films and their 
operation determine the performance of gas 
sensors. Figure 1 summarizes the assembly of 
flame-made gas sensors. Conventionally they 
are put together using flame-made metal-oxide
particles collected on filters. Then, such 
particles are suspended in fluids to form slurries 
or pastes that are screen-printed, doctor-
bladed, drop- or spin-coated onto sensor 
substrates followed by drying and stabilization 
annealing to form the sensing films. 
Alternatively, such films are assembled by fla-
me-aerosol deposition onto sensor substrates 
bypassing all wet-chemistry steps. These films 
are grown by combustion of appropriate 
precursors and deposition of either molecular 
clusters (i.e., Combustion Chemical Vapor 
Deposition) or particles. During such deposition, 

the electric resistance of the sensing film can 
be measured online to optimally determine its 
thickness and interconnectivity [3].

Fig. 1. Gas sensing films by flame-made noble metal / 
metal oxide particles and their wet chemistry deposi-
tion or flame aerosol deposition to sensing substrates 
with optional resistance monitoring and even in situ 
reduction (e.g. with H2) - conversion to non-oxide films. 
Adapted from [1]. 

An inherent limitation of flame-made gas sen-
sors is their limitation to metal-oxides due to the 
oxidizing flame environment. Here, I will discuss 
how such metal-oxide films can be converted to 
metal bromides, sulfides or nitrides by post-
deposition exposure to reactive gas atmos-
pheres, while preserving the porous architectu-
re of flame-aerosol deposited films (Figure 2). 
This opens new avenues for unique sensing 
performance, even at room temperature [4].

In this presentation, recent advances on the 
design of gas sensors based on metal-bromide 
(e.g., CuBr) and -nitrides will be presented that 
enable the quantification of air pollutants like 
NO2 and NH3 down to few part-per-billion con-
centrations at high relative humidity. We will 
elaborate on film morphology and material 
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composition effects and discuss structure-
function relationships. 
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Fig. 2. XRD patterns of powders (a-b) and when de-
posited as film (c) by flame spray pyrolysis as-prepared 
(a), after the dry reduction (b) and bromination (c) 
together with top-view SEM images of the correspond-
ing films (d-f). Note that a and b were obtained from the 
powders as the XRD signals of the actual films were 
too weak. Reference peak positions for monoclinic 
CuO (squares), cubic Cu (circles), cubic CuBr (dia-
monds), monoclinic CuBr2 (triangles), cubic Pt (stars) 
and rhombohedral Al2O3 (crosses) are indicated to-
gether with crystal sizes of CuO (a), Cu (b) and CuBr 
(c), as calculated by Rietveld refinement from the XRD 
patterns. Note that the Pt and Al2O3 in c are associated 
to the substrate. Adapted from [2]. 
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Summary:
Co3O4-NiO nanocomposites at different molar ratios have been prepared using a simple sol–gel me-
thod. The composite were used as electrode materials for detecting L-tyrosine, modifying a screen 
printed electrode (SPCE). The electrochemical sensor response to L-Tyrosine (concentration-Tyr) in 
PBS pH=7.4 and at [0μM–100μM] has been investigated by using cyclic voltammetry (CV).Results 
obtained demonstrated that the composite Co3O4-NiO/SPCE sensors exhibit good electroanalytical 
performances, with a maximum of sensitivity exibited at a Co3O4:NiO ratio = 1. 

Keywords: Cobalt Oxide-Nickel Oxide nanocomposite, Tyrosine, Electrochemical sensor.

Introduction

Tyrosine (Tyr) is an aromatic amino acid critical 
to the synthesis of compounds such as neuro-
transmitters and melanin [1,2]. Abnormal Tyr 
concentrations in plasma/urine can also be 
used as a biomarker in the detection of various 
diseases like alkaptonuria, tyrosinemia, and 
liver disease [3]. Therefore, an easy quantifica-
tion assay of Tyr is critical. To attend this pur-
pose, researchers have developed numerous 
analytical methods. However, implementing 
such methods is expensive and complex, thus, 
the necessity of the development of a sensitive 
and low-cost platform for the determination of 
Tyr is mandatory.

In this study, Co3O4-NiO nanocomposites (NCs) 
are synthesized through the sol-gel method and 
employed to improve the detection of Tyr by 
means of electrochemical sensors, modified by 
NCs of different Co3O4-NiO ratios.

Materials and Methods
a. Co3O4-NiO preparation

The synthesis of Co3O4-NiO NC was carried out 
as follows: first, 1.19g of Co3O4 was dissolved 
in 10mL of hydrochloric acid (HCl) and conti-
nuously stirred at room temperature until the 

solution became transparent and uniform. 
Then, various quantities of pure nickel oxide at 
0.186 and 0.37g were dissolved in 2M citric 
acid (HOC (CO2H) (CH2CO2H)2) solution and 
stirred at room temperature till the solution be-
came transparent and uniform.
Subsequently, the Co3O4 and NiO solutions 
were mixed and placed on a heating plate at a 
temperature of ~350oC. The materials were fully 
burned, and, in this way, two samples were 
obtained with different Co3O4-NiO molar ratios. 
At last, the powdered samples were annealed 
in a glass furnace for 2 hours at 400oC.

b. Electrode preparation.
The modified SPCE electrodes are prepared by 
a simple drop-casting method with Co3O4-NiO 
NC. Herein, 1mg of Co3O4-NiO NC is dissolved 
in 1mL aqueous solution was assembled 
through the dispersion of 1 mg Co3O4-NiO NC
and ultrasonication for 1 hour.

a. Electrochemical tests.
The modified screen-printed carbon electrode 
(SPCE) were prepared by dispersing the NC
electrode materials on the working carbon 
electrode of SPCE platform (Metrohm-
DropSens). All electrochemical analyses were 
performed using a Metrohom Autolab galva-
nostatic potentiostat equipped with NOVA 2.1 
data acquisition software.
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Results and Discussion  
XRD patterns are depicted in Figure 1. Reflec-
tion peaks of NiO and Co3O4 are observed in 
the diffraction patterns oft he composite samp-
les, indicating they are through composites.     
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig.1. XRD spectra of pure NiO (black line), 
pure Co3O4 (red line), Co3O4-
NiO(1.0wt%;0.5wt%) (blue line), and Co3O4-
NiO(1.0wt%;1.0wt%) (pink line)  

 
 

a. Electrochemical Tests 
 

The L-Tyr determination is performed by 
voltammetric technique at different concentrati-
ons (see Figure. 2a) to compare the sensitivity 
of the modified electrodes Calibration curves 
are plotted and presented in Figure.2b, showing 
that the composite Co3O4-NiO/SPCE sensors 
exhibit good electroanalytical performances, 
with a maximum of sensitivity exibited at a 
Co3O4:NiO ratio = 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure.2. a) CV test in PBS solution containing 
L-Tyr (0μM-200μM) at 50mV/s scan rate on (a)  
Co3O4LNiO (1.0wt%:0.5wt%) and d) the calibra-
tion curve. 
 
Conclusion 
Co3O4-NiO NCs have been synthesized suc-
cessfully via the sol–gel method .XRD, SEM 
and EDX measurements indicate a NC struc-
ture and the presence of crystalline metal oxide 
nanoparticles. More studies are to be done in 
order to optimize the synthetic approach to 
improve the quality of Co3O4-NiO doped films, 
which to the best of our knowledge may re-
present a new electrode material for electro-
chemical sensing applications.  
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Summary:
Silver-based materials show a great potential to be applied in sensors due to their optical, electronic, 
and chemical properties. In this work, we report the use of a zeolite framework modified with silver 
ions as a colorimetric sensing array for the detection of chlorogenic acid (CGA). The detection was 
done by digital image colorimetry (DIC) based technique integrated with a smartphone.  Red, green, 
and blue (RGB) was able to monitor CGA in the range of 1 – 20 mg L-1. with the limit of detection 
(LOD) of 0.39 mg L-1.

Keywords: polyphenol, coffee, smartphone, zeolite, silver.

Background, Motivation an Objective
Coffee is one of the most widely consumed 
drinks in the world and is a commodity with high 
production and significance. The coffee beans 
are obtained after washing stages to remove 
impurities, drying, and peeling the skin. Wetting 
rote eliminates coffee compounds, increasing 
the quality of the final bean [1]. The elevated 
abundance of CGA makes this polyphenol an 
indicator of the polyphenols and quality prod-
ucts [2]. Colorimetric sensors are a promising 
alternative, in which the color change occurs by 
analyte and sensor array interaction turns easy 
visual monitoring [3]. Silver-based materials are 
highly suitable for sensor platforms to electrons 
on the surface interacting with electromagnetic 
radiation in the visible spectrum region (400 
nm). Thus, the target molecule promotes a sur-
face modification accompanied by a change in 
color [4]. A colorimetric sensor applied to CGA 
polyphenol has yet to be fully elucidated [5],
making further studies necessary. Therefore, 
this study aimed to evaluate a sensor based on 
faujasite zeolite with a surface modified with 
Ag+ ions (AgFAU) as a colorimetric sensor for 
detecting the polyphenol CGA.

Description of the New Method or System
The colorimetric detection was performed by 
using a FAU-Ag dispersion (1 mg mL-1) in sodi-
um carbonate/bicarbonate buffer (pH 10.7). 
Different concentrations of CGA (1, 2.5, 5, 7.5, 
10, 15 and 20 mg L-1) were added to the FAU-

Ag dispersion. RGB color detector smartphone 
APP was employed to obtain the color space 
parameters R (red), G (green), and B (blue) for 
statistical analyses. The photos were taken 
using a portable mini studio box (InstaFold) with 
cold white LED6000L lighting and defined di-
mensions (38 cm height, 36 cm length, and 39 
cm depth). The box has an upper opening ac-
commodating the cell phone and a fixed work-
ing distance. Hence, the object images were 
protected from the external environment's illu-
mination. 

Results
The optical behavior of the AgFAU in the pres-
ence of GCA at different concentrations 1 – 20 
mg L-1 (0 to 56 µmol L-1) is exhibited in Figure 4. 
As can be noted, the color changed from yellow 
to brown as the concentration of GCA in-
creased. 

Fig. 1. FAU-Ag solution color by CGA concentra-
tion 

Figure 2 shows that the R and G parameters 
best fit found was the cubic model with R² of 
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0.99282 and 0.98827, respectively. The best fit 
for the B parameter was the quadratic model 
with an R² of 0.90377. LOQ media was 1.3 ± 
0.5 mg L-1, being closest to the experimental 
result of 1 mg L-1 CGA, showing an adequate 
approach. 

 
 

Fig. 2. Quantitative measurements of the CGA 
analyte from partial least square regression (PLSR) 

PCA analysis shows a high dispersion at 50x 
dilution in the reproducibility of the analyzed 
samples. 
 

 
Fig. 3. PCA statistical analysis 

 

This possible oxidative mechanism is also cor-
related to reactive groups in CGA molecule 
from hydroxyl radicals generated, causing the 
electron transfer. In general, phenols are asso-
ciated to Fenton reactions showing as scagger-
ing radicals (hydroxyls), maintained in a resso-
nance structure. As consequence, the electron-
ic density is increased and free-radicals are 
avaliable to ion metal  redox [6].  
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Summary:
The article describes an instrument and a method for the characterization and validation of devices for 
instrumental odor measurement, especially miniaturized devices based inexpensive sensors. For this 
purpose, a test environment has been developed based on a combination of gas chromatography -
mass spectrometry, odor measurement using olfactometry and sensor characterization. The system 
enables the connection of various gas sensors in a heated test chamber, which can be operated with 
an additional make-up gas flow. This allows testing conditions close to typical operating conditions,
which is important for many sensor types e.g. metal oxide gas sensors. Our systems can measure
rate constants for the kinetic processes on the sensor surface very efficiently allowing the modelling of
virtual multi-sensors array using temperature-cycled operated (TCO). In this way, an optimized system 
approach can be quickly determined, set up and tested.

Keywords: instrumental odor measurement, electronic nose, gas chromatography, gas sensors

Introduction
Devices for instrumental odor measurement, 
so-called electronic noses, have been known 
for over 50 years [1] and they perform a variety 
of tasks in quality monitoring of raw materials 
and finished goods as well as in the measure-
ment of odor emissions and environmental 
odors. Despite this success, the euphoria about 
these systems, especially in the 1990s, has not 
been fulfilled; small, inexpensive and fast sys-
tems still fall short in comparison to the human 
nose in terms of performance, especially when 
a large number of different odors are to be dis-
tinguished simultaneously. In addition, the train-
ing and calibration effort is very high. An effi-
cient method of calibration could be a coupling 
of GC-MS/O and sensor array, which can inte-
grate odor characterization and sensor charac-
terization. Even though Hofmann et al. [2] de-
scribed such a system as GC-SOMSA almost 
25 years ago, it has not been used frequently.
One reason is, that for many sensors the re-
sponse to short gas pulses differs significantly 
from the response to static test gases. Another 
reason is that sensors are frequently operated 
in dynamic conditions, such as TCO to improve 
sensitivity and selectivity [3]. Therefore a sole 
measurement with a GC-SOMSA is not suffi-
cient for a device characterization.

Recently we have demonstrated that a rate 
constant model is capable to predict the per-
formance of sensors with TCO [4] and that 

short gas pulses can be used to determine the 
rate constants [5]. With this model it is possible 
to get a full characterization using a GC-
SOMSA device and a small set of characteriza-
tion measurements.

System concept
The test instrument (Figure 1) is based on a 
commercial GC (Thermo Scientific Trace 1610,
Thermofisher) with mass spectrometer (Thermo 
Scientific ISQ 7610 Single Quadrupol Mass 
Spectrometer) equipped with an odor detector 
port (ODP). In parallel to the ODP a sensor port 
(SP) is connected in a split ratio of 1:1 between 
these ports.

Figure 1: Schematic of the GC-SOMSA system 
modified after [1]

The transfer line to ODP and SP can be heated 
up to 200 °C to avoid condensation of semivola-
tiles. The sensor port is equipped with a heating 
cartridge, which allows a respective heating of 
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the sensor port. However, the temperature will 
be restricted by the thermal stability of the sen-
sor electronic, which is separated only by a thin 
insulating layer of Teflon. The maximum tem-
perature needs, therefore, to be tested for each 
type of sensor device. For integrated devices it 
is typically restricted to 100 °C. The chamber 
can be flushed with a make-up gas flow e.g. of 
synthetic air in the range between 0-20 sccm. 

 
Figure 2: picture of the sensor port equipped with two 
sensor electronics  

 

Sensor model 
Metal oxide gas sensors can be described by a 
set of rate equations for the desorption and 
adsorption of gases at the surface. In typical 
operating conditions (low concentrations reduc-
ing gases in air) adsorbed oxygen is the most 
important species and the rate equation for the 
adsorption and desorption of oxygen can be 
used to model the sensor system. However, the 
rate for the desorption of oxygen is modulated 
by all reducing compounds, which is the case 
for most odorants. The desorption of oxygen is 
then modulated by the reaction with the reduc-
ing gas, which can typically exceed the sponta-
neous desorption by orders of magnitude as 
demonstrated in [4]. On the other hand the re-
adsorption of oxygen is a relatively slow pro-
cess which can be decoupled form the gas 
reaction. We have be demonstrated that at low 
operating temperature e.g. 50 °C no significant 
re-oxidation of the surface occurs over a period 
of several minutes. At higher temperature the 
processes still can be separated e.g. by forming 
the derivative of the sensor signal as long as 
the oxygen adsorption/desorption has a higher 
time constant as the reaction of oxygen with 
reducing gas.  

Discussion 
The development of electronic nose could profit 
from the recent advances in sensor integration 
as highly integrated gas sensor devices [6] 
enabling temperature-cycled operation at very 
low costs per item are available. However, sys-
tem characterization and validation is often very 
costly and inhibit the use of those devices. To 
address this shortcoming, we have described of 
system and process for the characterization 
and validation of instrumental odor measure-
ment devices and combined it with a recent 
model for gas sensors in temperature-cycled 
operation. This regenerates a very powerful tool 
for the development of new application specific 
solutions for odor measurement. The system is 
not only limited to this application, but can also 
be utilized for the development of small sensor-
GC systems. 
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Summary:

A potentiometric high concentration hydrogen sensor including a Pd-Pt composite electrode was 
fabricated by combining a Pt electrode and a Pd nanoparticle layer. The hot-pressing method was used 
to manufacture a multilayer structure of Pt electrode/Nafion electrolyte/Pt electrode. Pd nanocolloids 
were synthesized using Pd powder and a solvent, and then coated on the upper Pt electrode to form a 
Pd nanoparticle layer. The fabricated sensor showed a fast and stable response in the hydrogen 
concentration range of 70 to 100%, enabling monitoring of hydrogen fuel used in fuel cell vehicles.

Keywords: hydrogen sensor, palladium, nanoparticle, composite electrode, fuel cell

Introduction
Net-zero carbon emissions policies enhance the 
development of hydrogen-related technologies.
Detecting hydrogen leaks and measuring 
hydrogen concentrations are essential for 
hydrogen production, storage, and transportation
[1]. Current hydrogen sensor technology focuses
on detecting hydrogen leaks at the ppm level.
However, it is not suitable for accurately 
monitoring high concentrations of hydrogen gas. 
In particular, hydrogen sensors to accurately 
measure the hydrogen concentration in hydrogen 
fuel cell vehicles, which ranges from 70 to 100%,
have not been commercialized [2].

There are various types of hydrogen sensors, 
including metal oxide sensors, piezoelectric-
based sensors, gas chromatography, and 
electrochemical sensors. Among them, 
electrochemical sensors are highly promising for 
practical applications due to their relatively simple 
structure and low power consumption.
Electrochemical sensors consist of an electrode-
electrolyte-electrode multilayer structure, and the 
catalyst within the electrode accelerates the 
electrochemical process. Palladium (Pd) can be 
used as another catalyst material together with 
platinum (Pt), the leading catalyst material, 
because hydrogen dissociation occurs on the Pd 
surface with a minimal activation energy barrier.
Thus, in this study, we fabricated a composite 
catalyst electrode structure by adding a Pd 

nanoparticle layer to the conventional Pt catalyst 
electrode. Its impact on the performance of 
potentiometric electrochemical sensors was 
examined by manufacturing high concentration 
hydrogen sensors. The resulting sensor exhibited 
a more stable response to high concentrations of 
hydrogen, compared to the sensor containing 
only the Pt catalyst.

Fig. 1. (a) Schematic diagram of a high concentration 
hydrogen sensor with a Pd-Pt composite electrode. (b) 
Plan-view image of a fabricated hydrogen sensor with
conventional Pt electrodes (no Pd nanoparticle layer).
(c) Plan-view image of a fabricated hydrogen sensor
with a Pd-Pt composite electrode.

Experimental
The Pd nanocolloid solution was prepared by 
mixing Pd powder and methyl isobutyl ketone 
solvent. Pd and methyl isobutyl ketone were 
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transferred to a cleaned small vial and stirred at 
20 rpm for 20 min to produce a 2 wt% Pd solution. 
The hot-pressing method was adopted to 
fabricate the hydrogen sensor. A multilayer 
structure of Pt electrode/Nafion electrolyte/Pt 
electrode was manufactured under the hot-
pressing conditions (temperature, time, pressure) 
of 60 C, 60 sec, and 2 Mpa. The Pt electrode 
containing carbon paper coated with Pt-carbon 
black were purchased from a commercial 
material supplier (NARA Cell Tech). In order to 
form external terminals, metal tape was attached 
to the upper Pt and lower Pt electrodes, and the 
multilayer structure was sealed with epoxy, 
excluding the surface of the upper Pt electrode. 
The hydrogen sensor was completed by applying 
Pd solution on the Pt electrode and drying it. 

Results 
Fig. 1(a) shows a schematic diagram of a high 
concentration hydrogen sensor with a Pd-Pt 
composite electrode. The epoxy separates the 
lower counter electrode from the outside, allowing 
only the upper working electrode to respond to 
hydrogen. Fig. 1(b) and 1(c) show the hydrogen 
sensors manufactured using conventional Pt 
electrodes and a Pd-Pt composite electrode, 
respectively. As shown in Fig. 1(c), the color of 
the upper electrode appears dark black due to the 
coating of a Pd nanoparticle layer on a Pt 
electrode. 

The hydrogen sensor operates based on the 
principle of a concentration cell. The hydrogen 
sensor is divided into a working electrode 
exposed to high concentration hydrogen gas and 
a counter electrode separated from the outside 
with epoxy. Since hydrogen dissociation occurs 
actively in the working electrode, hydrogen 
concentration can be measured by the 
electromotive force generated by the difference in 
hydrogen activity between the two electrodes. 

Fig. 2(a) shows the voltage response of a 
hydrogen sensor employing only Pt electrodes, 
periodically exposed to pure hydrogen and 
nitrogen gases. When the sensor is exposed to 
pure hydrogen gas (100% H2), significant 
fluctuations, in which the voltage drops to 
approximately 20 mV and then increases 
rapidly, occur. Fig. 2(b) shows the voltage 
response of a hydrogen sensor employing a Pd-
Pt composite electrode. Unlike the previous result 
in Fig. 2(a), no fluctuations are observed and the 
sensor shows a stable voltage response. Pd 
activates the adsorption of oxygen ions, resulting 
in the reaction of hydrogen and oxygen ions to 
form H2O [3]. Oxygen ions are formed from 
residual oxygen gas in the sensor measurement 
system. Thus, the use of Pd is thought to prevent 
voltage fluctuations by reducing a transient 

overshoot in hydrogen ion concentration during 
hydrogen injection. The T90 response time of the 
sensor is very fast, less than 10 seconds. 

Fig. 3(b) shows the voltage response of a 
hydrogen sensor for a gas mixture of 70% 
hydrogen and 30% nitrogen (70% H2). The 
electromotive force at a hydrogen concentration 
of 70% is smaller than that at a hydrogen 
concentration of 100% (Fig. 3(a)), and the 
electromotive force difference for the two 
concentrations is 11.6 mV. This indicates that 
hydrogen gas in fuel cell vehicles with a 
concentration ranging from 70 to 100% can be 
effectively monitored using the hydrogen sensor 
based on Pd-Pt composite electrode. 

 
Fig. 2. Response curves of hydrogen sensors with 
different electrodes: (a) conventional Pt electrodes, (b) 
Pd-Pt composite electrode. 

Fig. 3. Response curves of a hydrogen sensor with a 
Pd-Pt composite electrode, exposed to different 
hydrogen concentrations: (a) 100%, (b) 70%. 
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Summary:
γ-butyrolactone (GBL), a substance commonly used in various industries, has gained notoriety as a 
drug-facilitated sexual assault (DFSA) agent due to its rapid conversion to γ-hydroxybutyric acid
(GHB) in human metabolism. The increasing illicit use of GBL has led to the development of assays 
for its rapid detection, thereby stimulating interest in optical sensors able to detect it. Herein we pre-
sent a new fluorescent chemosensor that has been developed for the fast and reliable detection of 
GBL in saliva and soft drinks as well as alcoholic beverages.

Keywords: GBL, optical chemosensor, GHB, naphthoxazole, fluorescein

Background, Motivation and Objective
γ-butyrolactone (GBL) is a chemical substance 
that is commonly used as a solvent or additive 
in the manufacture of fertilizers, herbicides and 
pharmaceuticals. In recent years, it has been 
employed as a drug-facilitated sexual assault 
(DFSA) agent [1]. Following its oral intake, GBL 
is rapidly metabolized into γ-hydroxybutyric acid 
(GHB), one of the most used drugs in chemical 
submission assaults due to its sedative effect 
on the body [2]. The increasing illicit use of GBL 
has prompted us to develop simple yet sensi-
tive assays for its in situ detection in alcoholic 
and soft drinks, as well as in biological matrices 
such as saliva.
Previously, we reported two new optical probes 
based on the naphthoxazole core to detect
GHB in real-time in real samples of soft drinks 
and alcoholic beverages and saliva [3]. This 
discovery prompted us to design a fluorescent 
chemosensor to further increase the sensitivity 
and selectivity in the detection of GBL in saliva 
and in alcoholic beverages. The chemosensor 
is based on a fluorescein derivative in which a 
naphthoxazole ring is present. 

Description of the New Method or System
To synthesize this new fluorescent chemosen-
sor, 3-Amino-2-naphthoxazole was reacted with 
fluorescein-5-isothiocyanate and triethylamine 
to form the corresponding thiourea. Next, tet-
rabutylammonium iodide and hydrogen perox-

ide were added to form the corresponding 2-
aminonaphthoxazole (see Figure 1).

The application of basic medium results in the 
activation of the lactone present in the fluores-
cein moiety of the new chemosensor, thereby 
initiating the generation of a fluorescent signal. 
From there, the acid-base properties of GBL 
are harnessed to induce a quenching of the 
fluorescence of the chemosensor (see Figure 
2). 

Results
The detection of GBL was conducted in aque-
ous media, saliva, and soft drinks/alcoholic
beverages. A qualitative detection limit could be 
established visually in both aqueous media and 
saliva. Furthermore, optimal conditions for the 
detection of GBL in alcoholic beverages have 
been identified.

Illustrations, Graphs, and Photographs

Fig. 1. Structure of the fluorescent chemosensor 
used in the detection of GBL.
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Fig. 2.  ON-OFF fluorescence change observed 
under UV light of the chemosensor in the presence of 
GBL. 
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Summary:
Lithium-ion batteries (LiB) are used nowadays in a large number of applications, from electric vehicles 
to mobile phones and laptops, among others. The hazard of the operation of the LiBs is their thermal 
runaway, which can give rise to fire and explosion. Prior to these processes and while the battery is 
degrading, toxic and flammable gases are generated, whose detection could help in reducing the haz-
ards. In this work, we synthesize conductive metal-organic frameworks (MOFs) and we prepare and we 
test them as room-temperature chemoresistive sensors for CO2, CH4 and H2.

Keywords: chemoresistive gas sensors, metal-organic frameworks (MOFs), tryphenylene, lithium-ion 
batteries, thermal runaway

Background, Motivation and Objective
Lithium-ion batteries (LIBs) are used nowa-

days in a large number of applications, like elec-
trical vehicles, laptops, mobile phones, … From 
the safety point of view, the major risk of LiB is 
their potential thermal runaway due to over-
charging, internal/external short circuiting, and 
thermal failure, which can give rise to fire and ex-
plosion. During the initial stages of these runa-
way processes and before any reduction in the 
output voltage can be detected, the battery emits 
toxic and flammable gases, mainly CO2 and H2,
but also CO, CxHy and VOCs [1]. Detecting these 
gases at an early stage could help in preventing
the mentioned hazards.

Chemoresistive gas sensors based on metal 
oxides are known for more than 50 years and 
present high sensitivity to several gases, low 
cost, small size, easy operation and integration 
capabilities, but usually require high operating 
temperatures, making them not suitable for their
integration into batteries. Promising results of 
chemoresistance at room temperature (RT) op-
eration has been obtained with a specific family 

of metal-organic framework materials (MOFs),
those based on triphenylene ligands [2,3]. In this 
work we will present the results of chemoresis-
tive gas sensor fabrication and their response to
several of the gases relevant in LiB degradation.

Methodology
For the formation of the MOF, hexahydroxy-

triphenylene (HHTP) has been used as the lig-
and and has been mixed with different metallic 
salts of cupper or nickel, following a modified 
route to the one described in [3]. The resulting 
black powder was collected by centrifugation, 
washed several times with distilled water and 
ethanol, and dried under nitrogen flow. These 
powders were structurally and chemically char-
acterised to confirm the MOF formation and the 
crystalline nature.

For the fabrication of the resistive devices,
the MOF powder was dispersed in water and 
drop casted onto either fused silica or oxidised 
silicon substrates containing interdigitated Cr/Au 
electrodes, which were fabricated using photoli-
thography, metal deposition and lift-off pro-
cesses. These devices were first electrically 
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characterised at room temperature to determine 
their I-V characteristics. The devices were next 
introduced in a self-designed gas tight chamber 
and were exposed to different pulses of the 
gases of interest, diluted in dry air, while their 
electrical resistance was monitored.  

Results and discussion 
The structural characterisation confirmed the 

crystalline nature of the MOFs, with typical pore 
size in the range of 1.9 to 2.1 nm, while the over-
all crystallite size is in the range of few to several 
hundreds of nanometres. 

The chemoresistive sensing behaviour of 
these devices is demonstrated by exposing, e.g., 
to a pulse of 150 ppm of CO2 diluted in dry air, 
as presented in Figure 1, showing a resistance 
increase of about 2%, while the baseline re-
sistance is almost recovered after removal of the 
gas. This suggests some poisoning of the sen-
sors during operation, which is consistent with 
the high absorption properties of this material, 
which is largely investigated for CO2 capture [4]. 

The complete gas sensing response of the 
devices will be presented and discussed during 
the presentation. A critical discussion of the fea-
sibility of these devices for early thermal runa-
way detection in LiB will be carried out.  

 
Fig. 1. Resistance variation of a Cu3(HHTP)2 MOF 
in the presence of 150 ppm of CO2 diluted in dry syn-
thetic air. 
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Summary:
We have realized a multi-gas sensor array, which employs 4 different sensor materials: bare SnO2,
and CuO films, and SnO2, and CuO films, functionalized with Ag- and Cu-nanoparticles. The sensors 
have been screened towards 6 specifics get gases (CO2, CO, NO, acetone, NH3, specific hydrogen 
carbide mixture) which are relevant for air quality monitoring in the harsh environment of mines. The 
sensing materials show specific response to the test gases, which enables an identification of the test 
gases by adjusting the operation temperature and applying a proper calibration method.

Keywords: metal oxide, nanomaterials, nanoparticles, gas sensors, sensor array

Introduction
Indoor air quality (IAQ) monitoring plays an
important role in public health and well-being, 
Poor IAQ has been linked to a variety of health 
issues ranging from transient discomfort and 
headache, to respiratory diseases and cardio-
vascular problems. In particular in harsh envi-
ronment, such as industrial settings or mines, 
AQ monitoring is key to maintain a safe working 
environment.

Conductometric gas sensors, which rely on 
changes of the electrical conductance of a gas 
sensitive material due to the surrounding gas,
are very good candidates for IAQ. Mostly, metal 
oxides (MOx) like SnO2, ZnO or CuO are used 
because of their high sensitivity to a large varie-
ty of gases [1]. For AQ, however, selectivity –
the property to distinguish a single target gas 
out of a gas mixture – is a most important issue. 
A very promising approach to achieve a high 
degree of selectivity is to functionalize the sur-
face of MOx sensors by metallic nanoparticles 
such as Au, Pd, or Pt [2, 3].

We have realized a 4 x multi-gas sensor array,
which employs 4 different sensor materials:
bare SnO2, and CuO films, and SnO2, and CuO 
films, functionalized with Ag- and Cu-
nanoparticles. The goal of this sensor array is 
to monitor the AQ in the harsh environment of 
mines. Hence, the sensors have been screened 

towards 6 specifics get gases: CO2, CO, NO, 
acetone, NH3, and a hydrogen carbide mixture 
(HCmix, equal mixture of 500 ppm of acetylene, 
ethane, ethene and propene). Table 1 lists the 
target gases relevant for AQ in mines and in-
cludes the required measurement range as well 
as the maximum workplace concentrations.

Sensor Fabrication
SiN-based micro-hotplate chips incorporating a
heating structure (up to 500°C) and electrodes,
have been used as carriers for the sensing
films. The sensors are fabricated as follows: 
First, a negative lift-off resist mask is structured 
by photolithography. Then the chips are coated 
with 50 nm SnO2 and CuO, respectively, using 
reactive magnetron sputtering. This is followed 
by a lift-off process to structure the sensing 
films into a circular shape (diameter 450 µm) 
and an annealing process at 400°C in dry syn-
thetic air. Finally, two out of four sensors are 
functionalized with Ag, and Cu nanoparticles via 
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magnetron sputter inert gas condensation. The 
4 chips are mounted on a Kyocera socket, wire 
bonded, and form the multi-gas sensor array. 

Sensor characterization and results 
All sensors have been characterized simultane-
ously in an automated gas measurement setup. 
Synthetic air, with controlled humidity (25% and 
75% rh), serves as the background gas. The 
target gases are subsequently introduced into 
the setup for 5 min at low concentration 
(500 ppm CO2, 5 ppm CO, 1 ppm NO, 1 ppm 
acetone, 1 ppm NH3, and 5 ppm HCmix). After 
10 min in synthetic air, the target gases are 
introduced for 5 min at high concentration 
around the MAK limits (2500 ppm CO2, 25 ppm 
CO, 5 ppm NO, 5 ppm acetone, 5 ppm NH3, 
and 25 ppm HCmix). 

The relative resistance changes due to the in-
teraction with the test gas, i.e. the sensor re-
sponse S, has been calculated according to: 

   (1) 

where Rgas is the sensor resistance in the pres-
ence of the test gas and Rair is the sensor re-
sistance in pure synthetic air. 

 
Fig.1 Response of four sensors towards 6 test 
gases for low concentrations (300°C operation tem-
perature, 75% rh in background gas). 
In order to accurately identify the target gases, 
we analyzed sensor drift and developed a cali-
bration method to evaluate the sensitivity and 
selectivity of all devices. Fig. 1 presents the 
results for 4 sensor devices towards the 6 tar-
get gases at low concentration values at 300°C 
operating temperatures and 75% relative hu-
midity. The high humidity was chosen to simu-
late the humidity levels in mines. 

Discussion and Conclusion 
As obvious from Fig. 1 and Fig. 2, the different 
sensing materials show specific responses to 
the test gases, which enables an identification 
of the test gases. This demonstrates the poten-
tial of our sensor system in real-world environ-

ments where variations in temperature and 
humidity are common. Future work will focus on 
refining the calibration process to enhance ac-
curacy and reliability under varying environmen-
tal conditions, thereby improving the system's 
applicability for industrial and safety-critical 
applications. 

 
Fig.2 Response of four sensors towards 6 test 
gases for high concentrations (300°C operation tem-
perature, 75% rh in background gas). 
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Summary:
This work presents an innovative setup for simultaneous determination of (i) electrical gas sensor re-
sponse and (ii) uptake of target gas on sensitive material. Operating under atmospheric pressure and 
at 298K, it is designed to work under a wide range of gas flow, relative humidity and target gas con-
centration. Results validate the system effectiveness in monitoring gas uptake and sensor responses 
simultaneously, offering insights into physicochemical processes related to gas detection.

Keywords: Gas sensors, Conductive polymers, Ammonia detection, Polyaniline, Uptake quantification

Introduction and Objectives
The last decade has seen a growing interest for 
air quality, leading to different approaches de-
veloped to monitor air pollution such as sen-
sors. Among them, resistive sensors based on 
metal oxides or conductive polymers are prom-
ising for gas detection because of: (i) low limit 
of detection, (ii) high tunability and (iii) low 
manufacturing cost [1]. While these gas sen-
sors can achieve high sensitivity (ppt range), 
selectivity and high processability with low en-
ergy consumption [2], drivers of their perfor-
mances are still not fully understood [3]. Ad-
dressing accurately gas-sensor interactions 
could enhance the understanding of the physi-
cochemical parameters responsible for the limi-
tations of the sensors and facilitate their optimi-
zation. Indeed, this work proposes the devel-
opment of a new experimental setup for moni-
toring simultaneously sensors electrical re-
sponse and gas uptake on the sensitive materi-
al: the Cell for Atmospheric Pressure Uptake 
and SensINg Experiment (CAPUSINE). For the 
first time, quantification of the amount of gas 
(ammonia, NH3) taken up by a sensitive surface 
based on conductive polymer (doped polyani-
line, dPAni), is monitored under atmospheric 
pressure conditions, at 298 K, simultaneously 
with the sensor response. The developed setup 
is easily applicable to others sensing materials 
and gaseous species thanks to the ability of the 

analyser to monitor different types of gas, mak-
ing CAPUSINE a powerful tool to unravel inter-
actions between gases and sensors.

Material and Method
CAPUSINE, consists in four main parts: (i) gas 
generation system, (ii) sample cell, (iii) online 
reference analyser and (iv) gas sensors under 
study.

Gas generation system: Three drivers of the 
gas intake are controlled: (i) relative humidity 
(%) known to significantly affect sensor re-
sponse, (ii) target gas concentration (ppm) and
the (iii) gas flow (mL.min-1) which impacts the 
residence time of the gas in the sample cell.

Sample cell for uptake: The sample cell con-
sists of a ¼ inch steel tube, featuring sieve with 
a mesh size of 250 µm to prevent drift of pow-
der samples. Interestingly, specific surface area 
(SSA, m2.g-1) of the sensor material serves as a 
normalization factor for comparing results 
across different experiments. To limit gas inter-
actions with walls, treated steel (Sulfinert®, Sil-
cotek) is used. The geometry of the cell en-
sures thorough exposure of the material to the 
gas flow.

Analyser: SIFT-MS is used to monitor concen-
tration profiles of the target gas. SIFT-MS has 
low intake flow (30 mL.min-1), a high temporal 
resolution (1 measurement every 3 seconds)
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and an ability to monitor a wide variety of gase-
ous species without water interference. 

Gas sensors: To corelate the uptake of target 
gas on sensor electrical response, CAPUSINE 
is also equipped with two gas sensors based on 
the same material (Fig. 1): one upstream, lo-
cated in the sample chamber, and a second 
downstream, located just before the analyser 
(Fig. 1). The two sensors could allow for the 
corelation of uptake and sensor response and 
their measurements are also compared to the 
analyser. 

 
Fig. 1. CAPUSINE general description 

Results and Discussions 
A typical experiment conducted in CAPUSINE 
follows 4 steps (Fig. 2). (i) A fresh dPAni sam-
ple (50 mg corresponding to 1.5 × 10-3 m2) is 
placed in the sample cell and equilibrated with 
controlled relative humidity. (ii) The gas flow is 
redirected to the bypass, isolating the sample, 
and the gas of interest (NH3) is set to targeted 
concentration (2 ppm). (iii) Upon stabilization of 
pollutant concentration, the flow is switched to 
expose dPAni, initiating NH3 uptake. (iv) After 
reaching equilibrium ([NH3] is equal to the be-
ginning of step (iii)), the flow returns to the by-
pass for NH3 concentration control. The amount 
of NH3 taken up can be retrieved from integra-
tion of the area under NH3 profile from SIFT-MS 
(light blue area in Fig. 2). 

To validate that the observed uptake is solely 
attributed to dPAni, two experiments were con-
ducted. First, without any sensor neither dPAni, 
no change in NH3 signal occurred upon switch-
ing from bypass to the empty sample cell. Sec-
ond, with sensors but no dPAni, sensors took 
up, up to 8 × 1014 NH3 molecules in the first 10 
minutes, i.e. 1 % of NH3 molecules in the flow 
over this period of time and less than 3 % of the 

NH3 taken up by dPAni (Fig. 2). Hence, sensors 
used interacts negligibly with NH3, confirming 
that the observed uptake in Fig. 2 is mainly due 
to NH3 uptake on dPAni. 

 
Fig. 2. CAPUSINE experiment with dPAni and NH3, 
at 25% RH. 

As, dPAni is exposed to 2 ppm of NH3, it up-
takes 2.7 × 1016 molecules.cm-2 (Fig. 2). Nota-
bly, the downstream sensor response mirrors 
the uptake monitored by SIFT-MS. The same 
experiment can be repeated at different levels 
of humidity to observe the impact of water on 
uptake and sensor response. The impact of 
interfering gas species can also be explored by 
replacing or mixing NH3 with another gas. 

To conclude, CAPUSINE experimental setup 
enables simultaneous monitoring of gas uptake 
and sensor response within a realistic environ-
ment, with control over the relative humidity and 
gas phase composition. This innovative setup is 
expected to be able to provides deep insights 
into the physicochemical processes contributing 
to the response of resistive gas sensor. Thanks 
to its versatility, CAPUSINE is anticipated to be 
applicable to a wide range of solid gas sensors 
and capable of accommodating various gase-
ous mixtures. 
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Summary:
Additive fabrication techniques have opened new possibilities for the realization of sensors chambers 
of different shapes, to optimize performances. The objective of this work is to carry out a first experi-
mental study to evaluate the poisoning effect of some new materials on commonly use MOX sensors. 
Effects of PEEK, 3D Print Resin and Silicone on TGS2610 and TGS2611 is investigated. Gas sensors 
response to different calibrants is recorded before and after sensors’ exposition to the materials, result-
ing in reduction of the response for Silicone and Resin, while PEEK do not affect sensors’ response.

Keywords: chemical sensors, contamination, 3D Print, Resin, Silicone, Siloxanes, PEEK

Background, Motivation and Objective
Several studies show how the geometry and the 
fluid dynamics of gas sensor chamber affect the 
sensor responses, especially in terms of re-
sponse time, amplitude, and stability [1]. Nowa-
days, additive fabrication techniques like 3D 
printing have become more precise and afforda-
ble, and have opened up new possibilities for the 
realization of sensor chambers of different 
shapes, with the purpose of obtaining optimized 
performances according to the application. How-
ever, whenever introducing a new material, be-
sides considering safety issues, ease of pro-
cessability and cost, it is important to verify its 
compatibility with odour analysis. Some evalua-
tions regarding the inert behaviour and recovery 
of VOCs for different sampling materials have 
been included in the recent revision of the Euro-
pean Standard about dynamic olfactometry (EN 
13725:2022) [2]. In the specific case of e-nose 
applications, it is of fundamental importance to 
verify that the VOCs that are released by all the 
materials [3] used for the manufacturing of the 
sampling line and analysis system do not have a 
poisoning effect on the gas sensors.

In this context, the objective of this work is to 
carry out a first experimental study to evaluate 
the poisoning effect of some materials that are 
commonly used in biomedical devices, and that 
could potentially be used to design fit-for-pur-
pose sampling systems and sensors’ chambers 
for e-nose applications.

Description of the New Method or System
A dedicated setup was developed to specifically 
investigate the poisoning of some commercial 
MOX sensors (i.e., 5 TGS2610 and 5 TGS2611, 
Figaro Inc., Osaka, Japan) towards some mate-
rials that could be used for the realization of e-
nose systems for biomedical applications, in-
cluding polyetheretherketone (PEEK), Resin (Bi-
omed Clear, Formlabs, Massachusetts, USA),
“Boiled” Resin (pre-treated by boiling in distilled 
water for 2 h at 100 °C), and Silicon. Even 
though the poisoning effect of siloxanes on MOX 
sensors has already been reported in literature 
[4], it was decided to include it in the study as a 
reference, because it is often used for the reali-
zation of biomedical components such as face 
masks [3]. The experimental part consisted of
three different phases. First, gas sensors were 
tested before poisoning to evaluate the sensors’ 
responses towards different calibrants (i.e., bu-
tanol 20 ppm, isobutylene 20 ppm, 4-heptanone 
20 ppm, methane 750 ppm) without any potential 
interferent. To do this, all the gas sensors were
installed in a glass sensors’ chamber equipped 
with a temperature and humidity sensor (SHT40,
Sensirion, Switzerland) to monitor stability of en-
vironmental conditions. The gaseous calibrants 
were stored in 18 L NalophanTM bags and condi-
tioned for 3 h before analysis in room conditions 
at 22 °C and 40%RH. The tests were carried out 
alternating air and gaseous samples to stabilize
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and restore the sensors’ baseline before and af-
ter each analysis controlled by 2 shut-off valves: 
15 min of air sample analysis, 15 min of calibrant 
sample analysis, and 15 min of air sample anal-
ysis. The samples were injected at a constant 
flowrate of 1 l/min into the chamber by a lung-
pump system of two flux drums (Fig. 1a). After 
that, gas sensors were placed in pairs (i.e., one 
TGS2610 and one TGS2611) in 5 flasks of 50 
mL StonyLab®: 4 flasks with a piece of one of 
the 4 poisoning materials considered with an 
equivalent surface area of 11 cm2 and a flask 
with no poisoning material to be used as a blank.  
To accelerate the VOCs release, the flasks con-
taining a pair of sensors each were places in a 
ventilated oven (AEG BSK798280B) at 80 °C for 
15 days (Fig.1b). Finally, the effect of the con-
taminants on sensor responses was evaluated 
by repeating the same analyses carried out be-
fore poisoning at the same controlled conditions 
(i.e., 40% RH, 22°C). 

 
Fig. 1. a) Sample delivery system to the sensors’ 
chamber; b) Sensors poisoning in the oven 

Results 
Sensors’ outputs were compared with respect to 
the sensors’ responses obtained before poison-
ing and with respect to the readings of the blank 
analysis in terms of baseline shift and signal am-
plitude. Fig. 2a and Fig. 2b show a comparison 
of the sensors’ responses (in terms of raw re-
sistance values and normalized resistances (R-
R0), respectively) after 2 weeks of permanence 
in the oven. The results obtained, besides prov-
ing that after 2 weeks the response of the sen-
sors in contact with the silicon are substantially 
zeroed, also show that the only materials, among 
the ones tested, resulting in almost no alteration 
compared to the blank sample, is PEEK. Boiling 
the resin results in an improvement compared to 
the resin without pre-treatment, but it still doesn’t 
seem suitable for long-term applications. Further 
studies should investigate other materials and 
other possible pre-treatments. 

 

 

Fig. 2. Sensor responses: a) resistance values; b) 
normalized resistances 
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Summary:
Agriculture is an important part of the economy of most countries. In general, it is important to monitor 
and prevent biotic (infections) and abiotic stresses (droughts or excessive watering) that can significantly
affect crop yield. For this reason, there is a need to develop a fast and low-cost platform that can be 
used in the field to monitor plant response to various types of stresses. For portability, microfluidics was
the platform of choice for targeting two biomarkers: abscisic acid, related to plant ripening and to plant 
response to drought stress; and salicylic acid, related to the plant response to infection.

Keywords: microfluidics, biosensor, antibody, aptamer, capillarity

Introduction
Biotic (infections) and abiotic stresses (droughts 
and floods) greatly affect the yield in food and 
feed production. The incidence of these stress 
factors has become increasingly more frequent 
and damaging because of climate change. To 
prevent the loss of crops, it would be beneficial 
to develop a portable, low cost, user-friendly
platform, that can be used in the field to perform 
tests for the early detection of changes in the 
vine, thus allowing for prompt and appropriate 
response. Currently, routine sampling of crops 
must be sent to central analytical laboratories 
which is time-consuming and costly.

A device based on microfluidics technology that 
can provide the needed portability and potential 
low cost due to the small volume of reagents.
Also, because of the smaller distances for diffu-
sion, the reaction times can be faster making it 
appropriate for regular on-site testing. Under 
stress conditions, the concentration of several 
phytohormone in the plant changes. In this pa-
per, we demonstrate a microfluidic device that 
can monitor two such phytohormones: abscisic 
acid (ABA) for tolerance mechanisms against 
drought stress, and salicylic acid (SA) for infec-
tions. [1]

Methods and Results 
ABA is detected using a competitive immunoas-
say (Fig.1(A)). The sample under analysis is 
mixed with a conjugated molecule composed of 

ABA and bovine serum albumin (BSA), labelled 
with Alexa430 (ABA-BSA-Alexa430). 

Fig. 1. Competitive Immunoassay for ABA detec-
tion: (A) Schematic representation of the assay for a 
spiked and non-spiked sample (B) Fluorescence re-
sponse curve for different target ABA concentrations
and for different stages of ripening, for the two differ-
ent systems. The left side uses externally pumped mi-
crofluidics, and the right side uses a capillary microflu-
idic device. The error bars represent the ± standard 
deviation.
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In the presence of ABA, the free analyte in solu-
tion will compete with the ABA-BSA-Alexa430 
for the binding sites of the anti-ABA antibody, 
bound by the constant zone of the antibody to 
protein A microbeads, and therefore, the higher 
the concentration of free analyte, the lower the 
fluorescence signal. This method was developed 
using a microfluidic device, fabricated with poly-
dimethylsiloxane (PDMS) using soft lithography 
techniques, using external syringe pumps. [1] 
Self-pumping microfluidic devices that rely on 
capillary forces to drive the fluids were also de-
veloped to increase ease of use and the porta-
bility. [2] Fig.1(B) shows the ABA detection both 
in buffer and in real grape samples picked during 
the veraison. In this stage of ripening, there is a 
surge in ABA which can be detected as a de-
crease in the fluorescence signal. As can be 
seen in Fig 1(B), the two different devices, one 
that uses an external pumping system, on the 
left, and the capillary device, on the right, are 
both capable of detecting ABA, and the results 
for both devices are identical. 

 

 

 

Additionally, an assay for SA detection using bi-
otinylated SA aptamers immobilized on streptav-
idin beads as a capture agent was also devel-
oped (Fig.2(A)). A fluorescently labeled DNA 
strand complementary to the SA aptamer, binds 
to the aptamer leading to an increase in signal. 
In the presence of SA, the binding affinity in-
creases leading to an increase in the fluores-
cence signal. Preliminary results also show the 
detection of SA in a microfluidic chip (Fig.2(B)). 
Using the SA detection method, it is possible to 
detect concentrations within the range of interest 
for infections, which is in the 10-6-10-4 mg/mL 
range. 

Due to the complexity of the cell matrix of the 
grapevines and grapes, sample pre-treatment is 
required before analysis. [1] Since the sample 
treatment should be performed in the field, the 
currently required centrifugation step must be re-
placed prior to in-field usage.  

In our presentation, we will describe the micro-
fabrication of the standard and capillary microflu-
idic chips, the protocols for the assays for detec-
tion of the phytohormones ABA and SA, the 
sample preparation protocols, and the validation 
of the assays with real grape samples. 
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Schematic representation of the aptamer assay for a 
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sponse curve for different target SA concentrations. 
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Abstract: Platinum nanoparticles (Pt-NPs) were generated by pulsed laser ablation in liquid and 
proved to be stable in aqueous dispersion for at least six months when stabilized by small amount of 
sodium citrate. Their nanozyme activity was tested photometrically with tetramethylbenzidine (TMB) in 
the absence and presence of hydrogen peroxide (H2O2) at 22°C, which lead to specific activities (SA) 
of 1.9U/mg Pt-NPs and 375U/mg Pt-NPs and limits of detection (LOD) of 1.86pmol/L and 
0.026pmol/L, respectively. In comparison, a SA of 289U/mg and a LOD of 36pmol/L were determined 
for a recombinant horseradish peroxidase in presence of H2O2 at 22°C. In particular, the lower detec-
tion limit of Pt-NPs by a factor of 1384 compared to the recombinant horseradish peroxidase indicates
their great potential for future bioassays.

Keywords: platinum, nanoparticles, nanozyme, horseradish peroxidase, specific activity

Introduction
Nanoparticles (NP) with enzyme-like catalytic 
activities, also referred to as nanozymes, are
promising for the use in bioassays, as they 
have several advantages over natural enzymes 
such as higher stability, resistance to external 
conditions, and strong catalytic performance [1].
Furthermore, they can be tailored for specific 
applications (e.g., sample preparation, purifica-
tion, labelling) [2] by bioconjugation of the metal 
surface to biomolecules. In this study, ultrapure 
Pt-NPs, prepared by pulsed laser ablation in 
liquid (PLAL) are investigated on their 
nanozyme activity (peroxidase and oxidase 
capability) and compared in their activity to 
recombinant horseradish peroxidase (HRP).

Materials and Methods
HRP was purchased from Assay Genie. Hydro-
gen peroxide (H2O2) (31wt%), tetramethylben-
zidine (TMB), sodium acetate trihydrate and 
acetic acid were purchased from Sigma Aldrich. 
Ultrapure, spherical Pt-NPs were synthesized in 
0.5mM sodium citrate aqueous solution by 
PLAL to a final NP concentration of 0.97 mg/mL
[3]. Storage stability of at least six months was 
observed by visual inspection. The mean diam-
eter of the Pt-NPs was measured with a Zeiss 
Gemini Scattering electron microscope (SEM)
using the secondary electron detector and 5kV
accelerating voltage. A dilution of Pt-NPs in 
0.5mM citrate solution containing 25µg/mL bo-
vine serum albumin were drop casted on a 
cleaned silica wafer piece and allowed to dry at 
room temperature. SEM image analysis for 
mean diameter (D) determination was per-

formed with ImageJ open-source software. A
measurement protocol was adapted from Jiang 
et al. [4] to measure specific peroxidase activi-
ties for the enzyme and nanozyme. 0-
12.88ng/171.8µl Pt-NPs or HRP in acetate 
buffer (200mM, pH: 3.6) were mixed in a well of 
a 96 well-plate with 8.6µL TMB in dimethyl sul-
foxide (10mg/mL) and 19.7µL H2O2. For meas-
uring oxidase activity, H2O2 was replaced with 
acetate buffer. Absorbance was measured at a
wavelength of λ=652nm and at 22°C in tripli-
cates on a Perkin Elmer Enspire Plate Reader 
(60 repeats, interval 10s). The specific activity
SA (U/mg) was calculated via the equation:

SA = (V/(ε x l) x (ΔA/Δt))/W, (1)

where V is the total reaction volume (200µL), ε
the extinction coefficient of TMB at a wave-
length of 652nm (39000M-1 cm-1), l the optical 
path length (0.56cm), ΔA/Δt the initial change in 
absorbance per minute (derived from a linear fit 
over the first 100s), and W the weight per well 
of enzyme or Pt-NP in mg. The limit of detection 
(LOD) was determined by the intersection of the 
linear fit of the absorbance values (after 100s) 
with the blank value plus three times the stand-
ard deviation (SD). The molar concentration of 
Pt-NPs was calculated from W, the Pt density 
(21.45g/cm3) and the volume of the Pt-NPs,
calculated from the mean diameter derived by 
SEM [5].

Results and Discussion
The mean diameter of the Pt-NPs amounted to
10.9±4.5nm. Crucial for the activity measure-
ment was the stability in the acetate buffer at
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low pH of 3.6. Under these conditions, 63µg/ml 
Pt-NPs kept their slightly yellowish color for at 
least 30min, and thus, activity measurements 
with and without H2O2 were performed in this 
time frame. Recombinant HRP was character-
ized as reference with the TMB/H2O2 assay. For 
the TMB/H2O2 assay a SA for HRP of 289U/mg 
and a SA for Pt-NPs of 375U/mg could be cal-
culated. In absence of H2O2, a SA for Pt-NPs of 
1.9U/mg Pt-NPs could be observed. In litera-
ture, SAs of NPs with other core materials such 
as gold, carbon, magnetite, are reported for 
37°C with H2O2 ranging from 1.6-5.1U/mg [4]. 
Citrate-capped Pt-NPs (diameter of 2.5nm), 
which are chemically synthesized are reported 
with similar SAs of 323.7U/mg at 55°C with 
H2O2 [6].  

 
Fig. 1. A) 100s absorbance measurement of Pt-
NPs with TMB/H2O2, B) activity (left y-axis) and ab-
sorbance at λ=652nm after 100s (right y-axis) vs 
mass Pt-NPs/well, C) SEM image of Pt-NPs, 200k× 
magnification. 

Tab. 1: Overview of SAs and LODs 

Enzyme/ 
nanozyme 

Specific activity 
in U/mg 

(correlation R2) 

LOD 
in ng/ml (pmol/L) 

Peroxidase activity (H2O2 present) 

HRP 289.0 ± 6.5 
(0.9975) 1.6 (36) 

Pt-NPs 374.8 ± 8.9 
(0.9972) 0.231 (0.026) 

Oxidase activity (no H2O2 present) 

Pt-NPs 1.86 ± 0.06 
(0.9940) 16.7 (1.91) 

 
Analyzing the Pt-NPs of this study, a value of 
1.86pmol/L without H2O2 and 0.026pmol/L with 
H2O2 is found for the LOD, which is significantly 
below the value of 36pmol/L measured for HRP 
using the TMB/H2O2 assay (see Tab.1).  
In summary, the Pt-NPs exhibit excellent perox-
idase-specific activity and a low LOD at 22°C, 
even in the absence of H2O2. This makes the 
PLAL-produced Pt-NPs promising nanozymes 
for use in bioassays.  
Future studies need to investigate the influence 
of dissolved oxygen in the measurement buffer 
to understand the oxidase activity of Pt-NPs.  
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Summary:

Here we propose a peptide-based assay using a specific combination of linker and peptides to design 
a robust biosensor for proteases. The implementation of a cleavage-based mechanism results in the 
sensitive and specific detection of a clinically relevant biomarker (MMP-9). The developed assay is 
characterized using real-time electrical and optical techniques and demonstrates its potential as a tool 
for the detection of MMP-9. 

Keywords: peptide interface, protease biosensor, matrix metalloproteinase (MMP-9), optical 
technique, electrochemical technique

Background, Motivation and Objectives
Biosensors provide a sensitive and highly 
selective means of detecting biomarkers. The 
biosensor is typically based on the measurement 
of signal changes resulting from the 
biomolecular interactions that occur at the 
interface between the electrode and 
biomolecular layers. Among the various disease 
biomarkers, enzyme-based biomarkers such as 
proteases show significant potential in the 
design of a sensitive biosensor due to their 
robust cleavage mechanism. Peptides are 
cleaved by protease at specific sites (Fig. 1), and 
can therefore be used as one of the most 
promising candidates for monitoring protease 
activity [2, 3]. Among the different classes of 
proteases, overexpression of MMP-9 (matrix 
metalloproteinase - 9) is associated with 
diseases such as cancer [2], and 
neurodegenerative or inflammatory diseases [1].
Therefore, the early clinical detection of MMP-9
is essential to intervene in disease progression 
and would lead to new treatment options for 
patients. In recent years, there has been 
significant development in the field of protease
biosensors using peptides as substrates [2, 3].
However, the problem of false signal 
contributions due to non-specific binding of 
cleaved peptide fragments or proteases 
themselves on the sensing electrode reduces 
the detection sensitivity [3]. A further challenge 
is the cross-reactivity of peptides with other 
proteases or proteins present in the biological 
samples [3]. In this paper, we report the 

development of a specific peptide interface on a
gold surface, modified with a PEG-based linker 
molecule, for the detection of MMP-9. The assay 
was optically monitored in situ by non-invasive 
multi-parametric surface plasmon resonance 
(MP-SPR) spectroscopy. The results obtained 
were further validated by electrochemical 
measurements. The concentration-dependent
activity of MMP-9 on the sensing platform is 
analyzed and compared.

Fig. 1. Biosensing strategy of the proposed peptide-
based MMP-9 assay.

Research novelty
The combined optical and electrical monitoring 
of MMP-9 using the peptide cleavage 
mechanism has not been extensively explored. 
Our work contributes a simple, rapid, and 
sensitive MMP-9 assay that has been validated 
in real time by optical (MP-SPR) and electrical 
(potentiometric) detection methods. The label-
free assay using PEG-based linker molecules 
reduces the false signal contribution due to non-
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specific binding of MMP-9 or the cleaved peptide 
fragments on the sensor surface. The electrical 
characterization of the surface by comparing the 
change in the potential difference is performed 
at a very low current (1 nA). To the best of our 
knowledge, this is the first report on the 
potentiometric study of peptides for MMP-9 
detection and shows potential application in the 
design of point-of-care devices.    

Results 

Fig. 2. a) SPR sensogram showing the peptide 
baseline, its subsequent exposure to MMP-9, followed 
by the buffer washing step. The SPR response of the 
target peptide to 3 nM MMP-9 goes below the baseline 
during the washing step. By contrast, the signal 
response of the control peptide to 3 nM MMP-9 goes 
back to the baseline. b) Normalized SPR response at 
different concentrations of MMP-9 in buffer (PBS, pH 
7.4). The dashed line is a guide to the eye. 

By modifying the surface of Au with SAMs of 
PEG-based linker molecule (450 µM), we first 
validated the significant reduction in the non-
specific binding of control peptides (195 µM) and 
MMP-9 using MP-SPR. This proved that the 
assay is suitable to develop a specific and 
sensitive peptide biosensor. Figure 2a, b shows 
the proteolytic hydrolysis of the target peptide 
(195 µM) upon exposure to various 
concentrations of MMP-9. As expected, the 
control peptide, which does not contain any 
MMP-9 cleavage sites, was not digested. Using 
this assay, we were able to qualitatively detect 
MMP-9 at concentrations as low as 0.05 pM. In 
the next step, the proposed assay was tested in 

the electrical measurement setup where we 
observed a linear dependence of the signal 
response on the MMP-9 concentration up to 1 
nM (Fig. 3b). Future experiments are planned to 
test the MMP-9 activity in the electrical setup in 
buffer as well as in complex samples at different 
MMP-9 concentrations. 

Fig. 3. a) Time profile of the change in the potential 
difference of the peptide/linker modified Au surface 
versus the Ag/AgCl reference electrode upon 
exposure to 20 nM MMP-9 in culture medium (RPMI-
1640). b) Dependence of the signal response upon 
exposure to different concentrations of MMP-9 
ranging between 1 – 20 nM. 
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Summary
We report the development of fluorescence-based point-of-care device (fPOC) for rapid, on-site and 
at-site detection of SARS-CoV-2 using real-time reverse transcription loop-mediated isothermal ampli-
fication (RT-rLAMP). The system includes three main parts: optical setup, heating elements, and injec-
tion molded cartridge with 12 reaction chambers. By integrating the RT-LAMP on the fPOC system, 
the fPOC device can detect the presence of SARS-CoV-2 in clinical samples within 50 min with 99% 
relative accuracy, 97.5% relative specificity, and 100% relative sensitivity compared to RT-qPCR.

Keywords: point-of-care (POC), fluorescence detection, SARS-CoV-2, COVID-19, Loop-Mediated 
isothermal amplification (LAMP)

Background
COVID-19 caused by SARS-CoV-2 killed more 
than 6.9 million people and led to remarkable 
social turmoil and economic disruption [1]. Anti-
gen-based quick tests have been developed 
and are used to detect SARS-CoV-2 in clinical 
samples. However, they do not reach the sensi-
tivity required to detect the early phases of a
SARS-CoV-2 infection [2-3]. Several POC de-
vices for the detection of SARS-CoV-2 have 
been reported [4-6]. These POC systems had a 
simple design and fast detection. However, the 
number of samples tested per run was limited. 
In addition, the test cartridge was complicated 
and remained high cost for fabrication [7-8]. In 
this work, we report a fluorescence point-of-
care system based on RT-LAMP technology 
that can overcome these drawbacks of current 
point-of-care systems. 

Fluoresence-based Point-of-Care Device 
(fPOC)
The fPOC device comprises of three main 
parts: (1) optical setup including a light source 
(LED), a phototransistor and EX/EM filters;  two 
heating elements (top and bottom heaters) to 
maintain the temperature (60-65oC) for the rRT-
LAMP reaction (Fig. 1); and (3) an injection 
molded cartridge with 12 reaction chambers 
(Fig. 2a). The cartridge was designed with spe-
cial pyramid shaped optical structures located 

next to the reaction chambers for reflecting the 
LED light to the reaction chambers at 900 right 
angle (Fig. 1). The reaction chamber is heated 
rapidly and maintained at the reaction tempera-
ture (60-65oC) by a bottom heater and a trans-
parent top heater. The targeted nucleic acids in 
the samples were amplified by RT-LAMP within 
the chambers and detected by SYTO-9 DNA 
intercalating dye. The fluorescence signals are 
recorded and plotted in real-time using the Pa-
rallax Data Acquisition tool (PLX-DAQ) software 
on an external computer. Threshold values that 
were used to define whether the sample was
negative or positive were determined by analy-
sing 92 nagative and 184 positive samples on 
fPOC. The sample was considered as positive 
when the fluorescence intensity was larger than 
the threshold value.

Fig. 1. fPOC working principle.

Systems
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Results 
The performance of fPOC was evaluated using 
98 clinical samples including 58 positive and 40 
negative samples confirmed by Luna® Universal 
One-Step RT-qPCR. Of 98 samples tested, 59 
and 39 samples showed positive and negative 
results in the fPOC system, respectively; while 
58 and 40 samples were observed positive and 
negative by RT-qPCR (Table 1). In comparison, 
fPOC showed 99% relative accuracy, 97.5% 
relative specificity, and 100% relative sensitivity 
to RT-qPCR. Moreover, the Cohens Kappa 
index (0.98) showed excellent agreement be-
tween these 2 methods. This result showed 
great potential for the use of fPOC for rapid on-
site screening of SARS-CoV-2 virus in the pan-
demic management. 

Fig. 2. (a) cartridge used in fPOC device; (b) fPOC 
device; (c) real-time amplification curve and deriva-
tion of amplification curve. 

Table 1: Results of clinical samples tested on the 
fPOC and RT-qPCR 

RT-PCR 
LOB 35 Positive  Negative Total 

fPOC Positive 58 1 59 
Negative 0 39 39 
Total 58 40 98 
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Summary:
We developed a sensitive genosensor to detect DNA Leptospira interrogan bacteria in urine sample 
that is non-invasive patient sample collection. Diazonium salt was electrodeposited onto the gold 
working electrode, showing external carboxylic acid from the surface, and the specific Loa22-probe to 
leptospires was immobilized. After that, targeted DNA testing showed the EIS change in the range of 
0.5× 10-5 - 0.016 pg/ml with a correlation R2 of 0.9726. The high sensitivity was indicated 0.5× 10-5

pg/ml. In addition, the developed sensor was highly specific with other urine-contaminated bacteria.

Keywords: Genosensor, CMA, Screen-printed electrode, Leptospirosis

Background
Leptospirosis is the pathogenic Leptospira bac-
teria of infection. This can cause the disease in 
both humans and animals. The clinical manifes-
tations are mild to moderate and not specific 
leading to 90% of fever-developed patients are
undifferentiated febrile illnesses [1]. Hence,
laboratory testing with high accuracy is re-
quired. Recently, the electrochemical sensor 
has been remarkable in medical device devel-
opment for easy-to-use portable and point-of-
care testing [2, 3]. Therefore, DNA sensors are 
alternative way for early stage of the disease 
detection with high sensitivity, accuracy, and 
stability[4, 5].

In this study, we developed the genosensor to 
detect DNA of leptospires bacteria in the urine 
sample. The gold (Au) working electrode was 
deposited by a 4-carboxymethyl aryl diazonium 
(CMA) molecule before immobilizing a Loa22-
specific single-stranded DNA (ssDNA) probe.
The specificity with other contaminated bacteria 
in the urine was tested.

Methods
The Au electrode was electrodeposited by CMA 
solution 15 times on ice, showing a carboxyl 
group (-COOH). Carbodiimide crosslinking
stimulated -COOH group by using 0.4 M of 1-

ethyl- 3-(3-dimethyl aminopropyl) carbodiimide
(EDC) and 0.2 M N-hydroxysuccinimide (NHS) 
in a ratio of 1:1 v/v with the amine at 5’ end of 
Loa22 oligonucleotide probe. Then, the surface 
was blocked with 5% bovine serum albumin for 
30 min. The DNA sample was denatured at 95 
°C for 5 min to hybridize leptospires DNA with 
modified working electrode for 25 min at RT. 
The surface was characterized by cyclic volt-
ammetry (CV), and electrochemical impedance 
spectroscopy (EIS).

Results
The Nyquist plots of electrode modified were 
fitted by Randles equivalent circuit model (see 
Fig. 1c). The impedance result of DNA in differ-
ent concentrations from 0 to 0.0016 pg/ml (see 
Fig. 1a). The impedance was decreased when 
increased DNA target concentration. This pat-
tern causes the polyanionic nature of the DNA, 
the negative charges of a phosphate group are 
accumulated leading to another charge transfer 
partway [6].

To analyze the Rct between each concentration, 
the DNA at 0 pg/ml was normalized with other 
DNA concentrations. This can be demonstrated 
by the sensitivity of the work. A calibration 
curve is demonstrated in the percentage of 
Δ%Rct = [Rct(initial) - Rct(sample)] / Rct(initial) × 
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100 to each concentration of DNA leptospires 
from 0 to 0.016 pg/ml with an R2 value of 
0.9726 with showing linear fitting regression 
equation as %ΔRct = 5.4941(ln DNA concentra-
tion) + 99.477 (see Fig. 1b). The result demon-
strated a low detection limit of 5 fg/μl or 5 ag/ml. 

²

Δ

 
Fig. 1. a) EIS impedance after leptospires DNA vari-
ous concentrations from 0 to 0.016 pg/ml in the solu-
tion of [Fe(CN)6]3-/4- 5 mM in PBS. b) linear relation-
ship between 0 to 0.016 pg/ml. 

The specificity was examined with other bacte-
ria that can be contaminated in urine sample 
e.g., Escherichia coli, Staphylococcus aureus, 
and Salmonella typhi and non-pathogenic lep-
tospires L. biflexa serovar Patoc. The imped-
ance result was calculated to Δ%Rct for specific-
ity testing. These results of the pathogenic Lep-
tospira serovar Shermani demonstrated highest 
impedance response when compare with other 
bacteria. This result showed high specific of the 
genosensor to detect leptospires bacteria (see 
Fig 2). 

The developed assay genosensor was advan-
tageous in leptospirosis detection with the high-
est sensitivity and specificity. This could be 
examined the leptospira in urine and environ-
ment samples. This platform showed various 
advantages e.g., rapid analysis and low sample 
volume, which could screen leptospirosis dis-
ease in the early-stage infection. 

Δ

 
Fig. 2. Specificity testing of other bacteria e.g., E. 
coli, S. aureus, S. typhi, non-pathogenic leptospires, 
leptospires serovar Patoc and leptospires serovar 
Shermani. 

Conclusion 
The Fabrication genosensor for leptospires DNA 
detection in urine sample was successfully designed, 
demonstrating a sensitive and selective genosensor. 
Diazonium salt was electrodeposited onto the gold 
working electrode, showing external carboxylic acid 
from the surface, and the specific Loa22-probe to 
leptospires was immobilized. To verify the specificity 
of genosensors against other bacteria that may con-
taminate urine, e.g., E. coli, S. aureus, and S. typhi 
and non-pathogenic leptospires L. biflexa serovar 
Patoc the genosensor demonstrated excellent specif-
ic against pathogenic leptospires. 
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Summary:
A PCR-free strategy for microRNAs (miRNAs or miR-) fast and accurate detection is presented. The 
approach relies on the functionalization of a gold working electrode (WE) with an array of oligonucleo-
tide probes selective for two miRNAs biomarkers that affect some intracellular processes related to 
human neurodegenerative disorders. The electrochemical impedance spectroscopy (EIS) analysis 
performed on the modified electrode allowed to directly sense the probes/miRNA duplex formation in a 
fast and accurate mode that is suitable for Point-of-Care (PoC) diagnostic applications.

Keywords: PCR-free detection; miRNAs; neurodegenerative disorders; solid state hybridization; EIS 
analysis; PoC.

Introduction
MiRNAs are small non-coding RNA molecules 
that introduced a new frontier of diagnostics to 
screen and predict human diseases at an early 
stage, when therapies could be more effective 
against the pathological onset. Some miRNAs
are involved in various aspects of human neu-
rodegenerative disorders, including the Alz-
heimer’s disease pathogenesis. This is the case 
of miR-34a, whose dysregulation can affect 
regulating processes such as neuronal apopto-
sis, inflammation and Aβ metabolism, and miR-
29a, that can conditionate the synaptic plasticity 
and neuronal survival. Both miRNAs are free to 
circulate in the bloodstream and easy to be 
extracted and purified, which makes them po-
tential biomarkers for molecular diagnostics
applications and integration into PoC technolo-
gies [1,2].
Within this perspective, a PCR-free strategy
can be a suitable approach for the development 
of new point-of-care devices for massive 
screening [3-5].
In this contribution a PCR-free strategy for the 
selective and fast detection of miR-34a and 
miR-29a is proposed. The detection approach 
is based on the EIS analysis of a gold working 
electrode that is functionalized with an array of 
miRNA-specific oligonucleotide capture probes.
Thanks to their specific design, probes can 
hybridize at solid state with the miRNA targets 
and these are revealed by measuring the re-

sistance and capacitance variations due to the 
duplex formation, without any PCR amplification 
and long thermal cycling, thus, simplifying the 
complexity of analysis and the architecture of 
the entire detection system towards a PoC for-
mat.

Materials and method 
The oligonucleotide capture probes for miRNA 
PCR-free detection have been designed as 
follows: miR-34a probe → HS-C6-
ACAACCAGCTAAGACACTGCCA; miR-29a probe 
→ HS-C6-TAACCGATTTCAGATGGTGCTA. More 
precisely, a chain of 6 carbon atoms (C6) has 
been added at 5’ end of each sequence, work-
ing as spacer for the right orientation of probes 
once immobilized on the surface. Upstream the 
spacer a thiol (SH-) group has been added for 
the probes grafting on the metallic surface of 
the EC chip. Synthetic ribonucleotide sequence 
of mature miR-34a and miR-29a have been 
purchased by MetaBion and used as targets.
As schemed in Fig. 1, the WE surface has been 
modified by a first a cleaning step performed 
with alumina slurry and a sonication in a 1:1 
solution of ethanol and ultrapure water. Subse-
quently, a CV voltammetry in H2SO4 has been 
applied to the electrode to complete its surface 
cleaning. For the functionalization with capture 
probes, the electrode surface has been incu-
bated in a 1:10 solution of 6-mercapto-1-
hexanol and probes in PBS 10 mM (pH=7.4) at 
25°C for 4h with 70rpm/min agitation, to graft a
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self-assembled monolayer of thiolate probes. 
Lastly, the functionalized electrode has been 
dipped into a 1μM solution of miRNA targets in 
PBS 10 mM (pH=5.5) and this has been incu-
bated at 50 °C for 3h30 for the final hybridiza-
tion. 

 
Fig 1. Electrode gold surface preparation: (a) surface 
cleaning; (b) probes grafting; (c) miRNA hybridiza-
tion. 

The electrochemical Impedance Spectroscopy 
(EIS) analysis of the solid-state hybridization 
with the miRNAs has been performed by pre-
paring an electrochemical cell that has been 
properly assembled including the functionalized 
WE, a Pt wire as counter electrode (CE), and 
an Ag/AgCl reference electrode (RE). All elec-
trodes have been dipped into a 5 mM solution 
of [Fe(CN)6]-3/-4 in PB buffer (pH=6.8), used as 
redox-active analyte. The EIS has been done in 
the frequency range of 200 MHz to 100 MHz 
and by fixing current and potential at 1 mA and 
0.240V, respectively.  
Results 
Nyquist plots shown in Fig. 2 have been ob-
tained by the EIS analysis performed after 
probes grafting and miR-34a and 29a hybridiza-
tion (Fig. 2a and 2b, respectively) on the WE 
surface. The resistance values confirmed the 
effectiveness of the functionalization process, 
comparing the bare gold WE to the probes-
modified WE, and the miRNA PCR-free detec-
tion. Indeed, the resistance of 210 Ω measured 
on the bare surface (black curve) increased to 
1338 Ω after the 34a probes grafting and 1377 
Ω after the 29a probes addition (green and blue 
curves in figures), probably due to the steric 
hindrance and electrostatic repulsion produced 
between the probes and the formed passivating 
layer. The resistance furtherly increased up to 
1730 Ω and 2061 Ω after the miR-34a and miR-
29a hybridization (orange and red curves) as 
consequence of the perfect match formation 
and the doubled number of strands added to 
the surface dielectric, proving the ability of this 
strategy to directly sense the miRNAs without 
further amplifications. 
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Fig 2. EIS analysis of miR-34a (a) and miR-29a (b) 
by probe-modified gold WE surface.  
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Summary:
Here we demonstrate the superior performance of microfluidic electrochemical sensors (μCS) over 
screen-printed carbon-based electrodes (SPCE). Additionally, electrodeposition of gold nanoparticles 
(ED (AuNPs)) and electropolymerization of L-cysteine (EP (L-cys)) are introduced for the first time for 
modifying the working electrode through a paper-based microfluidic sensor. Also, the sensor was em-
ployed for clozapine (CLZ) sensing in human blood plasma, which depicted the excellent applicability 
of the device which making it a promising platform for point-of-care diagnostics.

Keywords: Microfluidic electrochemical sensor, Paper-based sensor, Electrodeposition, Electropoly-
merization.

Introduction
Schizophrenia is a debilitating mental disorder 
characterized by disruptions in perceiving reali-
ty which clozapine (CLZ) stands out as the 
most promising drug for treating that.
Using catalytic active modifiers and additives 
e.g. to improve electron or ion transport in elec-
trochemical sensors usually offers significant 
benefits by improving sensitivity and selectivity. 
An elegant way to introduce both is electrodep-
osition (ED) and electropolymerization (EP).
Despite classical static devices with glassy 
carbon electrodes or SPCE electrodes paper-
based microfluidic electrochemical sensors 
have gained significant attention [1]. Ad-
vantages are simplicity, portability, cost-
effectiveness, and potential for point-of-care 
applications. Although ED of AuNPs and EP of 
(L-cys) improved the sensing in classical static 
devices, electrodes for microfluidic systems 
have up to now not been functionalized by 
these approaches. Furthermore, despite an 
external functionalization a direct ED and EP
onto the electrode within the final paper-based 
microfluidic device could be possible, but was 
not reported up to now. 
Scope of this study is to find proper conditions 
for the ED of AuNPs and EP of (L-cys) onto the 
electrodes of paper-based microfluidic electro-
chemical sensor, while using the microfluidic 
channel also for transport of the electrodeposi-

tion solution [2]. Furthermore, the study com-
pares the performance of widely employed 
SPCE electrodes to µCS based systems. Ulti-
mately, the μCS/S (ED & EP) employed for CLZ 
sensing in real blood serum successfully. 

Experimental
The alignment of the component for the μCS 
device is sketched in Scheme 1. After providing 
the HAuCl4 and L-cysteine solution through the 
sponge the electrochemical fabrication and 
detection are carried out through cyclic voltam-
metry (CV). AuNPs were electrodeposited and 
L-cys were electropolymerized simultaneously 
through the μCS by handling a potential window 
of −1.5 to +2.2 V at a scan rate of 100 
mV s−1 via CV run for 10 cycles in a solution of 
0.1 M PBS at pH = 6.0 consists of 1.0 mM 
HAuCl4 and 1.0 mM L-cys. As a result, the pre-
pared simultaneous ED of AuNPs and EP of L-
cys through a paper-based microfluidic sensor
(μCS/S (ED & EP)) was used after 3 CV runs in 
0.1 M PBS at pH = 6.0 and employed as the 
sensor. Electrochemical measurements were 
performed using an Ivium Potentiostat (Vertex) 
controlled with IviumSoft software. Scanning 
electron microscope (SEM), CV, and electro-
chemical impedance spectroscopy (EIS) were 
employed to certify that the AuNPs and poly (L-
cys) were attached successfully to the working 
electrode surface. 
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Scheme. 1. µCS/S (ED & EP) sensor assembling process. 

Results and discussion 
To confirm the immobilization of each substrate 
onto the working electrode, CVs and EIS of the 
platforms were recorded in a solution consisting 
of 5.0 mM of [Fe(CN)6]3−/4−. By modifying the 
platforms by simultaneous ED of AuNPs and 
EP of (L-cys) not only did peak currents in-
crease dramatically but also ΔEp were de-
creased to 17 mV and 13 mV for SPCE/S (ED 
& EP) and μCS/S (ED & EP), respectively. By 
comparing the EIS curves related to the bare 
SPCE and μCS it is clear that the Rct value for 
μCS (46 Ω) is much lower than SPCE (690 Ω). 
It may be attributed to the 3D and sandwich-like 
structure of μCS devices. SPCE/S (ED & EP) 
and μCS/S (ED & EP) present very smaller 
semicircles with Rct values of 225 Ω and 13 Ω, 
respectively. The herein-reported EIS data cor-
roborate the preceding results related to the CV 
data and both confirm that the electrode for 
sensing is successfully obtained.  

Square wave voltammetry (SWV) was applied 
for CLZ analysis under the optimized protocols 
(Fig. 1A) and calibration plot for that were con-
structed under optimal conditions in which the 
peak currents of CLZ increase linearly with 
concentration from 0.5 to 10.0 μM in 0.1 M ABS 
in pH = 8.0 (Fig. 1B). The limit of detection 
(LOD) and quantitation (LOQ) were calculated 
to be 70 nM and 0.23 μM, respectively.  
For the stability study, the SWV signal em-
ployed in the presence of 3.0 μM of CLZ in 0.1 
M PBS with pH = 8.0 for 6 consecutive SWVs 
and the peak current response is depicted 
against the replicate (Fig. 1C). The anodic 
stripping current exhibits only a marginal de-
crease (11%) after 6 repetitions. This slight 
reduction is likely attributed to the depletion of 
the analyte within the sampling sponge or/and 
the filling or removal of the modifier layer from 
the WE surface. This investigation also shows 
the great robustness of µCS/S (ED & EP) for 
drug sensing applications. 
To determine the sensor’s ability to CLZ sens-
ing in the presence of possible potentially inter-
fering substances, selectivity studies were car-

ried out (Fig. 1D). Results show that with 30.0 
μM ascorbic acid, 30.0 μM uric acid did not 
significant interfere with 10.0 μM CLZ and the 
sensor was able to detect CLZ even in the 
presence of these common interfering sub-
stances. However, in the presence of 30.0 μM 
glucose, the CLZ signal drops by 20%, in the 
presence of 30.0 μM ascorbic acid, 30.0 μM 
uric acid and 30.0 μM glucose as a same time 
did not significant interfere with 10.0 μM CLZ. 
The sensor exhibited a negligible altering cur-
rent and gave notable selectivity in CLZ sensing 
in the presence of ascorbic acid, glucose and 
uric acid as common interfering biomolecules.  

 
Fig. 1.  (A) SWVs of the µCS/S (ED & EP) for different 

concentrations of CLZ, (B) the calibration plot of Ipa vs. CLZ 
concentration, (C) Stability study, and (D) selectivity study. 

Conclusion 
The μCS offers several advantages over SPCE 
in terms of cost, simplicity, and sensitivity. 
These advantages are due to the combined 
microfluidic configuration, 3D electrode layout, 
and a unique electrochemical modifier. The 
μCS/S (ED & EP) is capable of detecting CLZ 
with a wide linear range, low LOD, and high 
sensitivity. We believe our findings have signifi-
cant implications in developing other portable, 
fast, and cost-effective electrochemical sen-
sors, such as clinical diagnosis and security 
inspection.  
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Summary:
Electrochemical impedance spectroscopy (EIS)-based detection of protozoan Leishmania infantum
(LI) kinetoplastic (k)DNA is presented. Thanks to self-assembled monolayer of oligonucleotide probes 
on the top of a gold electrode surface, the method allowed to perform a molecular quantification of 
kDNA copies excluding the time-consuming amplification of genetic target and avoiding the complex 
procedures of conventional diagnostic methods. 

Keywords: Electrochemical Impedance Spectroscopy; Leishmania infantum kDNA; cooperative hy-
bridization; molecular sensing.

Introduction
Infectious diseases area major threat for man-
kind. This health burden challenged all popula-
tions, especially those of developing countries, 
where undernutrition, poor hygiene practice, 
and underdeveloped health systems do not 
guarantee access to appropriate treatments. 
Moreover, the lack of effective monitoring facili-
ties fails to keep infectious diseases epidemic 
under control. The COVID-19 pandemic has 
increased this threat even more causing, only in 
its first year, millions of deaths and impacting 
dramatically the quality of life worldwide. The
COVID-19 outbreak highlights as the availability 
of diagnostic methods that are, in the mean-
time, fast, cheap, reliable and able to provide 
genetic response, is crucial for the manage-
ment of these diseases. This is not only the 
case of SARS-CoV-2, as the problem of fast 
genetic detection is common to all infectious 
agents, such as viruses, bacteria, and para-
sites, including those that could potentially be 
the cause of the next pandemics [1-3].

In this contribution, we present the genetic de-
tection of protozoan Leishmania infantum
trough an capacitive quantification based on 
EIS (electrochemical impedance spectroscopy). 
This paves the way to develop nanobiotechno-
logical platform to address, at the same time, 
the problem of cost, simplicity, reliability, and 
sensitivity of the pathogen detection, making a 

breakthrough advancement in the fight against 
communicable diseases.

Materials and method 
Two oligonucleotide capture probes have been 
selected and customized for the detection of 
kDNA target: LI-1 probe → HS-C6-5’-
CTTTTCTGGTCCTCCGGGTAGG-3’; LI-2 probe → 
HS-C6-5’-CCACCCGGCCCTATTTTACACCAA-3’. 
Both probes are modified at 5’ end with a thiol 
group that favors the chain grafting on the sens-
ing surface. Moreover, they are complementary 
to two regions of the same kDNA gene to per-
form a cooperative hybridization mechanism 
that increases the yield and stability of the 
probe/target duplex.
The kDNA target has been extracted and puri-
fied from LI cultures and used at the final con-
centration of 106-103-10 copies/µL.
Fig. 1 reports the functionalization of the sens-
ing surface that is a gold surface of a 2 mm 
diameter gold working electrode (from 
CHInstruments). This surface has been modi-
fied by a first a cleaning step performed with 
alumina slurry and CV cycles with H2SO4. Then, 
thiolate capture probes have been grafted at 
25°C for 4 h on the gold surface that, subse-
quently, has been passivated with 6-mercapto-
1-hexanol at 25°C overnight. For the quantifica-
tion by EIS analysis, the sensing surface has 
been dipped into three solutions of kDNA at 
106-103-10 copies/µL in PBS and incubated at 
50°C for 3h30 to trig the cooperative hybridiza-
tion.
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Fig 1. Chemical protocol of electrode sensing surface 
functionalization. 

kDNA detection and quantification has been 
performed by EIS analysis. For the test, the 
functionalized gold electrode has been included 
as working electrode (WE) in an electrochemi-
cal cell that has been properly assembled with 
a Pt wire as counter electrode (CE) and an 
Ag/AgCl reference electrode (RE). Then, the 
cell has been exposed to a solution of 5 mM of 
[Fe(CN)6]-3/-4 that was used as redox mediator. 
Measurements have been done at 200 MHz to 
100 MHz frequency range, 1mA current and 
0.234V potential.  
Results 
Results of EIS analysis are reported in the 
Nyquist plot of Fig. 2 and Table 1. The analysis 
has been performed using the sensing WE 
before and after the functionalization, in order to 
assay the effectiveness of the chemical proto-
col, and after the hybridization with the three 
concentrations of kDNA. As shown, the trend of 
resistance and capacitance confirm the probes 
grafting and thiol passivation of the WE gold 
surface, with an increase of values from the 210 
Ω of bare gold to the 663.75 Ω and 1901.6 Ω of 
probe and probe+thiol modified surfaces (black, 
green and purple curves in Fig. 2, respectively). 
This could be due to the electrostatic forces and 
steric hindrance brought by the grafted oligos 
and the increase of stationary charges caused 
by the thiol passivator addition [4]. Once hybrid-
ized to the kDNA, the system resistance further-
ly increased to 2712.7 Ω, 3895.1 Ω and Ω 
13240 Ω consistently with the concentration of 
the 10-103-106copies/µL solutions (orange, red 
and blue curves, respectively) as consequence 
of the increased number of nucleic acid strands 
added to the surface. These results proved the 
sensing performances of the method and its 
suitability for fast molecular sensing applica-
tions. 

 

 

 

 

Tab. 1: Resistance and capacitance values of 
EIS analysis. 

 
 

 
Fig 2. EIS quantification test of kDNA by probe-
modified WE.  
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Summary:
A 3D printed microfluidic lab-on-a-disk (LOAD) for generation of oil-in-water droplets is presented. The 
device is the first solution combining droplet microfluidics, centrifugal technique, and additive manufac-
turing technology. Compared to standard LOADs, which are fabricated using subtractive methods, 
additive manufacturing technology has enabled development of a new research tool that can be easily 
and quickly replicated or redesigned for versatile microfluidic lab processes, e.g. sample preparation, 
biochemical reactions, or biomarker detection, with high potential for point-of-care applications.

Keywords: lab-on-a-disk, 3D printing, droplet generation, centrifugal technique, microfluidics

Introduction
Droplet microfluidics enable repeatable genera-
tion and precise control of discrete volumes of 
fluids in the nano- and picolitre range. Droplets 
of water-in-oil or oil-in-water can be used as 
individual microreactors, cell incubators, or drug 
delivery systems [1]. Unlike pressure-driven or 
electrokinetic fluid propulsion methods, the 
implementation of the centrifugal technique, 
also called as laboratory-on-a-disk, is one of the 
prospective improvements towards a real point-
of-care application of droplet-based devices [2]. 
However, until now most lab-disks have been 
made of poly(methyl methacrylate) (PMMA) 
using only subtractive manufacturing methods,
that require multistep patterning and lamination 
of polymer layers, which has challenged the
spread of LOAD devices [3]. In this work, a
monolithic lab-on-a-disk for centrifugal droplet 
generation, which was fabricated in a single 
additive manufacturing process, is presented.

Methods
The dimensions of the device are 120 mm in 
diameter, 15 mm central mounting hole, and a 
thickness of 1.4 mm, similar to a standard CD.
The structure contains 4 radial microfluidic units 
for the generation of various droplet volumes 
according to the centrifugal profile (Fig. 1a). 
Each unit consists of an input chamber for a 
dispersed phase, a microchannel with a nozzle,
and an output chamber for a continuous phase.

Fig. 1. A developed microfluidic lab-on-a-disk for 
droplet generation: a) model of the device, b) ready-
to-use device (diameter of a standard compact disk).
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The lab-disk was fabricated using multi-jet 3D 
printing technology from a semitransparent and 
biodegradable polymer (VisiJet M3 Crystal) and 
wax-like support material (Fig. 1b). Compared 
to subtractive technology used to manufacture 
PMMA LOADs, the additive manufacturing pro-
cess allows for faster and simpler fabrication of 
the device with a minimum staff engagement 
and required high-tech equipment. Moreover, 
the monolithic structure provides homogeneous 
surface properties of the microfluidic units. 

The spinning experiments were performed us-
ing laboratory setup for centrifugal analysis, 
comprising: BLDC motor, tachometer, illumina-
tor, high speed camera, data acquisition card, 
and computer with dedicated control software. 
The microscopic images of the droplets were 
processed using a developed graphical applica-
tion (LabVIEW), which enabled detection of 
spherical objects, calculation of their dimen-
sions based on the scale pattern, and visualiza-
tion of the statistical data. 

Results 
The monolithic lab-disk was characterized, in-
cluding mechanical properties (e.g. deflection 
during spinning), impact of the chemical pre-
treatment (contact angle measurement for vari-
ous organic solvents applied), and determina-
tion of the burst speed of oil and water. The 
device allowed the production of repeatable 
volumes of oil-in-water microdroplets without 
any additives, and with the use of the centrifu-
gal force only (Fig. 2). Various spin profiles and 
nozzle widths were investigated to produce 
microdroplets in an approx. volume range from 
5 to 270 nL. It was also noted that the influence 
of droplet generation speed on the average 
droplet volume is negligible below the value of 
the burst speed of water or oil, providing the 
emulsion with almost constant dispersion. 

Conclusions 
The first 3D printed lab-disk microfluidic device 
enabled the generation of oil-water emulsions 
with precisely controlled volumes. The software 
developed allowed for automatic image analysis 
and visualization of the results. Obtained diluted 
emulsions of essential oils in water can be used 
e.g. in intraoral microfluidic dispensers for ther-
apeutic applications (as it is being investigated
in other works). Applied here centrifugal tech-
nique combined with additive manufacturing
technology can be implemented to develop
novel portable instruments (similar to CD play-
ers) equipped with monolithic lab-disks, which
could be easily adapted to other applications.

(1)

Fig. 2. The results of centrifugal droplet generation 
in the lab-on-a-disk: a) close-up of the output cham-
ber after the emulsification process (some droplets 
merged after the device had been dismounted), b) 
magnified view of oil-in-water droplets generated in 
the output chamber (the bar indicates 1 mm). 
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Summary: 
Lab-on-a-chip solutions have emerged as a viable cost-effective portable solution to bring laboratory 
capabilities elsewhere. This kind of technologies enable to speed up decision-making process in several 
industry value chains. In this work, we present an application to count yeast cells along the wine 
production value chain. Our solution is based upon a microscope-on-a-chip device designed with out-
of-the-shelf components. The solution also relies on top of state-of-the-art computer vision solutions and 
we demonstrate it operates to the same standards as optical microscopy. 

Keywords: Lab-on-a-chip, holography, microfluidics, computer vision, wine quality. 

Introduction
In recent years, lab-on-a-chip solutions have 
emerged as in situ solutions to traditional sample 
analysis for several biomedical essays. Despite 
this, several proposals need the fabrication of 
expensive custom components. In this work, we 
present a cost-effective solution aimed to 
automate a problem presented in the wine 
industry: certain types of wines as sparkling 
wines require a strict yeast count at specific 
stages of their production. The wine industry is 
one of the industries with more impact in 
Western Europe. According to the annual report 
State of the Work vine and wine sector (2022), 
four Western-European countries (Spain, 
France, Italy and Portugal) are present in the top 
ten countries for vineyard surface area of the 
globe, netting a total 36,9% of the vineyard 
surface area of the Earth [1].

Proposal
Here, we present an approach to use out-of-the-
shelf components to create a laboratory setup to 
solve this problem, which consists of a lensless 
holographic microscope built on top of 
commercial components, like a lensless camera 
(37U Series, The Imaging Source) and an LED 

micro-display (JBD013 Series, Jade Bird 
Display), alongside with custom 3D-printed parts 
and common laboratory disposables. We have 
previously introduced similar experiences using 
these kind of microscope-on-a-chip technologies 
applied to other fields [2].

This set-up is connected to a novel application, 
developed using Python programming language 
and the QT desktop application framework. Such 
application can capture real-time images from 
the wine samples. Later, the user can execute 
several steps of a computer vision pipeline to 
post-process the images and count the cells. A 
typical pipeline consists of: normalization, 
feature extraction, image composition (to 
increase both resolution and scanning area), 
holographic reconstruction and particle count. 
Our application implements state-of-the-art
computer vision and machine learning 
algorithms to extract the features of the images 
in the first place to create composite images to 
increase the sensing range of the microscope, 
for example the well-known SIFT method [5];
also regarding the particle count, for example, 
the Hough transform [3] or the YOLO neural 
network [4].

EUROSENSORSXXXVI 444

DOI 10.5162/EUROSENSORSXXXVI/PT6.182



Results 
A series of experiments were designed to test 
the viability of our setup as an alternative to 
confocal imaging in order to measure cells of 
Saccharomyces cerevisiae in white wine 
samples.  

Here, we present a few of these results. For 
example, as a qualitative result, Fig. 1 shows, in 
a visual inspection, how the microscopy 
technique is able to recover cells images from 
the holographic reconstructions of the captured 
images. Moreover, this figure –extracted from 
our graphical framework interface– shows the 
automatic count of cells using the Hough 
transform method. For this sample, a total 80 
cells were retrieved, which implies a 9.70·10⁶ 
cells/mL count in the wine sample. As it can be 
seen in the image, the resolution of the 
reconstructed image is around 2-3 μm, half the 
size of a typical Saccharomyces cerevisiae  cell. 

Fig. 1. A capture from our microscope-on-a-chip 
setup. The capture is the result of applying a 
reconstruction algorithm that consists on: 
normalization, feature extraction, image composition 
(from a 5x5 mosaic to a single image), holographic 
reconstruction and particle count.  

Finally, we compared our lab-on-a-chip 
measurements with ones from the optical 
microscopy. We created a culture of 
Saccharomyces cerevisiae and diluted it to lower 
concentrations exposing the samples the both 
devices. Fig. 2 shows the calibration comparison 
between both sets of measurements.  

 Fig. 2. The calibration measurements of our lab-on-
a-chip setup for cell counting.  
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Summary: Droplet microfluidics uses discrete, chemically isolated droplets to multiplex reactions in 
bioanalysis. Droplets also allow process control exceeding traditional means, as well as continuous 
flow microfluidics. Here we present the concept of CogniFlow, an integrated, modular droplet microflu-
idic instrumentation platform, which automates complete droplet generation, imaging and detection 
workflows. The platform is demonstrated in cell encapsulation and detection. It is our hope that Cogni-
Flow can significantly lower the entry barrier to instrumenting existing droplet bioanalytical workflows. 

Keywords: droplets, microfluidics, instrumentation, control, cognitronics

Introduction
Droplets allow excellent process control by 
chemically isolating pico- to nanoliter range re-
action volumes (like tiny test tubes), allowing se-
lection of samples from a pool of millions of non-
specific targets, which would be nearly impossi-
ble with conventional tools (e.g. well-plate sta-
tions) [1], [2]. This has opened the way to novel 
applications in microfluidic bioanalysis and bio-
technology [3]. However, biology teams desiring 
to automate their droplet-based workflows today 
primarily load functions onto highly complex mi-
crofluidic chips, and/or use combinations of gen-
eral-purpose off-the-shelf instruments, resulting 
in highly complex, expensive systems, which are 
difficult to scale and replicate, take significant 
time to build and are not energy-efficient  [4], [5].
In this poster, we propose a technology platform 
that can address these challenges and reduce 
development time and cost associated with in-
strumenting droplet bioanalytical and biotechnol-
ogy applications. In our previous paper we pre-
sented the droplet generation module of the plat-
form [6]. In this poster, we present the integrated 
system, including droplet imaging and detection. 

Novelty
CogniFlow offers the following novelties:

Transferability: modules are compact and port-
able, can be swapped, but the system has its 
standards. System can be reconfigured (e.g. dif-
ferent filters, lenses and light sources, camera 
vs. photodiode etc.), but workflows are easily 
replicated between labs. 

Scalability: Low cost (<1k€-2k€/module, using
3D printed parts, low-cost electronics and optics)
and standardization ensure easy replication of 
results in different labs, as well as scaling up 
throughput. Despite the low cost, performance of 
thus-far demonstrated components has been on 
par with comparable systems [6].

Efficiency: modules have power consumption 
~10-20W, enabling battery operation. Wireless 
communication via ECAL [7] further reduces de-
vice footprint and increases portability. Optimiza-
tions to flow control reduce reagent waste.

Total automation: CogniFlow has 3 main mod-
ules: 1. Droplet generation/encapsulation [6], 2. 
Droplet imaging and 3. Embedded object classi-
fication algorithm. These cover a complete drop-
let-based imaging or light intensity analysis 
workflow.

Demonstrations in literature meeting the majority 
of the aforementioned criteria are rare [1], [2].

System modules and results
Droplet generation [6]: the first demonstrated 
module of the platform generated droplets in 50-
200 um range with 5-10% coefficient of variability
at up to 1kdps (1000 droplets per second). We 
controlled pressure drop and droplet size in a pi-
ezoelectric pumping setup with rapid and precise 
controller response, but a simple and inexpen-
sive setup. On the poster, we mention this mod-
ule for the sake of completeness. 

Droplet imaging: the second module of the sys-
tem presented here for the first time is based on 
an affordable optical setup using a Basler 
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acA640-750uc and a cheap 20x magnification 
lens to achieve ~750 dps imaging rate [8]. The 
integrated system (Fig. 1) is built on the same 
framework as the first module, by swapping in-
ternal components. The footprint is 22 x 33 x 40 
cm. Imaging system output with encapsulated 
cells is shown in Fig. 2.  

Object detection (Fig. 3): a droplet segmenta-
tion and object classification algorithm based on 
YOLOv4 and TinyYOLOv4 is presented, which is 
capable of detecting single cells in droplets with 
85% accuracy on an image stream of droplets in 
flow provided by our academic partners. The al-
gorithm can run on an NVIDIA® Jetson Nano™ 
AI accelerator. The AI accelerator board fits on 
top of the electronics stack of the second module 
(Fig 1. left), and while it will double system power 
consumption, the total will still be well below 
what PD3.0+ compliant power bank can provide.       

Between the two hardware and the one software 
module presented here, the following solutions 
are in common: both hardware modules rely on 
a Raspberry Pi 4 for control and communication. 
Wireless communication is implemented via 
ECAL, as presented in [6], however, for experi-
ments, a wired Ethernet connection is also pos-
sible. Power electronics is the same between 
module 1 and 2, as is the mechanical frame, 
which consists of 3D printed parts and commonly 
used metal fasteners.  

 
Figure 1: Integrated droplet imaging module of the 
CogniFlow platform. The mechanical frame and enclo-
sure (not shown here) are shared between all platform 
modules, optics and electronics stages are changed 
according to the purpose.   

 
Figure 2: Droplets imaged with the droplet imaging 
module of CogniFlow using an affordable optical 
setup. Highlighted objects are algae cells encapsu-
lated. Reagents used for droplet generation are de-
scribed in [6].  

 
Figure 3: Object detection algorithm demonstration. 
Reference video of droplets with microbeads and cells 
encapsulated was kindly provided by University of 
Warsaw to test the algorithm on an independent da-
taset. 
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Summary:
Compact microscopy represents a revolutionary concept that allows for qualitative and quantitative im-
provements in the analysis of samples. Recently, a compact bright-field microscope based on raster 
scanning has been developed. This work presents an update to this compact microscope with fluores-
cence capabilities. This novel capability has been validated using a sample of an Organ-on-a-
Chip (OOC) of a muscle stained with Alexa Fluor 488. The objective of this process is to detect and 
evaluate immunofluorescence, which is used to assess the maturity status of the biological model.

Keywords: Ultra-compact microscope, fluorescence, microdisplay, single photon avalanche diode, 
organ-on-a-chip

Introduction
Biotechnology has profoundly impacted our abil-
ity to observe and analyze biological samples.
This transformation is attributed to the advance-
ment of conventional microscopy techniques 
such as brightfield [1] or fluorescence [2]. How-
ever, the devices used with these techniques 
have a very bulky setup and a fixed location that 
limit their usefulness in certain applications. The 
integration of compact microscopy into smaller, 
more portable systems would facilitate its use in 
in-situ settings, such as laboratories or even at 
the point of care (POC). The first highly compact 
microscope based on nano-illumination was pre-
sented by Franch et al. in [3]. The microscope 
sensor was based on a 16 x 16 pixel SPADs 
camera fabricated in a 0.35 μm HV-CMOS pro-
cess. The emitting part consisted of an 8 x 8 Gal-
lium Nitride (GaN) LED array with a size of 5 µm
and a pitch of 10 µm. Vilà et al. describes in [4]
a prototype of a electronically activated scanning 
transmission microscope based on a microdis-
play and a CMOS imaging camera. This device 
has the significant advantage that, as it is based 
on only two chips, it has a high level of compact-
ness and portability. In addition, it has a field of 
view of several millimeters and a resolution of up 
to 2 µm.

This work presents a new version of the compact 
microscope with fluorescence capabilities. This 
improvement over the bright field prototype 

enables the microscope to be used for a wide 
variety of biological applications. In particular, 
the microscope employs a microdisplay for lens-
free fluorescence imaging in organ-on-a-chip 
(OOC) applications.

Materials and Methods
The compact fluorescence microscope inte-
grates a single-pixel detector and microdisplay. 
The image sensor is a single-photon avalanche 
detector (SPAD), which replaces the conven-
tional CMOS camera. The SPAD has a diameter 
of 10 μm, a dark count rate (DCR) of less than 1 
kcps, and a photodetection probability (PDP) of 
approximately 10 %. The remaining electronic 
components are responsible for classifying the 
arrival times of the photons in the form of a his-
togram. This configuration allows for measure-
ments to be made over a range of approximately 
70 ns to 470 ns with a resolution of up to 150 ps.
On the other hand, the display chip is a 0.13-inch 
AmμLED™ microLED display with a resolution 
of 640 x 480. The diameter of the light-emitting 
diodes (LEDs) is 2 μm, and they are arranged 
with a pitch of 4 μm, resulting in a range of gray 
intensity levels that can be represented by four 
bits. The display is equipped with a digital inter-
face that employs serial peripheral inter-
face (SPI) connectivity. The monochrome panel 
offers a luminance of 0.5 million nits for 
blue (455 nm ± 15 nm).
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Figure 1 illustrates a representation of the setup 
used for the fluorescence microscope. The setup 
comprises no optical elements beyond a band-
pass filter between the sample and the sensor. 
The purpose of the filter is to eliminate the light 
from the display from being detected. However, 
the lack of a lens to concentrate the light implies 
that we require the activation of more than a sin-
gle LED to cause the excitation of the fluoro-
phores. Therefore, N x N LED patterns are em-
ployed to enhance the excitation signal level. 

 
Figure 1. Representation of compact fluorescence mi-
croscope. 

Results 
A proof-of-concept experiment was conducted to 
validate the potential of the microscope for fluo-
rescence visualization in OOC. The experiment 
was based on a 3D skeletal muscle on a chip. 
The OOC used by Fernandez‐Costa et al. in [5] 
is employed in this study. This method involves 
the use of an alpha-actinin sarcomeric immuno-
fluorescence stain to visualize sarcomeric struc-
tures within skeletal muscle tissues. This ap-
proach allows for the real-time study of the inter-
action between the muscle and the pancreatic is-
lets. Figure 2 illustrates the image reconstructed 
with the microscope. The resulting fluorescence 
is represented in green and results from staining 
the sample with Alexa Fluor 488. The sample 
has been scanned in 2D using a 2 x 2 μLED illu-
mination pattern. Additionally, a fluorescein 
isothiocyanate (FITC) emission filter with a cen-
tral wavelength of 530 nm and a full width at half 
maximum (FWHM) of 43 nm is employed, thus 
eliminating the excitation light from the microdis-
play.  

The results demonstrate that the microscope can 
detect sarcomeric immunofluorescence emis-
sion in muscle tissue. Visualizing the presence 
of these sarcomeric structures allows for the 
evaluation of the functionality of muscle tissues 
on a chip and the confirmation of muscle tissue 
maturation.  

Our results validate the microscope to be used 
for observing fluorescence in biological samples 
such as OOCs, which will benefit from improve-
ments in microdisplay technology, including en-
hanced light power, reduced pitch, and switching 
capabilities. These advancements will enable 

higher image resolution and the possibility of im-
plementing lifetime measurements. 

 

Figure 2. Captured fluorescence image of muscle tis-
sue.  
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Summary:
In this work, a total synthesis of a self-immolative material has been done. Firstly, MCM-41 nanoparticles 
were synthesized, after that, they were loaded with a fluorophore, and finally the pores were capped 
with an azo-based molecule. The aim of this work is to detect hypoxic environments based on the over-
expression of DT-diaphorase, leading to the breakdown of the azo bond and the releasing of the fluor-
ophore.

Keywords: hypoxia, nanotechnology, DT-diaphorase, MCM-41

Background, Motivation an Objective
Cancer remains a persistent challenge in con-
temporary healthcare, despite advancements in 
chemotherapy. By identifying cancer before it 
spreads, patients often undergo less aggressive 
therapies with fewer side effects, preserving 
their quality of life. Moreover, early detection in-
creases the likelihood of successful treatment 
outcomes and long-term survival. Therefore, in-
vesting in methods and technologies for early 
cancer detection is crucial in improving patient 
outcomes and reducing the burden of cancer-re-
lated treatments [1].

Solid tumors frequently thrive in hypoxic environ-
ments, decreasing the amount of oxygen availa-
ble, and increasing the resistance of the tumor to 
radiotherapy treatments due to the lack of oxy-
gen-free radicals, required to induce DNA dam-
age; they are also resistant to chemotherapy, 
due to the ineffectiveness of the drugs to reach 
these environments via the circulation [2]. Nota-
bly, these environments exhibit heightened lev-
els of reductase enzymes like DT-diaphorase, 
azoreductase and nitroreductase [3].

The aim of this study is to synthesize a novel 
self-immolative gate responsive to the presence 
of DT-diaphorase, facilitating a controlled re-
lease of the fluorophore encapsulated within the 
MCM-41 nanoparticle pores. This approach 
aims to trigger fluorophore liberation upon enzy-
matic activation, offering a potential avenue for 
diagnostic applications.

Description of the New Method or System
Within the context of this study, a novel molecule 
featuring an azo bond has been synthesized. 
This molecule has the particularity of breaking in 
the presence of DT-diaphorase, an enzyme 
commonly overexpressed in hypoxic environ-
ments characteristic of solid tumors. Serving as 
a cap for the MCM-41, retaining the fluorophore 
from spreading. When DT-diaphorase is in the 
media, the azo bond undergoes cleavage, facili-
tating the release of fluorophore.

Results
Throughout this investigation, MCM-41 nanopar-
ticles have been synthesized and characterized 
by X-ray powder diffraction (XRD) and transmis-
sion electron microscopy (TEM).

          
Fig. 1. (A) XRD pattern for MCM-41 and, (B) TEM 
image of empty MCM-41.

Upon successful synthesis of MCM-41, the na-
noparticle pores were loaded with rhodamine B, 
and subsequently capped with the synthesized 
gate as depicted in Figure 2. This gate is the 
product of a three-step synthesis process.

(A) DOI: 
10.5162/EUROSENSORSXX
XVI/PT6.198
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 Fig. 2. Representation of the MCM-41 gated nano-
material loaded with Rhodamine B. 

Thereafter, the nanomaterial is exposed to DT-
diaphorase, allowing for the measurement of 
fluorophore release upon enzymatic cleavage of 
the azo bond. This release was quantified by 
monitoring the increase in fluorescence intensity 
exhibited by rhodamine B.  
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Summary:

a novel label-free impedimetric immunosensor was developed for the detection of a recently recog-
nized as a new promising cardiac biomarker, fibulin 2 (FBLN2), for the diagnosis of hypertrophic car-
diomyopathy. The approach is based on immobilization of the corresponding antibody, anti-Fibulin 2 
(anti-FBLN2), onto array of gold microelectrodes functionalized with 16-mercaptohexadecanoic acid 
(MHDA). The assembly of 16-MHDA onto the gold working microelectrodes was confirmed by cyclic 
voltammetry (CV), while the interaction between FBLN2 and anti-FBLN2 was monitored using electro-
chemical impedance spectroscopy (EIS). Additionally, the different stages of surface modification were 
characterized using contact angle measurement (CAM), FTIR and Atomic Force Microscopy (AFM) in 
order to confirm the success of immobilization process. The analytical performance of the proposed 
immunosensor was evaluated and the immunosensor exhibited a high sensitivity with a good linearity 
in the range from 5 to 25 pg/mL with R2 of 0.976. The developed immunosensor will be used for the 
detection of FBLN2 in human saliva using standard addition method.

Keywords: Electrochemical impedance spectroscopy, Impedimetric immunosensor, Fibulin 2, Hyper-
trophic Cardiomyopathy, Human saliva.

Introduction
A distinctive hallmark of Hypertrophic Cardio-
myopathy (HCM) is the thickening of the left 
ventricle accompanied by Extracellular Matrix 
(ECM) remodeling, typically characterized by 
increased interstitial fibrosis [1]. The disease 
exhibits heterogeneity in clinical and pathologi-
cal presentations, as well as in genetic back-
grounds [2].

The ECM constitutes an intricate network of 
proteins essential for preserving the structural 
integrity and functional homeostasis of cardiac 
tissue. Maintaining a balance in collagen syn-
thesis and degradation, protease activity, and 
the presence of fibulins, cytokines, and chemo-
kines is critical for preserving cardiac function 
[3]. These myocardial changes in ECM compo-
sition can partially be monitored in the circula-
tion due to the shedding and solubility of a 

group of relevant ECM proteins. These shed 
proteins can then be utilized as biomarkers for 
HCM. To date, limited numbers of gold stand-
ard biomarkers have been assigned for cardio-
vascular conditions prognosis and diagnosis, 
such as B-type natriuretic peptide (BNP), Car-
diac troponin (cTNT) and N-terminal pro-BNP 
(NT-pro-BNP).

Fibulin-2 (FBLN2), an ECM glycoprotein, has 
recently reported to be upregulated in the myo-
cardium of HCM patients and further been sug-
gested as a potential biomarker for HCM pa-
tients [4]. FBLN2 is present in the ECM and is 
involved in elastic fiber assembly and stabiliza-
tion [5]. Previous reports also indicated that 
FBLN2 plays an essential role in Ang II-induced 
TGF-β signaling and subsequent myocardial 
fibrosis. Therefore, accurate measurement of 
FBLN2 in the circulation of HCM patients will 
support these findings and further help intro-
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duce a non-invasive and effective platform for 
patients follow up. 

An fast and sensitive detection of FBLN2 is 
needed to replace the ELISA which is a lab-
based technique and requires a qualified per-
sonnel. In this study, we developed a novel 
label-free impedimetric immunosensor for the 
detection of a recently recognized cardiac bi-
omarker, FBLN2, in saliva. To the best of our 
knowledge, the obtained sensor is the first to 
electrochemically measure the newly an-
nounced HCM biomarker FBLN2. 

Materials 
Anti-Fibulin 2 antibody was purchased from 
abcam. Recombinant human fibulin 2 protein 
was purchased from R&D SYSTEMS. 16-
Mercaptohexadecanoic acid, ethanolamine, N-
hydroxysuccinimide (NHS), and PBS tablets 
were purchased from Sigma-Aldrich. 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) 
was purchased from CARL ROTH. 

Apparatus 
Electrochemical measurements were carried 
out using an electrochemical workstation, Bio-
Logic SP-200 potentiostat. The developed chip 
produced by silicon technology  integrtes four 
gold microelectrodes with four gold working 
electrodes, two Ag/AgCl reference µelectrodes 
and one Pt counter µelectrode. 

Method 
The gold microelectrodes were firsly cleaned 
using KOH and H2O2, followed by washing with 
acetone and dried under nitrogen. They were 
then incubated in MHDA. The carboxylic groups 
were activated using EDC/NHS then allowed to 
react with the amino groups of the anti-FBLN2 
for 1 hr. The anti-FBLN2-modified electrodes 
were then immersed in different concentrations 
of FBLN2 and the EIS was recorded for each. 

Results 
The performed characterization proved the 
success of the immobilization process as the 
peaks of redox couple disappeared after as-
sembly of MHDA onto the surface due to the 
blocking of the charge transfer (Fig.1). 

The analytical performance of the proposed 
sensor was evaluated by EIS and the sensor 
exhibited a high sensitivity with a good linearity 
from 5 to 25 pg/mL with R2 of 0.976 (Fig. 2). 

Ongoing work 
We are working on the interference study and 
the detection of FBLN2 in human saliva. 

Fig. 1. Electrochemical characterization by CV rec-
orded at each stage of electrode modification in 5 
mM of K3[Fe(CN)6]/K4[Fe(CN)6] in PBS pH 7.4. 

Fig. 2. The calibration curve obtained for different 
concentrations of FBLN2 using EIS . 
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Summary:
The rapid expansion of the silicon chip industry has led to an increase in interest in green electronics, 
especially those utilizing bio-composites like silk fibroin (SF). This study presents an electrospun SF 
membrane adaptable for sensing Escherichia coli. Using a solvent-free process, SF was doped with 
metabolic indicators, electrospun, and annealed.

Keywords: silk fibroin, electrospinning, biosensor, green electronics, bacteria detection

Background, Motivation an Objective
The significance of green electronics has risen 
in recent years due to the rapid expansion of 
the silicon chip industry and the resultant e-
waste. Projections indicate that by 2030, the 
silicon chip industry will double its manufactur-
ing capacity, leading to nearly 75 million tons of 
e-waste [1]. Sustainability in products is evalu-
ated based on their reusability, lifespan, and 
recyclability, with biodegradability offering nota-
ble benefits for healthcare and environmental 
applications. In this context, green electronic 
components made from bio-composites are 
becoming an appealing alternative to traditional 
silicon-based technologies.

Silk fibroin (SF) possesses excellent mechani-
cal properties, biocompatibility, and adjustable 
biodegradability. It also exhibits crystalline pol-
ymorphism, enabling it to transform structurally 
from α-helix domains to antiparallel β-sheets
[2]. These attributes make SF a highly promis-
ing material for green electronics, offering ex-
tensive opportunities for processing, functional-
ization, and various applications.

In this work, we present an electrospun SF 
membrane that can be adapted during the fab-
rication process to function as a sensing device. 
By doping the silk fibroin films with selective 
metabolic indicators, such as MacConkey or 
Chromogenic Coliforms Agar (CCA), the mem-
brane can specifically detect Escherichia coli.

Description of the New Method or System
A 21% (w/w) SF + 20% MacConkey solution
was used to electrospin the membrane in the 

Fluidnatek LE-10 electrospinner, employing a 
completely green and sustainable process 
based on a solvent-free solution. The collector 
was covered with aluminum foil. A total of 1 mL 
of aqueous solution was electrospun under 
conditions that ensured a stable Taylor cone. A 
voltage of +12 kV was applied to the capillary 
tube, the collector was placed 15 cm from the 
tip, and the injection rate was set to 0.2 mL·h⁻¹.
After fabrication, the electrospun meshes were 
annealed by immersion in absolute methanol 
for 45 minutes to induce crystallinity [3]. Figure 
1 shows the electrospinning and post-treatment 
annealing set-up.

Results
Figure 2 shows SEM images of the electrospun 
membranes, both untreated and after anneal-
ing, for both the control (SF solution) and the 
SF + MacConkey solution. Methanol annealing 
significantly reduces the membrane's porosity 
and increases fiber thickness. Figure 3 displays 
the FTIR spectra of the SF membrane (blue), 
with β-sheets amide I and II peaks at 1620 cm⁻¹
and 1515 cm⁻¹, respectively, indicating a higher 
number of β-sheets transitioning from α-
structures after methanol annealing (orange)
[4]. We are currently characterizing the porosity 
using Brunauer–Emmett–Teller analysis and 
further optimizing the doping of SF with Mac-
Conkey and CCA to assess bacterial activity.
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Fig. 1. Schematic representing the solution prepa-
ration, electrospinning and post-treatment set-up. 

 
Fig. 2. SEM images of electrospun SF membrane 
without post-treatment (first row), with methanol 
treatment (second row), electrospun SF + Mac-
Conkey membrane (third row) and electrospun SF + 
MacConkey membrane with methanol (four 

row).

  
Fig. 3. FTIR spectra of electrospun membranes 
and β-sheets amide I (1620 cm-1) and II (1515 cm) 
peaks 
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Summary:
In the field of medical diagnostics, the microfluidic devices are widely applied for implementation accel-
erated sample handling steps although reliable and reproducible results are to be achieved. In many 
cases, the medium must be pre-filtered to extract the target before analysis. In this work the aim was to 
gain better understanding of particle and cell behaviour in special lateral focusing systems, dedicated 
for size dependent separation and lateral positioning the target above the sensor zone. Fluorescent 
polystyrene beads in the size range of Ø = 0.5 -16.5 µm were injected into the asymmetrically curved 
microfluidic system, and their size dependent trajectories and lateral positions were recorded. A particle
map was defined according to their lateral positions and compared to the behaviour of real cell-types
(Escherichia coli, Red Blood Cell, Saccharomyces cerevisiae, HeLa), considering their morphology and 
size. The results highlight the importance of living cell’s morphology significantly affecting the cell move-
ment in microfluidic channels compared to the rigid, spherical beads.

Keywords: microfluidics, dean flow, hydrodynamic lift, lateral focusing, cell manipulation

Background, Motivation an Objective
Among the suitable particle separation methods,
a passive, label-free solution, the lateral focusing 
technique was analysed for comprehension the 
micro-scale hydrodynamic processes governing 
the cell movements in such microfluidic systems.
In continuous Poiseuille flow, inertial lifting forces 
(shear-gradient lift force, wall-effect induced lift 
force) are acting on the extended shells and in-
fluencing their lateral migration. In terms of par-
ticle size, larger beads settle sooner, approach-
ing their equilibrium position, although the sort-
ing of small particles is quite challenging, while
their lateral migration occurs more slowly. By 
varying the geometry of the microfluidic system 
as channel cross-section, the number and pat-
tern of the particle size specific equilibrium posi-
tions in the channel cross-section can be tuned. 

In an asymmetric curvilinear channel, the focus-
ing nodes can be reduced to a single sheet or 
point. Due to the curvature of the geometry, a 
secondary flow is formed to generate counter ro-
tating Dean-vortices in the channel cross-sec-
tion. In this flow the particles experience an
evolving Dean-drag-force, which further helps 
focusing them to a certain extent. Dino Di Carlo 
et. al. [1] was a pioneer in the topic and defined 
a focusing criteria (Eq. 1) based on the ratio of 

bead diameters (a) and hydraulic diameter of the 
channel (Dh):
𝑎𝑎

𝐷𝐷ℎ
 > 0.07, (Eq. 1),

where 𝐷𝐷ℎ = 2𝑤𝑤ℎ
𝑤𝑤+ℎ , w and h are channel width and

height, respectively.

Microfluidic System applied
The particle-size-dependent lateral focusing 
phenomenon was examined in our study by in-
tensive variation of geometrical parameters 
(height and critical width) of the asymmetrically 
curved serpentine channel. The measurements 
were implemented in a ~35 mm long channel 
consisting a periodic sequence of 23 curvatures. 
The lateral positions of the fluorescent beads 
and the biological cells were recorded at the end 
of the channel in the major curvature having
300 µm width. The applied flow rates were var-
ied between 0.5 and 2 µL and the minimal flow 
rates required for efficient lateral focusing at a 
given channel size were also determined. [2]

Results and discussion
We proved that in the channel characterised with 
25 µm height and 50 µm critical width 
(H25_Wcr50), the focusing of rigid particles hav-
ing diameters of Ø 15.8 and 4.8 µm is successful 
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at 0.5 µL/s flow rate, although the focusing posi-
tions were determined at 1 µL/s flow rates for 
several particle sizes as presented in Fig. 1. In 
the designed curvilinear channel the size de-
pendent focusing positions of the rigid, spherical 
polystyrene beads were represented by a pre-
cise bead map and compared to the behaviour 
of multi-dimensional, deformable cells (see Fig. 
2 and Table 1). [3] In this microfluidic system the 
later focusing was possible theoretically above 
the diameter of 2.4 µm. 
 

 
Fig. 1. Lateral focusing fluorescent beads (Ø 5.8 
and 4.8 µm) at 1 µL/s flow rate in H25_Wcr50 
type curvilinear microchannel. 
 
The lateral focusing phenomena of Escherichia 
coli bacteria, Red Blood Cells, Saccharomyces 
cerevisiae yeast and HeLa cancer cells were 
characterised and compared to the behaviour of 
rigid polystyrene beads falling in the diameter 
range of 0.5 - 16.5 µm as presented in Table 1. 

 
Fig. 2. The focusing positions or concentration 
ranges of rigid beads and target cells in 
H25_Wcr50 type channel at 1 µl/s flow rate. 

Conclusion 
Our experiences (see Fig. 2 and Table 1) project 
that the stick-shaped cells presumably take up 
oscillatory motion in the flow, they are not fo-
cused in a single point and their degree of con-
centration best matches with the 1.1 µm beads. 
RBC cells may adopt a tumbling motion, they 
were focused according to their larger dimension 
and their lateral position can be mostly repre-
sented by the 6.08 µm diameter beads. The 

spherical yeast cells characterised by an aver-
age diameter of 9.75 µm could be modelled by 
10.2 µm diameter beads. The inhomogeneous, 
deformable cancer cells can be typified by varia-
ble sizes with the mean of 24 µm. In our micro-
fluidic system the 15.8 µm beads were the most 
capable model regarding their lateral position. 

Table 1: Size-dependent lateral focusing of 
beads and cells (see Fig. 2) 

 
Particle 

diameter 
(a) [µm] 

𝑎𝑎
𝐷𝐷ℎ

 Focused posi-
tion / range [m] 

P
ol

ys
te

re
ne

 b
ea

ds
 

0.5 0.015 [0–300] 
1.1 0.033 [22.6–283] 

1.97 0.059 [25.5–226.4] 
2.9 0.087 [67.9–107.5] 
4.8 0.144 [78.6–114.3] 
5.4 0.162 [126.8–160.8] 

6.08 0.182 [117–162] 
10.2 0.306 [103.03–127.3] 
15.8 0.474 [151.5–178.6] 
16.5 0.495 [91.8–134.7] 

E
. c

ol
i 0.5 0.015 

[28.37–294.3] 
2.0 0.060 

R
B

C
 2.5 0.075 

[91.8–143.9] 
8.0 0.240 

Y
ea

st
 5.0 0.150 

[82.7–134.7] 
10.0 0.300 

H
E

LA
 16.0 0.480 

[162.4–197.9] 
29.0 0.870 
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Summary:
This paper focuses on the optimazation of a localized surface plasmon resonance (LSPR) based sen-
sor element intended for biosensing applications. Finite element method (FEM) was used for the de-
sign of a digital twin of a physically realized plasmonic sensor consisting of hexagonally arranged el-
lipsoidal nanoparticle arrangements. The effect of light illumination conditions, namely polarization 
type and angle of incidence on the refractive index sensitivity of the particle arrangements is studied.

Keywords: finite element method (FEM), localized surface plasmon resonance (LSPR), plasmonic 
nanostructure, refractive index sensing, polarization

Background, Motivation and Objective
In the past decades, the investigation of refrac-
tive index sensing-based label-free optical ap-
plications have been in the spotlight due to their 
fast analysis time and many potential applica-
tions [1]. Localized surface plasmon polaritons 
are formed by the electric and magnetic fields 
of the incident electromagnetic wave, which 
causes free electron oscillations at the surface 
of the metallic nanoparticles [2]. The amplifying
of scattering and absorption of the incident light 
can be utilized in many sensing applications [3]. 
The performance of these biosensors is highly 
affected by the geometrical properties of the 
nanoparticles, the refractive index of the sur-
rounding media and the incident electromagnet-
ic field. In a previous research linearly and cir-
cularly polarized electromagnetic waves were 
investigated, with the incident light’s propaga-
tion direction perpendicular to the plane of the 
nanoparticles [4]. This work focuses on the 
effect of various angles of the incident electro-
magnetic wave to enhance the refractive index 
sensitivity (RIS) of the sensor. The calculations 
were carried out with the finite element method 
(FEM), which is a numerical simulation method 
that can be used for analyzing different elec-
tromagnetic problems. It uses Maxwell’s equa-
tions by discretizing the geometry of the model, 
and it allows us to apply it for periodic nanopar-
ticle arrangements [5].

Description of the New Method or System
The design of the periodic structure of the digital 
twin of the ellipsoid nanoparticles, and the calcu-
lations were carried out using COMSOL Mul-
tiphysics 3.5 software’s Wave Optics module. A
hexagonal unit cell was created for the ellipsoi-
dal nanoparticles. The geometrical properties for 
the digital twin of the arrangement was calculat-
ed from experimental results and Scanning 
Electron Microscope (SEM) images (Figure 1.). 
Additionally, an SiO2 pillar was added to the 
model, to simulate the experiments more pre-
cisely. 

Fig. 1. SEM images of the nanoparticle arrange-
ment over the aluminum template. Reproduced from 
Hiba! A hivatkozási forrás nem található..

The meshing of the unit cell is presented in 
Figure 2. 

Fig. 2. The meshing of the (a) hexagonal unit cell 
with the substrate, and (b) the pillar.
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Magnetic and electric modes were both investi-
gated with the help of a periodic port. With line-
arly polarized incident wave the lowest and 
strongest levels of coupling between the nano-
particles were investigated with various angles 
of the incoming electromagnetic wave. Fur-
thermore, the effect of changing the angle of 
the incident light was simulated with circularly 
polarized light. The sensors have been in their 
response of refractive index changes of the 
surrounding medium, thus the RIS can be de-
scribed as:        

 

Results 
The elevation angle of incidence (Θ) describes 
the deviation from the normal perpendicular 
angle of the incoming wave. Two cases of li-
nearly polarized light were investigated (Figure 
3.) 

 
Fig. 3. Normalized electric field distribution with p-
polarized light (a) ϕ =0°, (b) ϕ= 90° in air (n=1). 

The effect of various angles of the incident 
wave were further studied in S and P polariza-
tion, the results on the RIS is presented in Fig-
ure 4. 

 
Fig. 4. The effect of changing the angle of the inci-
dent light (Θ) in S- and P-polarizaton 

Figure 5. presents the changes in the electric 
field in case of circular polarization with two 
different angles of the incident light.  

 
Fig. 5. Normalized electric field distribution with cir-
cularly polarized light at (a) Θ = 15°, (b) Θ = 60° in air 
(n=1). 
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Summary:
The main aim of this work is to test and optimize protocols for immobilizing probe-DNA and detect its 
complementary target-DNA strand in a microfluidic cell, as well as to provide data on the sensitivity of 
the sensor. For this purpose, we tested different nanostructures, namely gold nanoislands on glass 
substrates, created by the solid-state dewetting method and gold nanotriangles created by chemical 
synthesis and bonded to the substrate by subsequent surface chemistry. The sensor element, prepared 
on a glass slide was bonded to a PDMS-based microfluidic system. The peak shift of localized surface 
plasmon resonance absorption was monitored with an optical spectrometer.

Keywords: localized surface plasmon resonance (LSPR), gold nanostructures, microfluidics, nucleic 
acid, biosensor sensitivity

Background, Motivation and Objective
Biosensors are analytical devices designed to 
detect the presence of a target molecule in a 
sample [1]. They can be divided into two main 
groups based on whether they use labels or not. 
The former relies on a label to generate and am-
plify the signal, while the latter is label-free: the 
signal is caused solely by the presence of the 
analyte [2].

One phenomenon used in label-free methods is 
localized surface plasmon resonance (LSPR). 
This occurs when an electromagnetic wave (i.e. 
light) interacts with a noble metal nanoparticle.
At a specific wavelength, resonance takes place 
and causes the electrons to oscillate. This can 
be observed as an absorbance peak in the spec-
trum. [2, 3]

The resonance wavelength is affected by a num-
ber of different parameters, including the nano-
particles’ size, shape, material and the refractive 
index of the medium. This enables nanoparticles 
to function as sensors: the presence of the ana-
lyte increases the refractive index in their envi-
ronment, resulting in a shift of the absorbance 
peak in the spectrum. [2]

Description of the New Method or System
The refractive index sensitivity of a LSPR sensor
can be influenced through the proprieties of the 
nanoparticles. Particles with anisotropic form 

and sharp edges provide greater sensitivity [4],
[5]. Therefore, in this work, gold nanotriangles 
were synthesized according to E. Podlesnaia’s 
work [6]. They were then immobilized to glass 
slides through silane-chemistry, which were inte-
grated into PDMS-based (poly-dimethyl-silox-
ane) microfluidic cells to enable measurements. 
Gold nanoislands on glass substrates prepared 
by solid state dewetting (thermal annealing)
were also used for the experiments to compare 
the performance of the nanotriangles.

Fig. 1 Two of the microfluidic cells used during the 
measurements.
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Different cell geometries, DNA immobilizing 
methods and buffers were tested in order to op-
timize the procedure. Data were collected by 
monitoring the process with a spectrophotome-
ter. Two of these tested microfluidic cells are 
shown in Fig. . 

Results 
In the final article, results will be provided con-
cerning the efficiency of the tested protocols, in-
cluding time frames, buffer types (e.g. trisodium 
citrate) and concentrations, flow rates as well as 
cell geometries.  

The spectra will be evaluated, and the position 
of the peaks will be investigated as a function of 
time. Fig.  provides an example of this type of 
measurement (blue: peak position in the function 
of time, evaluated by a custom Matlab code, red: 
trendline of the peak shift). Finally, the sensitivity 
of the sensor will be investigated and presented. 

Fig. 2 Example of shift of the LSPR peak during the 
measurements. 

As shown in Fig. , the first jump corresponds with 
the shift between air and citrate buffer, as the lat-
ter enters the channel. DNA immobilization 
causes a redshift of around 2-3 nm. Hybridiza-
tion with target DNA causes a similar shift in this 
experiment. 
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Summary:  

Our proposal introduces a glucose sensor designed to make a first screen diabetes stages by measuring 
the current, which varies according to the glucose level. The developed sensor based on simple elec-
tronic system and affordable materials, reduce both cost and environmental impact. The circuit can store 
various voltage values, each proportional to the glucose concentration in the human plasma sample. 

Keywords: Diabetes screening, glucose sensor, self-powered strip, screen-printing, sustainable de-
vices. 

Background, Motivation and Objective 

In the last decade, diabetes has become a wor-
ldwide silent pandemic with millions of undiagno-
sed patients. Awareness of diabetic conditions is 
considered to be a crucial first step in changing 
eating habits and seeking treatment, as the side 
effects of this condition are generally unnoticed 
until irreversible damage arises in the kidneys, 
eyes, or feet [1]. However, campaigns take place 
in very localized spots, with a very modest im-
pact on the population. Two main reasons are 
campaign costs, which in low- and medium-in-
come countries are covered by non-governmen-
tal organizations, and their modus operandi, 
which involves glucose level measurement per-
formed by volunteers with glucometer devices at 
a specific stand during a particular day, where 
individuals with abnormal glucose levels are in-
formed about their health status. This work aims 
to address this problem of late detection, espe-
cially in lower- and middle-income countries 
(LMICs), and make the monitoring and treatment 
of the disease more accessible [2]. Here, we 
propose a novel and battery-less glucometer that 
functions upon the addition of a drop of blood, 
and voltage leads to a result that can be read 
with a simple voltameter. The solution not only 
reduces the cost of the device but also the car-
bon footprint and simplifies end-of-life disposal, 
adopting eco-friendly features. 

Description of the New Method or System 

The device core is based on an enzymatic fuel 
cell activated by the glucose concentration 
present in a blood sample. The fuel cell encom-
passes an anode that oxidizes the glucose and 
a cathode that performs a non-limiting reduction 

reaction. In comparison to intricate systems with 
sophisticated electronics, our circuit operates 
the fuel cell signal with just two resistors, a capa-
citor, and a diode. One of the resistors subjects 
the fuel cell to a high current demand that causes 
a voltage drop, which depends on the glucose 
content of the sample. The dropping time is then 
computed with a parallel RC circuit, in which the 
built-up voltage in the capacitor is proportional to 
the initial glucose concentration. The capacitor 
acts as a physical memory element, readable at 
any moment [3]. Figure 1 shows the schematic 
of the circuit. 

Experimental section 

The fuel cell electrodes are fabricated by screen-
printing method over a PET flexible substrate. 
The anode consists of a carbon-based electrode 
in which a mixture of Hexaammineruthenium(III) 
chloride mediator and glucose oxidase (GOX) 
enzyme is deposited and dried. The cathode 
contains a home-made ink based on carbon and 
AgxO powder. The electrode region has been 
defined by means of PSA laser-cut adhesives. A 
4.6 x 2 mm glass-fiber paper is used to hold the 
3.75µl plasma samples. Figure 2 shows our self-
powered sensor compared to the commercial 
glucose strip.   

We aimed to demonstrate that the self-powered 
glucose strip developed in our laboratory can 
discriminate between normal glucose status (be-
low 100 mg/dL), pre-diabetic (between 100 and 
125 mg/dL), diabetic (over 125 mg/dL), and 
highly alarming status (over 270 mg/dL). Our ex-
periment consisted of measuring different glu-
cose concentrations at values limiting the diffe-
rent classification regions in human plasma. The 
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distinction of these glucose levels, translated into 
current levels by the battery, is made by resistor 
R1. Figure 3 shows the evolution of the fuel cell 
voltage when connected to R1 at different glu-
cose concentrations and the measured built-up 
voltages across the capacitor for the different 
tested glucose concentrations. Furthermore, the 
parallel branch formed by resistor R2 with a hig-
her resistivity value than R1, diode D, and Capa-
citor C is used to store the charge. The charging 
time of the capacitor is limited by the diode. Once 
the voltage of the fuel cell becomes lower than 
the threshold of the diode, the capacitor stops in-
creasing its voltage. In Figure 4, we can see the 
final voltage of the capacitor for the different con-
centrations measured, corresponding to the dia-
betes limits. 

Illustrations, Graphs, and Photographs 

Fig. 1: Schematic of the circuit. 

Fig. 2: Picture of the fabricated self-powered glucose 
sensor and a commercial glucose strip. 

Fig. 3: Voltage evolution of the fuel cell over time for 
different concentrations of glucose in plasma sample. 

Fig. 4: Capacitor charged voltage represented within 
the range of glucose concentration. 
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Summary:
Due to their many benefits, polymers have gained popularity recently, particularly in the biomedical 
industry. SU-8 and polydimethylsiloxane (PDMS) in particular have drawn notice for their advanta-
geous qualities, such as chemical stability and biocompatibility. Proper cellular function in biological 
environments depends on effective cell-surface interactions. A new method of surface modification 
that involves coating Poly-L-lysine (PLL) and applying oxygen plasma treatment appears to be promis-
ing in improving the adhesion of HEK 293 cells to PDMS and SU-8 surfaces.

Keywords: Cell attachment, HEK 293 cells, Hydrophilic surfaces, PDMS, Poly-L lysine

Introduction
In recent years the usage of polymers has 
gained importance especially for biomedical 
applications. The studies suggest that the inter-
est towards polymers such as Polydime-
thylsiloxane (PDMS), and SU-8 is caused by 
their biomechanical features such as chemical 
stability, transparency, biocompatibility.

PDMS, and SU-8 are widely used polymers in 
biotechnology. However, in biological applica-
tions cell-surface interactions are crucial for 
cells to function properly. Therefore, we pro-
pose a new surface modification method that 
enables HEK 293 cells attachment to the PDMS 
and SU-8. In this study, PDMS and SU-8 sur-
faces treated with oxygen plasma to make the 
surfaces hydrophilic then after sterilization the 
surfaces coated with Poly-L-lysine (PLL). PLL is 
a synthetically produced compound composed 
of amino acid lysine. PLL is mainly utilized par-
ticularly for the cells that are hard to attach to 
surfaces for enhancing cell attachment. After 
the surface modifications, we successfully ob-
served that HEK 293 cells adhere to the cells.

Materials and Methods
As a substrate PDMS and SU-8 were used. 
PDMS (SYLGARD™ 186 Silicone Elastomer 
Kit) was used. A 4 inch glass wafer (University 
wafer) to coat SU-8 on top, negative photoresist 
(Microresist Technology) during coating SU-8
3050 were used in the experiments.
The spin coater was used for coating the photo-
resists on the Si wafer. In order to form to SU-8

50 µm layer, SU-8 3050 negative photoresist 
(Microchem. Corp., Westborough, MA, USA) 
was carefully applied to a 4-inch glass wafer 
(University Wafer, Inc., Boston, MA, USA) with 
2 steps first at 500 then 3000 revolutions per 
minute (rpm) using a spin coater. Then, using a 
KLA Tencor profiler, the thickness of the SU-8
3050 resin, which had been evenly placed to 
the silicon wafer, was determined as 50 µm.
The prepolymer base and curing base were 
carefully mixed at a 10:1 ratio for 10 minutes. 
The mixture was then poured into a plastic petri 
dish. The PDMS mixture was placed under a 
vacuum desiccator. The degassed PDMS mix-
ture was then cured for three hours at 70 de-
grees Celsius in an oven. The SU-8 coated 
glass slide and PDMS samples were activated 
by subjecting them to oxygen plasma for one 
minute within an oxygen plasma generator.

For the culturing of HEK 293 cells, the cells 
growth in DMEM (%10fbs+%1 pen-strep+%1l-
glutamine) media at incubator. Before the cul-
turing the media was removed then 1mL trypsin 
added and waited for a minute for 37 degrees
Celsius to detach the cells from the petri dish.
Next, 4mL DMEM added on cells. The cells 
were counted by using cell counter device. After 
the determination of cell numbers, the cells 
were centrifuged at 300g for 5 minutes. Then 
the volume was determined according to the 
substrate. The new media was added accord-
ingly as 30000 cell/cm2. Next, the petridish was 
stirred smoothly and left inside the incubator at 
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Fig. 1. Methodology diagrams of producing PDMS 
and SU-8 substrate and plating of HEK 293 cells on 
the substrates. 

37 Celsius degrees. The experimental proce-
dure concerning cell plating on PDMS/SU-8 
coated surfaces is summarized in Fig. 1. 

Results 
Tab. 1: Experimental design and results of two 
different substrates (X: failed attachment, ✓: suc-
cussed attachment). 

Polymers/Surface 
Modification 

PDMS SU-8 

Bare Polymer X X 

Poly-L-lysine 
Coating 

X X 

O2 Plasma 
Treatment + 
Poly-L-lysine 

✓ ✓

As seen in Table 1, in this study, PDMS and 
SU-8 materials were coated with poly-L-lysine 
without any O2-plasma treatment, and with poly-
L-lysine and with O2-plasma treatment, and cell
culture was performed on them. As seen in
Figure 1, cell attachment was successful only
on the PDMS and SU8 materials that were O2-
plasma treated and coated with poly-L-lysine.

Fig 2. a, demonstrates the HEK 293 cell viability 
on standard cell culture plates as a control ex-
periment. When the same cells were cultured 
on a PDMS substrate with poly-L-lysine which 
was non-treated via oxygen plasma in Fig 2. b, 
it was seen that HEK 293 cells were not alive 
and did not attach to the PDMS- poly-L-lysine 
substrate.  

Fig. 2. a control HEK 293 cells, b HEK 293 cells on 
PDMS with poly-L-lysine, c HEK 293 cells on oxygen 
plasma PDMS with poly-L-lysine, and d HEK 293 
cells on SU8 coated plate with poly-L-lysine. 

In Fig 2. c, HEK 293 cells successfully clustered 
and remained viable on the PDMS substrate 
that was treated with O2-plasma and afterwards 
coated with poly-L-lysine. Similar to Fig 2. b, Fig 
2. d shows optical microscope images of SU-8
substrates without oxygen plasma treatment but
with poly-L-lysine coating, where the HEK 293
cells do not attach to the substrates. These
results show that both oxygen plasma treatment
and poly-L-lysine coating are needed to adjust
the surface conditions for proper cell plating.
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Summary: 

BIOSENSEI (Biosensor-based diagnostic platform enabling real-time monitoring of existing and emerg-
ing pollutants) aims to develop a biosensor-based real-time monitoring system for typical nutrients (ni-
trates and phosphates), and Estrogentic endocrine-disrupters, PFAS (Perfluoroalkyl, and polyfluoroalkyl 
substances) and Mircocystines. This will allow for the first, continuous reliable, real-time, robust moni-
toring and detection of these pollutants in soil moisture and watercourses by cellular-based biosensors. 
This system will utilize a biosensor to detect the target analytes and express signals for combinatory 
detection by both electrochemical and fluorescence transducers with machine learning enhanced inter-
pretation and decision-making. The system will be tested in Ireland, the Netherlands and Industrial use-
cases 

Keywords: water monitoring, real-time, modelling, Biosensor, machine learning

BioSensei Objective 

In January 2023, the EU Drinking Water Di-
rective [1] was revised to provide higher human 
health protection by implementing more strin-
gent water quality standards, tackling pollutants 
of concern, such as PFAS, endocrine disruptors 
(EDs) and microcystins. These are of special 
concern due to the combination of their difficulty 
in real-time detection using current methods and 
their significant negative effects, e.g. EDs inter-
fere with the action of the female hormone estro-
gen [2] and are bioactive at very low concentra-
tions (below ng/L). Further, the application of an-
imal manure or sludge bio-solids to agriculture 
lands has been identified as a main source of 
livestock-secreted estrogens [3], indicating that 
reducing over-fertilisation could also reduce as-
sociated pollution affects. 

BIOSENSEI aims to facilitate novel real-time 
monitoring for these critical pollutants including 
Nutrients (nitrates [4], phosphates [5]), EDs, 
PFAS and microcystins in soil and water. This 
will be demonstrated through the combination of 
state-of-the-art electrochemical and fluorescent 
sensors [6] as transducers for highly specific bi-
osensors. BIOSENSEI aims to:  
1. Follow a sustainable-and-safe-by-design ap-

proach for sensor development

2. Develop and test whole-cell biosensors to
detect a diverse range of analytes to pro-
duce detectable signals with high specificity

3. Utilize a bimodal sensing approach (electro-
chemical and fluorescence-based sensors)
as transducers for biosensor-generated sig-
nals
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4. Develop advanced neural edge tools for
multi-sensor data fusion, maximizing sensi-
tivity, selectivity, LOD, and lifetime enhance-
ment of target analytes

BioSensei System 

BioSensei aims to push the bounds on what is 
detectable in-situ, in real-time. The innovative 
approach will broaden the possibilities of mon-
itorable pollutants and allow for future broad-
scale monitoring.  

Figure 2. BIOSENSEI system Concept 

Established electrochemical and fluorescence 
sensors will be integrated with encapsulated 
wildtype microbes, or or genetically modified or-
ganisms capable of responding to pollutant ana-
lyte presence. These microbes will be immobi-
lised within the sensor enclosure to prevent ac-
cidental release and allow for their controlled 
maintenance and disposal.  
Based on previous work [7], novel analog front 
ends will be developed to the combinatorial 
sensing approach and sampling conditions. 
These systems will transfer sensor data to the 
cloud to facilitate long-term autonomous sens-
ing.  

Multi-sensor data fusion methods will be used to 
determine underlying relationships between the 
measured (bio)chemical properties, cross-sensi-
tivity in sensor measurements can be exploited 
to calibrate for environmental effects such as 
temperature, pH aging or contamination by other 
chemical species. 

Finally, the biosensor will be demonstrated in an 
industrial setting, a protected ecological site, in 
agricultural regulatory use case. 

Results 

BIOSENSEI’s vision is to enhance water quality 
and achieve the highest standards for groundwa-
ter in Europe by advancing real-time, cell-based 
water quality monitoring technologies and mini-
mizing the harmful impacts of water pollution on 
ecosystems and human health. In both in-
stances, the inclusion of user-case studies will 
provide region- and application-specific data fos-
tering both climate mitigation in different climatic 

zones and raising awareness of pollution preva-
lence. 

BIOSENSEI instead focuses on the initial devel-
opment and assessment of a new technology. 
The potential for its future implementation, in a 
similar manner to FAMOSOS, is however evi-
dent, despite the early state of the technology. In 
addition, the facile sensing enabled in real-time 
has the potential for significant humanitarian 
benefits, given the extensive health risks of pol-
lution, and the present difficulty in their detection. 
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Summary:
Gold nanostructures were created using combinatorial magnetron sputtering and annealing, as well as 
by electron beam lithography to create nanostructures for plasmonic and Raman sensing. The optical 
response of the structures was measured by reflectometry, Raman spectroscopy and spectroscopic 
ellipsometry to study the accuracy of dimensional metrology and the performance of the structures for 
sensing. The structure was analyzed based on finite element calculations supported by electron micros-
copy measurements. The sensing performance of the deposited nanoparticles was explained by the 
density and size distribution on the surface as a function of the amount of deposited material. The meas-
urements and finite element models on the grating structures revealed the most sensitive parameter 
ranges for dimensional metrology and sensing performance of the structures.

Keywords: Optical characterization, sensors, gold nanoparticles, plasmonics, combinatorial materials 
science, ellipsometry
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Background, Motivation an Objective 
The importance of plasmonic nanostructures in 
sensing doesn’t need to be emphasized due to 
numerous studies and applications in recent 
years. The large number of possible configura-
tions and combinations of materials necessitates 
powerful methods for the optimization and gen-
eration of databases of optical and structural 
properties. Combinatorial materials science is an 
established method with new optimized ap-
proaches [1,2] to improve the quality and control-
lability of the created materials and structures. 
The current work is a utilization of these oppor-
tunities for a range of materials properties for 
metrology and sensing. 

Results 
Two types of gold nanostructures have been in-
vestigated. The first one is created by annealing 
of gold layers with a gradually changing thick-
ness on glass slides to generate gold nanoparti-
cles for plasmonic and Raman investigations. 
The second type is a gold grating structure (Fig. 
1) created by electron beam lithography. Both 
structures have been investigated by optical 
methods to determine the structures and to uti-
lize them for (optical reflection and Raman) 
sensing. Finite element modeling and electron 
microscopy measurements supported the study 
by providing explanations of the sensing behav-
ior of the structures. Both the gold nanoparticles 
created by sputtering and annealing and the 
grating structures created by electron beam li-
thography could be modeled using suitable finite 
element approaches. The simulations agreed 

with measurements in both cases, explaining the 
major phenomena. 

 
Fig. 1. Phase shift of the reflection coefficients of 
light polarized parallel and perpendicular to the plane 
of incidence as a function of the period (Pitch) and the 
wavelength on a gold grating in Kretschmann config-
uration ([glass ambient]/[gold grating (thickness of 
60nm, grating line width of 50 nm)]/[water substrate]) 
at an angle of incidence of 70°. 

References 
[1] G. Sáfrán, “One-sample concept” micro-combina-
tory for high throughput TEM of binary films, Ultrami-
croscopy 187 (2018) 50–55. 

[2] G. Sáfrán, P. Petrik, N. Szász, D. Olasz, N.Q. 
Chinh, M. Serényi, Review on High-Throughput Mi-
cro-Combinatorial Characterization of Binary and 
Ternary Layers towards Databases, Materials 16 
(2023) 3005. https://doi.org/10.3390/ma16083005. 

[3] D. Mukherjee, K. Kertész, Z. Zolnai, Z. Kovács, A. 
Deák, A. Pálinkás, Z. Osváth, D. Olasz, A. Roma-
nenko, M. Fried, S. Burger, G. Sáfrán, P. Petrik, Op-
timized sensing on gold nanoparticles created by 
graded-layer magnetron sputtering and annealing, 
submitted for publication.

 

EUROSENSORSXXXVI 471

DOI 10.5162/EUROSENSORSXXXVI/PT7.123



 Effect of Particle Size Distribution on the Refractive Index 
Sensitivity of Plasmonic Nanoparticles

Géza Szántó1,2

1 Department of Experimental Physics, Institute of Physics, Faculty of Science and Technology, Uni-
versity of Debrecen, Bem tér 18/a, Debrecen, 4026 Hungary,

2 Institute for Technical Physics and Materials Science, Center for Energy Research, Konkoly-Thege 
Miklós út 29-33, 1121 Budapest, Hungary

szanto.geza@science.unideb.hu

Summary:
Numerical simulation was used to investigate the extinction cross-section and bulk refractive index 
sensitivity of size-distributed gold and silver nanoparticles. Spherical and cube-shaped particles have 
also been studied. The results confirmed that the optical properties and bulk refractive index sensitivity 
of these nanoparticles are significantly influenced by their size distribution. If the particles are more 
uniform, this results in higher sensitivity.

Keywords: bulk refractive index sensitivity, size distribution, localized surface plasmon resonance,
simulation

Background, Motivation an Objective
One of the most important applications of local-
ized surface plasmon resonance is the use of 
the phenomenon to make sensors [1]. In gen-
eral, one tries to describe a given nanoparticle 
system by simulating a single typical particle. 
Therefore, there is a large literature on how the 
shape or material of a particle affects its optical 
properties. In reality, however, it is not possible 
to make an accurate model with a single parti-
cle. The size distributions of nanoparticles gen-
erally follow a log-normal distribution [2] and the 
size distribution of particles in a solution has a 
significant effect on its optical properties [3].
The aim of this article is to show how important 
the often neglected size distribution really is. 

Description of the New Method
The synthesis method used significantly influ-
ences both the mean value and standard devia-
tion of nanoparticle size. However, within a 
given method, these variables are not inde-
pendent of each other. The simulations were 
evaluated based on the simple but useful as-
sumption that the mean value and standard 
deviation are proportional to each other. This 
assumption is supported by experimental data 
[4].

Results
In this study, the extinction cross-section and 
bulk refractive index sensitivity of size-
distributed gold and silver nanoparticles, both 

spherical and cubic, were investigated using the 
finite element method. The research showed 
that these properties are significantly influenced 
by the size distribution of the nanoparticles. A 
lower standard deviation in the distribution re-
sults in higher sensitivity. (see Fig. 1).

Fig. 1. Bulk refractive index sensitivity of gold 
spheres with normal distribution. (Assuming several 
different proportionality factors between the mean 
and the standard deviation of the particle size.)

The effects of both normal and log-normal size 
distributions were investigated.
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Summary:
Traditional Surface Plasmon Resonance (SPR) biosensors, which measure scattering light to charac-
terize biomolecular interactions. This study introduces a novel SPR sensor design based on SPR-
induced hot electrons using a Schottky barrier structure (Au/n-Si/Al). This innovative design filters 
higher energy surface plasmons and enables current sensing. We established the device fabrication 
processes, including design, debugging, and fabrication, developed the measurement system, con-
ducted device testing, and thoroughly analyzed the chip's electrical and optical characteristics.

Keywords: Surface Plasmon Resonance (SPR), Schottky Barrier, hot electron, Biosensor, MEMS.

INTRODUCTION
Surface Plasmon Resonance (SPR) is a pre-
cise optical phenomenon with biochemistry, 
chemical sensing, surface science, and nano-
technology applications. Traditionally, it in-
volves using a high refractive index prism (BK-
7, n=1.571) as a coupler to match the momen-
tum of a thin metallic film (Au, n=0.4941 + 
10.353i @1550nm, d=50 nm) at a specific inci-
dent angle, SPR angle, to observe the dimin-
ished total reflection, as shown in Fig.1. This 
provides insights into optical properties of mate-
rials and aids in analyzing biomolecule interac-
tions, monitoring chemical kinetics, and study-
ing nanostructures. By immobilizing recognition 
molecules on a metal surface allows real-time 
monitoring of target-binding events, aiding in 
drug screening and analyzing disease mecha-
nisms.[1]

Fig.1. Basic SPR optical setup for biosensing. [2]

Photovoltaic Effect
The photovoltaic effect occurs when a semi-
conductor or semiconductor-metal combination 
generates voltage and current upon light or 
electromagnetic radiation exposure. It's akin to 
the photoelectric effect but internally related (1) 
[3]. In this effect, due to heterogeneous material 
interface, like PN junction formation, excited 
electrons and holes move oppositely under the 
established electric field, leading to charge 
separation.

(1)

Schottky Contacts and Ohmic Contacts
In 2017, predecessors organized the conditions 
for forming Schottky and Ohmic contacts. Dif-
ferent types of contacts can be formed depend-
ing on the difference in material work functions. 
We can utilize Schottky contacts to establish 
barriers to filter out electrons generated on the 
metal surface. Through these methods, we can 
screen out the current generated by SPR.(2) [4]

(2)
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Fig. 2. Schottky contact between metal and semi-
conductor. [4] 

Simulation 
Firstly, we used Matlab code (R2015) to simu-
late the SPR phenomena containing Au 
(48nm)/Cr (2nm)/Prism (n = 1.5098) under vari-
ous incident angles and wavelengths. These 
results provide the fundamental behaviors of 
surface plasmon waves on the planar interface, 
especially for the lateral propagation distance 
for the placement of the Schottky barrier. We 
also used COMSOL (5.3a) to simulate the pen-
etration depth of NIR wavelength and the gen-
eration of hot electrons under Au (48nm)/N-
doped Si (10um) and Au (48nm)/N-doped Si 
(1um). The parameters of used materials are 
listed sequentially in the following table for ref-
erence.  

 
Fig. 3. The SPR simulation results, a. with Matlab 
and b. 10um N-doped Si with COMSOL c. 1um N-
doped Si with COMSOL 

Tab 1:The material, thickness and refractive index of 
our chip 

Material Thickness N (n + ik)@ 1550nm 
Au 48nm 0.4941 + 10.353i 

N-doped Si 500um 3.6730 +   0.005i 
Aluminum 

plate 
0.8mm 1.5237 + 15.115i 

Chip Design 
We redesigned Au/N-doped Si/Al to support 
SPR wave generation on the Au surface and 
used Au/N-doped Si to establish Schottky barri-
ers for detecting higher-energy hot electrons. 
Fig 4 shows the plasmonic chip and PCB as-
sembly. In the aluminum substrate, two holes 
connect to the pins of USB connector. The N-
doped Si coated with gold is bonded to alumi-
num substrate using Ag glue. Aluminum wires 
pass through holes from the gold layer, con-
necting to the USB socket pins to form a com-
plete circuit. 

 
Fig. 4. The design of the plasmonic chip and PCB 
assembly. 

Fabricated Chip & Measurement Setup 
In the measurement phase, this study will utilize 
1.a probe measurement system architecture, 
2.USB measurement and 3.Lock-In Amplifier 
(LIA) System. We will attempt various meas-
urement methods to determine the basic prop-
erties of the SPR chip.  

 
Fig. 5. a. Plasmonic Chip Measurement System and 
b. SPR Measurement System and modified LIA algo-
rithm System 

Current Results  
Based on the current chip results, it's evident 
that the resistance between N-doped Si/Au 
remains high. This could potentially be attribut-
ed to surface roughness, suggesting the need 
for a more comprehensive cleaning procedure. 

 
Fig. 6. Chip and I-V Curve between N-doped Si/Au. 
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Summary:
Silicon epitaxial layer technology provides a key building block for charged particle tracking devices, 
eg. complementary metal-oxide semiconductor (CMOS) active pixel sensors. Such detector elements 
are realized on a thick (~775um) heavily doped top quality 12” silicon substrate with a subsequent thin 
(~1-20um) lightly doped silicon epitaxial layer or multilayer deposition. This epitaxial layer structure 
also provides virtual substrate for further CMOS manufacturing steps, relatively free of metal contami-
nation and/or crystallographic defects [1,2].

Accurate characterization of such structures, in terms of multilayer thickness, dopant concentrations, 
and buried defect density is possible with advanced optical instrumentation [3-6]. A round-robin test 
series were conducted on typical samples with silicon epilayer structures, including Fourier-transform 
infrared (FTIR) reflectometry, with results confirmed by spreading resistance profiling (SRP) and imag-
ing photoluminescence (PL) techniques.

Keywords: silicon, epitaxial layers, epi, FTIR, spreading resistance profiling, CMOS, imaging sensors

Results:
Advanced optical modeling was applied to the 
acquired infrared reflection spectra on Si wafers 
with epitaxial multilayers. A typical result is 
shown in Fig. 1, where the so-called transition 
zone (TZ) in between the epilayer and the sub-
strate was modeled by a series of sub-layers 
with varying charge carrier density.

Fig. 1. Characteristic result of the applied ad-
vanced infrared optical modeling on Si epilayer struc-
tures.

The obtained optical carrier density profile was 
confirmed by a direct electrical technique,
spreading resistance profiling (SRP). Fig. 2 
shows the edge of the samples that were bev-

eled at a shallow angle to prepare them for 
SRP measurements.

Fig. 2. Schematic diagram of the SRP measure-
ment sequence

Common methods for detecting defects related 
to epitaxial layer gworth in silicon are usually 
time-consuming and often destructive. By con-
trast, Semilab’s PL imaging technique (so-
called EnVision) provides a quick, non-
destructive way of finding these defects [4-6].
Additionally, the online neural network-based 
analysis offers classification of the found de-
fects. The obtained results are consistent with 
traditional etch-based methods [4]. Validation of 
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the PL results were performed by semiconduc-
tor reference fabs on processed electronic de-
vices, as shown in Fig. 3. 

Fig. 3. Reduction of defect cound achieved during 
optimization of process used for P-N junctions in 
CMOS imager devices [5] 

References: 
[1] A. Lahav, A. Fenigstein, A. Strum, S. Rizzolo,

“Backside illuminated (BSI) complementary met-
al-oxide-semiconductor (CMOS) image sensors”,
in: Woodhead Publishing Series in Electronic and
Optical Materials, High Performance Silicon Im-
aging (Second Edition), Woodhead Publishing,
pp. 95-117, doi: 10.1016/B978-0-08-102434-
8.00004-0

[2] A. Onaka-Masada, T. Kadono, R. Okuyama, R.
Hirose, K. Kobayashi, A. Suzuki, Y. Koga, K. Ku-
rita, “Reduction of Dark Current in CMOS Image

Sensor Pixels Using Hydrocarbon-Molecular-Ion-
Implanted Double Epitaxial Si Wafers”, Sen-
sors 20, 6620 (2020) doi:10.3390/s20226620 

[3] E. E. Najbauer, L. Sinkó, Sz. Biró, Zs. Durkó, P.
Basa, “Epitaxial silicon transition zone measure-
ments by spreading resistance profiling and Fou-
rier transform infrared reflectometry”, Applied Re-
search, e202300146 (2024); doi:
10.1002/appl.202300146

[4] M. L. Polignano, A. Galbiati, I. Mica, D. Magni, D.
Cseh, F. Jay, P. Basa, N. Laurent, I. Lajtos, G.
Molnar, L. Dudas, L. Roszol, and L. Jastrzebski,
“Analysis of Near-Surface Metal Contamination
by Photoluminescence Measurements”, ECS
Journal of Solid State Science and Technology 7,
R12 (2018)

[5] R. Duru, D. Le-Cunff, M. Cannac, N. Laurent, L.
Dudas, Z. Kiss, D. Cseh, I. Lajtos, F. Jay, Gy.
Nadudvari, “Photoluminescence for In-line Buried
Defects Detection in Silicon Devices”, 28th Annu-
al SEMI Advanced Semiconductor Manufacturing
Conference (ASMC), Saratoga Springs, NY,
USA, 2017, pp. 262-266, doi:
10.1109/ASMC.2017.7969241.

[6] J. Frascaroli, M. Tonini, S. Colombo, L. Livellara,
L. Mariani, P. Targa, R. Fumagalli, V. Samu, M.
Nagy, G. Molnár, Á. Horváth, Z. Bartal, Z. Kiss, T.
Sipőcz, I. Mica, “Automatic Defect Detection in
Epitaxial Layers by Micro Photoluminescence
Imaging”, IEEE Transactions on Semiconductor
Manufacturing 35, 540 (2022) doi:
10.1109/TSM.2022.3189847

EUROSENSORSXXXVI 479

DOI 10.5162/EUROSENSORSXXXVI/PT7.272



Last developments in the angular response and defor-
mation characterization of resonant micromirrors  

Clement Fleury1, Muhammad-Hassan Khan1, Diana Mori1, Sara Guerreiro1, Rodrigo Tumolin Rocha1, 
Dominik Holzmann1, Takashi Sasaki1, Adrien Piot1 

1 Silicon Austria Labs GmbH, Sandgasse 34, 8010 Graz, Austria 

Clement.fleury@silicon-austria.com 

Summary: 

Characterization of micromirror in terms of optical performance during actuation has always been chal-
lenging. Two years ago, we introduced a method that makes use of digital holography and variable 
mirror positioning to sample the shape of the mirror at an arbitrary position in its movement. Here we 
present further development of the technique, including a methodology to perform fast frequency 
sweeps. We demonstrate the capabilities by comparing the deformation to analytical derivation from 
amplitude and frequency. 

Keywords: MEMS mirrors, characterization, dynamic deformation 

Background, Motivation an Objective 

Resonant MEMS mirrors are a component of 
choice for numerous applications such as Pico 
projection, LIDAR, and endoscopy. Depending 
on the use, the critical parameters are the reso-
nant frequency, scanning angle and optical 
quality. Deformations produce aberrations, and 
increase drastically with mirror diameter, which 
is required to lower diffraction. Increasing thick-
ness lowers deformation, but also affects reso-
nance frequency. Localized backside rein-
forcement (BSR) has been used to reduce de-
formation while keeping the mass low. This 
complex tradeoff must ultimately be assessed 
through characterization. We propose here a 
fast method to collect all relevant parameters of 
a resonating mirror to give fast feedback to 
MEMS engineers. 

Description of the New Method 

The method is an improvement on the method 
presented in [2]. It makes use of a commercial 
Digital Holographic Microscope (DHM R2200 by 
Lyncee Tec) and a 6 axes goniometer stage 
(Standa 8-0021), enabling virtually unlimited 
mirror amplitude. An automated turret for the 
microscope objective enables a fully automa-
tized sequence.  

The new method works in two main steps: An-
gular response, and shape measurement. 

If the resonance frequency is unknown, or if a 
mode search is needed, a frequency sweep is 
performed using the DHM in 100% laser duty-
cycle mode over a large frequency range. A 

high magnification objective is used, targeting 
the center of the mirror to enable capturing high 
slope topography. Once the mode is localized, 
a second sweep with a lower step and range is 
performed, this time with 4 samples per period 
at a laser duty cycle of 1%. From the analysis of 
the data, rotation axis, amplitude and phase of 
the mirror movement is extracted for every fre-
quency. 
The shape measurement is then performed at 
the desired frequencies – often resonance. The 
objective is changed to lowest magnification to 
cover the whole mirror. Using the motorized 
goniometer, the previously gathered information 
of the rotation axis, amplitude and phase of the 
mirror is used to keep the MEMS in such a way 
that the mirror part lies in the object plane for 
the measurement at each phase. The data is 
then analyzed to determine the amplitude map 
of the mirror for different harmonics (including 
0th, corresponding to static deformation). As a 
demonstration, an experimental validation of 
the analytical formula (eq. 1) for deformation is 
performed on a mirror like the one presented in 
[2], where the RMS of the deformation ampli-
tude map in and between two modes is com-
pared to the following model [3]. 

Eq. 1 

With δ the deflection, A the amplitude, f the 
frequency, D the diameter of the mirror, t its 
thickness, and E its Young modulus. c is a con-
stant. We substitute deflection for RMS as it is 
less sensitive to noise than min/max values. 
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Fig. 1. Amplitude, phase and rotation axis vs. fre-
quency of the mirror without BSR.. 

Fig. 2. Mirror (with BSR) amplitude and phase map 
at resonance (2). Axis shown with dashed line. 

Results 

Figure 1 shows the result of two frequency 
sweeps using the presented measurement 
technique using 4 x 1% duty cycle on a 2D mir-
ror. Two sets of electrodes are used, one opti-
mized for the actuation of different modes. The 
actuation of set 1 is shown in red and set 2 in 
blue. Three peaks are visible in amplitude, cor-
responding to three different modes. Each am-
plitude peak corresponds to a typical phase 
response for a resonance mode. The rotation 
axis can be seen in the last figure. For mode (1) 
and (2), a frequency dependence in the rotation 
axis is visible. 

Fig. 3. RMS of the dynamic deformation (with de-
formation shape and axis) and amplitude of the mir-
ror (without BSR) vs. frequency (log-log). 

Figure 2 shows the amplitude and phase map 
of the deformation at the resonance corre-
sponding to the middle peak. Such a measure-
ment was made for frequencies that display an 
amplitude higher than .2°. 

Figure 3 shows the RMS values versus fre-
quency for the three peaks, with the corre-
sponding amplitude shown below. Fitting the 
exponents gives dependencies in 0.7 for A, and 
2.2 for f. The small difference between the 
model parameters and extracted parameters 
may be due to the asymmetry created by the 
anchor geometry, also visible in the difference 
between deformation shapes. 
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Summary:
Continuous monitoring of Biogas installations is a means to improve safety and detect failures occurring 
only under specific operational conditions. Stationary methane sensor networks are able to perform this 
task by providing temporarily and spatially resolved data on methane concentrations. Therefore, the 
reliability and precision of the concentration data of individual nodes is paramount. This contribution 
presents the setting up of such a wireless gas sensor network based on a miniaturized, photoacoustic 
methane detection approach via multi-unit calibration. The results highlight the importance and potential
of reliable calibration methods as basis for gas flux measurements using stationary sensor nodes.

Keywords: leakage detection; gas sensor network; photoacoustic-based NDIR

Introduction
Several conceptually different approaches for 

scalable monitoring of methane leakages are 
currently subject to intensive research and 
development efforts [1]. This high relevance is 
due to the ubiquitous use of methane in many 
industries and the associated high 
environmental and economic impact as well as 
the safety-related issues. While satellite-based 
methods are able to provide a global overview, 
the continuous detection of leaks on small and 
medium spatial scales is currently not solved in 
a techno-economic satisfactory way. The use of
distributed gas sensor networks to determine 
gas flows from a 3D data point cloud of 
concentration measurements with adequate 
temporal and spatial resolution is a possible 
route, if combined with measurements of wind 
speed, wind direction, temperature, and 
pressure. Based on the gas flow determination 
one can then determine the location and strength 
of leaks. The use of stationary gas sensing 
networks in this scenario allows for a continuous 
monitoring at arbitrary sites. 

Modeling gas dispersion has shown promise 
[2], offering the potential for using low-cost, 
miniaturized sensors to measure environmental 
factors. Indirect photoacoustic gas sensors offer 
promising features in terms selectivity and 
sensitivity in a smaller size as compared to 

standard non-dispersive infrared spectroscopy 
(NDIR) devices [3]. Yet, ensuring reliability and 
repeatability across a large-scale network is 
critical. This study delves into a calibration 
method for consistent data quality across sensor 
nodes based on custom-build, miniaturized
indirect photoacoustic sensors using mid-
infrared light emitting diodes (mid-ir LED) at 3.5
µm to excite photoacoutic waves.

Gas Sensor Network
The gas sensor network is based on 

individual nodes, each of which feature a GPS 
module NEO-6M for geolocalization and data 
synchronization, an integrated temperature, 
humidity, and pressure sensor BME280 from 
Bosch, a LoRaWAN module for wireless, long 
range data transfer. The determination of a 
leak’s source and strength is possible by using
stationary gas sensor networks and to this end a 
total of 10 sensor nodes with the same setup and 
particularly with the same optical path length for 
NDIR-type photoacoustic detection of methane 
have been built. As light source a mid-infrared 
light emitting diode (MID-IR LED) L15893-
0330M from Hamamatsu Photonics K.K. with a 
central emission wavelength of 3.5 µm is 
employed. Its output is modulated with a 
sinusoidal current modulation at a frequency of 
ωmod = 300 Hz. The photoacoustic detector
consists of a hermetically sealed cell filled with 
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pure methane at 1 bar pressure, and includes a 
microphone ICS-40720 from TDK-Invensense 
Inc. mounted onto a TO 5 socket and bonded to 
it, as well as 0.5 mm thick sapphire window for 
infrared radiation access. The probing light 
passes through an optical path length dopt = 30 
mm. The 10 sensor node have been exposed to 
varying levels of temperature, humidity, and 
methane concentrations at the same time and in 
the same environment. Figure 1 shows the 
variability between different units. To correct the 
slope, one needs another calibration 
measurement.  

 
Figure 2 shows the corresponding errors in pre-
diction for methane for the different models. The 
error in prediction can be as high as 1750 ppm, 
while the error when the calibration for the spe-
cific sensor is used remains in the order of tens 
of ppm. 

 
The cross-sensitivity to temperature and humid-
ity is shown in Figure 3 which highiights de dom-
inance of the temperature coss-sensitivity. Fi-
nally, we evaluated the methane calibration 
models when transferred directly to the other 
units. In this scenario, the error in the predictions 
has an average of 1200 ppm. 

 
On the other hand, when performing a singular 
calibration for each unit the mean error de-
creases to 25 ppm. When the model incorpo-
rates calibration measurements from different 
sensing units, performing a multi-unit calibration, 
the average error is 400 ppm, which is a signifi-
cant decrease with respect the use of models 
build with different units. 

Discussion and Conclusions 
In this contribution the development of sensing 
networks for methane leakage detection based 
on stationary, indirect photoacoustic spectros-
copy is presented. While results of individual cal-
ibrations perfom with high accuracy, their cost is 
not affordable for the deployment of a dense net-
work of sensors. Therefore, the possible to build 
a multi-unit calibration is demonstrated. This 
strategy is cost-effective and the performance 
decay is acceptable for the rapid detection of 
methane leakages. 
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Figure 1: Sensitivity response for 10 sensing nodes at 
different concentration levels.  

Figure 2: Error in prediction when the calibration models 
are applied to different sensing nodes. 

Figure 3: Sensing node exposed to different levels of humidity 
and temperature. 
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Summary:
Piezoelectric energy harvesting (PEH) appears as a prominent field, as it helps to provide enough 
energy to run small electronics or MEMS. Contemporary patents on PEH systems for aerospace ap-
plications, mainly focus on different design geometries or location of PEH on the host structure. In this 
study a novel combination of piezoelectric harvesters and composite panels are proposed. Series of 
piezoelectric harvesters are embedded into the cell structure of a composite sandwich panel. The 
system is expected to provide enough power to run structural health monitoring sensors of an aircraft.

Keywords: Piezoelectric energy harvesting (PEH), Smart materials, Composite sandwich structures,
Aerospace.

Background, Motivation and Objective
Almost all type of systems, whether electronic 
or mechanical, are subjected to either electrical 
or mechanical inputs such as voltage, current 
force, motion and vibration, etc. Systems such 
as aeronautical vehicles, suffer mechanical 
vibrations with various frequencies. This work 
proposes a novel method for harvesting ambi-
ent mechanical energy with the help of piezoe-
lectric energy harvesters embedded into the 
cells of a composite sandwich panel, which is a 
widely used constructing material in aerospace 
applications. Since the PEH system is shielded
by a closed envelope, it is less prone to ad-
verse environmental effects such as fatigue or 
corrosion. Another advantage is that the sys-
tem’s power output can be closely monitored to 
detect the changes in mechanical response, by 
which the system becomes its own sensor. 
Similar studies have been put forward to detect 
cracks with piezo layers [1]. As a result of mul-
tiple PEH existing on system, broadband ener-
gy absorption is possible, when each harvester 
is purposefully manufactured to be sensitive to 
resonant frequencies. Thus, the proposed 
method has a great potential to become the 
primary power source for aerospace sensor 
applications. 
The objective of this study is to develop new 
type of embedded energy harvesters to be uti-
lized in composite sandwich panels. Computa-
tional studies are carried out using ANSYS
APDL [2]. A physical model will be built to con-
duct experimental studies. Results generated 
by ANSYS and those obtained by experiments

are compared. Parametric studies are conduct-
ed to give the optimum power output.

Description of the System
The system (see Fig.1) is a combination of 
sandwich structure and piezoelectric energy 
harvesters. Sandwich structures are made out 
of various materials such as aluminum, carbon
and glass fibers etc. Various harvester geome-
tries were developed to be sensitive to different 
orientation of vibration. Hence, it can be differ-
ent from what is shown in Fig.1. Moreover, the 
harvesters can be tuned for ambient frequen-
cies by changing the beam length and tip mass.
Detailed diagram of working principle is shown 
in (see Fig. 2.).

Fig. 1. Exploded view of the system

While the system is shaken by environmental 
vibrations, a phase difference occurs between 
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the movement of sandwich panel and harvester 
tip masses. This difference is then harvested by 
the newly developed PEH and results in an 
electrical energy. 

 
Fig. 2. 2D diagram & working principle 

 
Results 

1. Modal shapes of Sandwich Panel 

First study is to simulate the physical elements 
under working condition. For the sake of re-
peatability and fastness of the simulation, an 
ANSYS APDL code was developed that can 
virtually create any sandwich panel with arbi-
trarily varying dimensions. Aluminum honey-
comb sandwich panel with specified dimensions 
(30x40x16 mm) is parametrically created by the 
code. First four mode shapes & modal frequen-
cies of the mentioned panel are computed and 
depicted below in (see Fig. 3.).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. Modal analysis of a 30x40x16 aluminum 
sandwich panel (first 4 modes respectively, 
a)2527.47Hz, b)3217.00Hz, c)3264.67Hz, 
d)3645.43Hz) 
 

 
 

2. Single PEH modal and harmonic analysis  
A single piezoelectric unimorph energy har-
vester of the newly developed PEH system was 
modelled (see Fig. 4a.). Node displacements at 
dominant mode was found using modal analy-
sis (see Fig. 4b.) and nodes with highest elec-
trical potential can be seen as red on top of the 
piezoelectric layer (see Fig. 4c.). Harmonic 
analysis between 0-2 kHz ramped input, of the 
PEH shows a peak in electric potential (see Fig. 
4d.) when the system is excited at the base 
(hexagonal body) with its natural frequency 
(1472 Hz). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4.Harmonic analysis of a dimensionally scaled 
piezo harvester a)Elemental view of single PEH, 
b)First mode displacements, c)Electric potential, 
d)Harmonic voltage response  

 

 

 

 (1) 
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Summary:
This study proposes a multifunctional microscope system composed of linear polarizers and CMOS 
polarization camera featuring different polarization directions especially. After that, we applied patho-
logical tissue samples from patients with silicosis and collagen film as an example. According to pre-
liminary results, it can clearly observe the arrangement of connective tissue in both tissue and crystal-
line particles in lymph node tissue with silicosis. Afterwards, outcomes are not only analyzed also 
classified by Image J and Python. The purpose is to assort different tissue in order to enhance diag-
nostic accuracy as a quantitative data method.

Keywords: Polarizer, CMOS, Silicosis, Lymph node, Collagen film

Background
Workers exposed to large amounts of silica 
particles in occupational environments for a 
long time are at a higher risk of developing sili-
cosis. The main reason is that the presence of 
silanol (SiOH) groups on the surface of silica 
particles which can form hydrogen bonds with 
oxygen and nitrogen groups in biological cell 
membranes. This interaction may lead to the 
loss of membrane structure, lysosomal leakage, 
and tissue damage, resulting in inflammation of 
respiratory system tissues, pulmonary fibrosis, 
and sclerosis. In severe cases, it can lead to a 
decline in respiratory function, making it an 
irreversible lung disease and even death [1, 2]. 
However, despite strict regulations and man-
agement efforts, it still has 1.7 million workers 
approximately that is exposed to silicosis annu-
ally in the United States and other worldwide 
[3]. Moreover, although polarizing microscopes 
can display birefringent crystalline silica parti-
cles, sometimes the birefringent crystals ob-
served within nodules are the result of inhaled 
silicate particles mixed with silica dust [2].

In this study, the multifunctional microscope 
system we proposed are not only installation of 
polarizers but also utilization CMOS polarizing 
cameras with different polarization directions on 
the fluorescence microscope. In addition to 

polarization function, each unit consists of four 
pixels composed of linear polarization in differ-
ent four directions: 0°, 45°, 90°, and 135° for 
the camera in this system. Compared to tradi-
tional polarizing microscopes, the multifunction-
al microscope can measure physical properties
which conventional imaging can not detect, 
such as classifying chemical isomers, analyzing 
stress and strain, and even enhancing contrast 
[4, 5]. Therefore, through measurements pro-
vided by this system, it is expected that silicosis 
tissue images captured at different polarization 
angles can distinguish from other tissues by 
different crystal structures and structure ar-
rangement, aiming to quantify data and improve 
future diagnostic capabilities.

Material and Method
Polarized light microscope system
The original fluorescence microscope system 
(Olympus BX51) was modified by installing two 
linear polarizers, serving as the polarizer and 
analyzer, respectively. Due to the light source 
being a halogen lamp (350 to 1100 nm), polar-
izers with higher transmittance in the visible 
light spectrum were selected as the installation 
components. In the system configuration, it 
includes the following components in sequence: 
light source, polarizer, condenser, specimen, 
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objective lens, analyzer, and eyepieces. In or-
der to observe crystal variations, a 360-degree 
rotating mount was installed on the polarizer to 
change the polarization direction additionally. 
Furthermore, the specimen was connected to a 
touch screen keypad to control movement more 
precisely compared to manual adjustment. It 
allows for more accurate positioning of samples 
within the field of view. Subsequently, CMOS 
cameras and traditional EMCCD cameras were 
installed above the microscope separately. 
Finally, captured images were processed and 
analyzed by Image J and python. 

Fig. 1. Construction of polarized light microscope 
system. 

Sample preparation 
Because of oil attached on unused slides, it’s 
difficult for the tissue samples to adhere on the 
surface and also to affect tissue observation. 
Therefore, we are able to washed it away on 
the surface of the glass slide with acetone first. 
After then, through isopropyl alcohol, it can 
remove the oil and the acetone remaining on 
the surface. Lastly, utilizing DI water is to rinse 
it for final cleaning. During the process, an ul-
trasonic vibrator is used to vibrate for 6 minutes. 
When replacing to the next solution, it will be 
rinsed with a large amount of DI water first to 
wash away the remaining solution on the sur-
face of slides and then blow dry with nitrogen. 
After cleaning is completed, we flatted the tis-
sue sample with DI water and covered it with a 
coverslip to complete the preparation. 

Preliminary Results 
After preparing the lymph node tissue sample 
from a patient with silicosis, it was placed under 
a polarized light microscope system for obser-
vation, as shown in the Fig. 2. Under orthogonal 
polarization, the arrangement in different direc-
tion of connective tissue and structure in both 
tissue as well as crystalline particles in Lymph 
node can be clearly observed through the eye-

piece. Subsequently, EMCCD cameras were 
used to capture a series of 15 images with an 
exposure time of 0.15 seconds per each at 100 
times magnification. Before images come out, 
it’s significant to remove background to improve 
the signal-to-noise ratio for analysis of the crys-
talline particles. From the results depicted in the 
Fig 3., after setting the scale with Image J, the 
crystalline particles were distinguished from the 
background through thresholding methods. 
Furthermore, there are the total of 16 particles 
was counted as well as an average area of 
9.093 nm2 were calculated within the specified 
area. 

Fig. 2. The orthogonal polarized light image in a 
microscope: (a) Lymph node tissue (X100) (b) Colla-
gen film (X100). 

Fig. 3. The images are processed and analyzed by 
image J: (a) Before processing (b) After processing 
(C) Particle count and area summation.
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Summary: 

This paper analyzes the Electrochemical Impedance Spectroscopy (EIS) of a lithium-ion (Li-ion) battery 
cell under different load conditions and explores the corresponding equivalent circuit. The results ana-
lyze the EIS spectra at different State of Charge (SoC) levels and illustrate the changes in the electrical 
parameters. This study highlights the variations occurring during Li-ion battery discharge, which can 
serve as a basis for real-time EIS monitoring.  

Keywords: Electrochemical impedance spectroscopy, SoC, lithium-ion, equivalent circuit

Title 

Electrochemical Impedance Spectroscopy of 
Lithium-ion Battery Cells under Different Load 
Conditions. 

Headlines 

Investigating the applicability of real-time moni-
toring of electrochemical impedance spectros-
copy of lithium-ion battery cells under different 
load conditions. 

Background, Motivation an Objective 

Electrochemical Impedance Spectroscopy (EIS) 
is a method of choice used to study the proper-
ties of linear time invariant electrochemical sys-
tems [1]. EIS works by applying an excitation 
current or voltage signal over a frequency range 
to the investigated system and measuring the re-
sulting voltage or current. The derived transfer 
function represents the internal impedance of the 
battery cell and can be interpreted as an electric 
circuit composed of several elements. 

EIS is used to analyze Lithium-ion (Li-ion) bat-
tery cells in an equilibrium state and under labor-
atory conditions. A rest period following a charge 
or discharge cycle is commonly implemented. 
Different rest periods will yield in different imped-
ance spectra. Similarly, varying temperature val-
ues will lead to different results. For this reason, 
controlled measurement conditions are needed 
within the same EIS experiments. 

Embedded EIS solutions allow impedance 
measurements using miniaturized and cost 

efficient devices. Integrating these chips into 
Battery Management System (BMS) enhances 
the performance and provides insightful infor-
mation about the battery cell during real-time op-
eration. Nevertheless, due to the characteristics 
of Li-ion battery cells and the connected load, it 
remains ambiguous which measurement condi-
tions can be used for accurate real-time EIS 
measurements. Additionally, a reasonable fre-
quency range must be used to be feasible for 
fast measurements (performing EIS at a single 
frequency of 1 mHz requires a time period of at 
least 16.7 minutes). 

The main objectives of this paper are to investi-
gate the applicability of real-time EIS of a Li-ion 
battery cell during operation under different load 
conditions and analyze the equivalent circuit pa-
rameters. 

Description of the New Method or System 

The experiment was conducted on a lithium-ion 
LG 18650-MJ1 battery cell that was connected 
to the BCS6402 battery discharger with the aim 
of measuring and analyzing the EIS spectra at 
different load conditions. The battery cell was 
continuously discharged, while EIS was per-
formed at certain State of Charge (SoC) levels 
using an embedded EIS development board 
from Infineon technologies within the measure-
ment frequency range of 7800 Hz to 1 Hz. 
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Results 

To investigate the impact of the load on the im-
pedance spectrum, an EIS measurement was 
conducted without and with a load while dis-
charging at a rate of 0.02C. As shown in Fig. 1, 
the impedance spectrum changes in the high-
frequency range, while only minor variations oc-
curred in the frequency range of interest (558 Hz 
to1 Hz), which can be neglected in high ohmic 
Li-ion battery cells. 

During battery discharge, electrons flow through 
the external circuit while ions move between 
electrodes through the electrolyte. Performing 
real-time EIS at different SoCs during battery 
discharge is expected to result in observables 
changes in the equivalent circuit parameters, in-
cluding the ohmic resistance, double layer ca-
pacitance, charge transfer resistance and diffu-
sion process as depicted in Fig. 2. The obtained 
impedance spectra at 95% and 65% SoC while 
discharging at different rates of 0.2, 0.5 and 1C 
is shown in Fig. 3. 

Due to the parallel load connected to the battery 
cell, higher discharge currents are expected to 
result in lower total ohmic resistance, which can 
be extrapolated from the intersection of the 
Nyquist plot with the x-axis. However, due to the 
increased internal temperature in higher cur-
rents, the ohmic resistance of the battery de-
creases [2], which can be seen at 1C discharge 
rate. 

Double layer capacitance results from the elec-
trode electrolyte interface. At high discharge cur-
rent density, the rapid movement of ions and cur-
rent leads to a lower effective double layer ca-
pacitance [3]. This is because of the difficulty of 
ions to migrate quickly. 

Charge transfer resistance represents the re-
sistance of electrons transfer between an elec-
trode and electrolyte. At high currents, the effec-
tive charge transfer resistance becomes smaller, 
following the Butler-Volmer equation [4]. 

During battery discharge, the movement of ac-
tive species create a concentration gradient. At 
high and low SoCs concentration gradient be-
comes high, and this results in fast diffusion. As 
the battery discharges, the concentration gradi-
ent decreases and slows down the diffusion pro-
cess. 

This paper illustrates the EIS equivalent circuit 
parameters of a Li-ion battery cell while dis-
charging under different load conditions. It high-
lights the difference if EIS is taken under labora-
tory conditions after a relaxation time and could 
be used as a basis for integrating EIS into BMS. 
Considering the fact that a full-range EIS meas-
urement requires a period of approx. 2.5 

minutes, the obtained real-time EIS spectrum 
might be misleading due to the rapid change in 
the SoC at high discharge currents. However, 
performing fast EIS at single frequency points 
could be considered in real-time EIS measure-
ments. 

Fig. 1. Impedance spectrum without and with a load. 

Fig. 2. Equivalent circuit representing the impedance 
spectrum. 

Fig. 3. Impedance spectra at 95% and 65% SoC . 
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Summary:
This work aims to identify potential indoor thermal energy sources and assess the feasibility of using a 
Thermo-Electric Generator (TEG) to generate electrical energy for powering indoor autonomous sen-
sors. A commercial small TEG (4  4 cm2) was tested with two heatsinks of different dimensions and 
at several values of temperature difference (T) between the thermal source and the surrounding en-
vironment, so as to determine the amount of power available. The highest power outputs achieved by 
the TEG were 1.83 mW and 33.0 mW with the small and large heatsinks, respectively, at T = 40C,
which are suitable to power most sensor nodes.

Keywords: Autonomous sensor, energy harvesting, thermoelectric generator, indoor applications, 
maximum power point.

Introduction
In the era of Internet of Things (IoT), many sen-
sor nodes are deployed to collect data from, for 
example, the industry 4.0. In the coming future, 
it is foreseen that half of these sensors will be 
located indoors [1]. One of the main challenges 
right now is finding suitable ways to power 
these sensors, especially in places where it is
hard or costly to wire them to the electrical grid.
While batteries are usually employed, these
have some limitations such as limited energy 
capacity, environmental challenges, shorter 
lifespan, and maintenance issues [2]. An attrac-
tive alternative to power these sensors autono-
mously is by harvesting energy from the envi-
ronment, such as from sunlight, vibrations, ra-
dio frequency, and heat [3]. In such cases, the 
corresponding energy harvester must work 
close to the maximum power point (MPP) so as 
to leverage the available energy.

In order to harvest thermal energy, a Thermo-
Electric Generator (TEG) is generally em-
ployed. A TEG is a solid-state device (and, 
hence, it operates silently without any moving 
parts [4]) composed of p-type and n-type semi-
conductors which are connected electrically in 
series and thermally in parallel. The resulting 
output power of a TEG depends on the tempe-
rature difference between its hot side and cold 
side. 

This work has two main objectives: (1) identify-
ing indoor thermal sources to power a sensor, 
and (2) characterization of a TEG at specific 

temperature differences provided by the previ-
ous thermal sources, with the goal of quantify-
ing the available output power and assessing
the feasibility of powering sensor nodes.

Indoor thermal sources
Several indoor sources of thermal energy have 
been investigated, such as hot water pipes,
various types of lamps, a laptop charger, and a
window frame. RTD thermal sensors (Labfacility 
DM-314) were employed to measure the tem-
perature of each source and the ambient, with 
the data recorded by a Data Acquisition System
(Keysight DAQ970A). Tab. 1 shows the result-
ing values of temperature difference (T) be-
tween the heat sources and the ambient tem-
perature.
Tab. 1: Temperature difference obtained by several 
indoor thermal sources.

Thermal Energy Source ∆T (C)
Hot pipe 40

Compact Fluorescent Lamp (CFL) 25
Linear Fluorescent Lamp (FL) 29

LED lamp 11
Laptop charger 27
Window frame 13

The objects indicated in Tab. 1 cause the speci-
fied ∆T when they are turned on. When those 
are turned off, the temperature steadily drops 
until it reaches the ambient temperature. As for
the window frame, it undergoes such a ∆T
when it is exposed to sunlight. In lamps and 
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chargers, the optimal location for a high ∆T is 
near the electronics block that control those. 
The maximum ∆T observed was 40 ºC for a hot 
pipe of the heating conditioning system of the 
building. 

 
Fig. 1. Experimental setup 

TEG in-lab characterization 
In order to evaluate the power that can be ex-
tracted from the ∆T indicated in Tab. 1, a small 
commercial TEG of 4  4 cm2 (EURECA TEG1-
40-40-10/100) was in-lab characterized using 
the setup shown in Fig. 1. This TEG was heat-
ed on a thermal plate (QInstruments ColdPlate 
2016-0110) and a heatsink was attached on the 
other (cold) side. The test was conducted at a 
room temperature of 23-24 C, and ∆T was set 
by the thermal plate. Two heatsinks with differ-
ent size were tested: a) heatsink #1 (Spreadfast 
SFH4001-21L) with 40  40  21 mm, and b) 
heatsink #2 (FischerElektronik SK-92-100 SA) 
with 100  100  40 mm. For each testing con-
dition, the current-voltage characteristic of the 
TEG was extracted using a source and meas-
ure unit (Keysight B2961A), whereas thermal 
measurements (including the temperature at 
the hot and cold sides of the TEG) were carried 
out again using RTDs connected to the DAQ. 

The experimental results are shown in Fig. 2 
(for heatsink #1) and Tab. 2 (for both 
heatsinks), including the measured temperature 
difference (∆TTEG) between the two sides of the 
TEG. Accordingly, higher values of ∆T generate 
higher values of ∆TTEG, and these are higher for 
heatsink #2 thanks to its larger dimensions. The 
power generated approximately increased pro-
portionally to (∆TTEG)2. The TEG with heatsink 
#1 produced a maximum power (Pmax) of 
1.83 mW at ∆T = 40ºC, whereas it was 
33.02 mW with heatsink #2. The corresponding 
power density is 0.11 mW/cm2 and 
2.06 mW/cm2 for heatsinks #1 and #2, respec-
tively. The experiment demonstrates that a 
larger heatsink results in a higher output power 
from the TEG, since this helps to decrease the 
temperature at the cold side and thus increases 
∆TTEG. This is, however, with the limitation that 
more space is required for the heatsink. 

The power levels in Fig. 2 and Tab. 2 seem to 
be sufficient to power IoT sensor nodes, as the 
average power consumption of such sensors 
can be typically around 1 mW [2]. To generate 
1 mW, ∆T  30 C is required with heatsink #1, 
whereas ∆T lower than 10 C is needed with 
heatsink #2, which can be obtained using the 
objects tested and reported in Tab. 1. 

 
Fig. 2. Power-voltage characteristic of the TEG using 
heatsink #1. 

Tab. 2: Maximum power at the TEG output for dif-
ferent values of ∆T and for two different heatsinks. 

∆T 
(C) 

TEG – heatsink #1 TEG – heatsink #2 
∆TTEG 

(°C) 

Pmax 
(mW) 

∆TTEG 

(°C) 

Pmax 
 (mW) 

5 1.20 0.011 2.05 0.55 
10 1.83 0.068 4.17 2.09 
15 2.25 0.18 5.84 4.20 
20 2.90 0.35 7.95 7.12 
25 3.65 0.60 9.84 12.00 
30 4.44 0.91 12.09 17.96 
35 5.21 1.29 14.30 24.80 
40 6.15 1.83 16.50 33.02 
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Summary:
In the field of energy harvesting for autonomous sensors located indoors, this work analyses the line-
arity of low-area photovoltaic (PV) cells of different technology while subjected to different levels of 
illuminance coming from either artificial or natural sources. For indoor artificial lighting (to be precise, 
cold LED), the PV technologies under test show a linear response, except for the monocrystalline 
technology. However, for indoor natural light, only PV cells belonging to the III-V technology show a 
linear response. Monocrystalline PV cells show an increasing quadratic response, whereas amor-
phous and organic PV cells have a decreasing quadratic response. Accordingly, the most appropriate 
technology to leverage the indoor energy coming from the natural light is the monocrystalline.

Keywords: Autonomous sensor, energy harvesting, photovoltaic cells, indoor applications, maximum 
power point.

Introduction
Billions of wireless sensors are expected to be 
installed in the coming decade [1] using techno-
logical ecosystems such as the internet of 
things. In addition, almost half of these sensors 
will be installed indoors [1], which is the scenar-
io of interest here. For example, most of the 
sensor nodes related to the Industry 4.0 will be 
located indoors. However, the installation and 
interconnection of this massive number of sen-
sor nodes motivates several technological chal-
lenges. One of these challenges is the power 
supply [2] of the sensor nodes, which is the 
focus of this work.

The most appropriate power-supply solution is 
the use of an energy harvester, which powers 
the sensor node by collecting energy from the 
environment. In comparison with primary batter-
ies, an energy harvester is a more sustainable 
solution with less maintenance costs, especially 
for hard-to-reach locations [2]. Among the dif-
ferent energy harvesting domains, here we 
focus on the optical since it provides the highest 
electrical power density [3]. Optical energy har-
vesters rely on photovoltaic (PV) cells, which 
are commercially available in different dimen-
sions and technologies. For tiny autonomous 
sensor nodes, PV cells are expected to have a 
low area (e.g., around 10 cm2 or even lower) so 
as not to increase the dimensions of the node. 
As for the technology, monocrystalline and pol-
ycrystalline technologies are mainly recom-

mended for outdoor applications, in which the 
optical energy comes from the sun. However, 
other technologies with a spectral sensitivity 
more adapted to the visible light (such as 
amorphous and organic technologies) are, in 
principle, suggested for indoor applications. The 
use of PV cells for outdoor applications has 
been extensively evaluated in the literature in 
the last decades. Nevertheless, its use for in-
door applications is relatively new and the de-
sign of the complete system is more challeng-
ing since the energy available is much lower.

In the previous context, this work aims to study 
the linearity of different PV cell technologies 
while subjected to different levels of artificial 
and natural light available indoors, with the final 
aim to extract guidelines for the selection of the 
most appropriate technology.

Materials and Method
The study of linearity has been carried out for 
the commercial low-area PV cells of different 
technology (monocrystalline silicon, amorphous 
silicon, organic, and III-V type) summarized in 
Tab. 1. Two testing scenarios were considered:
1) scenario #1 under artificial lighting from 100
to 1000 lux of cold LED, and 2) scenario #2
under natural (sun) light from 1000 to 10000
lux; such levels of illuminance (both artificial
and natural) are typically found indoors. The
cold LED was reproduced by a spectrally tuna-
ble light source (Asensetek Light Cube) [4],
whereas the sun light was emulated by a AAA
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solar simulator (Scientech SciSun-150). The 
temperature of the cells was kept at 25ºC using 
a thermoelectric cold/hot plate (Teca AHP-
301CPV). The applied level of illuminance was 
monitored by a spectroradiometer (Avantes 
AvaSpec-ULS2048CL-EVO). For each testing 
condition, the current-voltage characteristic of 
each PV cell was measured through a source 
and measure unit (Agilent B2901A) and, then, 
the maximum power point (MPP) was extracted 
[4]. For a fair comparison between the four PV 
cells, the power related to MPP was divided by 
the corresponding PV-cell area (see Tab. 1) to 
have the power density at MPP. 
Experimental results and discussion 
Figs. 1 and 2 show the experimental power 
density at MPP versus the illuminance for sce-
narios #1 and #2, respectively. In both figures, 
the power density is normalized to the value 
obtained at the minimum illuminance (100 lux in 
Fig. 1 and 1000 lux in Fig. 2). 

From Fig. 1, three technologies (Am1, Org1, III-
V) show a linear response with respect to the 
illuminance. However, the MonoC cell shows an 
increasing quadratic response. Note that an 
increase of 10 of the input illuminance gener-
ates an increase of 28 in the output power. 

As for Fig. 2, only the III-V technology shows a 
linear response versus the illuminance. Similar 
to Fig. 1, the MonoC cell shows an increasing 
quadratic response, but the Am1 and Org1 cells 
have a decreasing quadratic response. Here, 
an increase of 10 of the input illuminance brings 
about an increase of 15 in the output power for 
the MonoC cell, but only 6 and 5 for the Org1 
and Am1 cells, respectively.  

Such a quadratic behavior leads to a high effi-
ciency at 10000 lux in the MonoC cell (17 %), 
but a low value in the Am1 and Org 1 cells (3% 
and 5%, respectively). The efficiency at 10000 
lux of the III-V cell is 22%, but with a significant 
cost limitation. Therefore, amorphous and or-
ganic technologies are not recommended to 
leverage the peaks of optical power coming 
from the sun in rooms with outside windows. In 
such conditions, the most appropriate PV cell 
technology seems to be the monocrystalline. 

Fig. 1. Normalized power density versus illuminance 
of cold LED at 25ºC for different PV technologies. 

Fig. 2. Normalized power density versus illuminance 
of solar light at 25ºC for different PV technologies. 
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Tab. 1: Features of the commercial PV cells selected in this study 

Ref. Technology Manufacturer Model Active area (cm2) Substrate 

MonoC Monocrystalline AnySolar IXOLAR 
KX0B141K06TF 8.77 Non-

flexible 

Am1 Amorphous Panasonic AM-1454 10.94 Non-
flexible 

Org1 Organic Epishine LEH3_50x20_6_10 10.00 Flexible 

III-V III-V type Lightricity EXL2-1V50 2.15 Non-
flexible 
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Summary: 

We consider the planform of a cantilever piezoelectric vibrating energy harvester (PVEH), that has an 
edge block which is patterned only in the device layer. We derive an analytic expression of the plan-
form, which ensures an optimal performance of the cantilever PVEH. The contours of the optimal plan-
form are described by Bessel functions, and the predictive capabilities of our new model are demon-
strated by the good agreement with finite elements simulations. 

Keywords: Piezoelectric unimorph, energy harvesting, vibrating cantilever, uniform strain, uniform 
curvature. 

Background, Motivation and Objective 

The optimal performance of a cantilever piezoe-
lectric vibrating energy harvester (PVEH), is 
achieved when the axial strain in the piezoelec-
tric layer, is uniform. Technology dictates the 
construction and thickness of the unimorph, but 
its planform is a design choice which makes 
optimization possible. 

In a recent paper [1] we considered a PVEH 
with a massive edge block that extended into 
the handle layer. The inertia of this edge block 
dominated the vibration response of the struc-
ture. We showed that for such a massive edge 
block the optimal planform of the PVEH is a 
trapeze. The same conclusion was presented in 
many previous studies which were based on 
experiments, simulations, or a combination of 
both (e.g. [2],[3]). However, our work was the 
first rigorous analysis of the of the problem, and 
we presented an explicit functional form of the 
optimal trapeze planform [1]. That model was 
the first ever to offer predictive capabilities. 

In contrast to those devices, there is a different 
class of PVEHs in which the edge block is pat-
terned only in the device layer (e.g. Fig. 1), and 
does not extend into the underlaying handle 
layer. In this case, the inertia of the beam is as 
important as the inertia of the edge block. 

In the present study we show that the optimal 
planform of a cantilever PVEH with a device-
layer edge block, is not a trapeze with straight 
contours, but rather it is a planform with curved 
contours described by Bessel functions. We 

validate or model and demonstrate its predictive 
capabilities by using finite elements simulations. 

Modelling – Analytic derivation 

Figure 1 presents a schematic illustration of the 
PVEH. The beam has a length L, a uniform 
thickness h, and a rectangular cross-section 
with width w(x), that changes from the clamped 
edge at x=0 to the far edge at x=L. It is assumed 
that the Euler-Bernoulli beam theory is applica-
ble. An edge block which is patterned in the 
device layer is connected to the far edge (i.e. 
x=L), and has a mass mL and a moment of iner-
tia IL. The moment of inertia refers to the z axis, 
and it is given relative to the center point of the 
edge cross-section (i.e. x=L, y=z=0).  

Fig. 1. PVEH with a device-layer edge block. 

Within the context of the Euler-Bernoulli beam 
theory, we consider a steady state vibration of 

the cantilever in the form y(x,t)=Y(x)T(t), where 
Y(x) is the mode shape of the transverse deflec-

tion. The aim of the present study is to deter-
mine the functional form of w(x) such that the 

axial strain on the top surface is uniform 

x 

y 

Edge block 

h 

Piezoelectric layer 

L 
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The governing equation that determines the 
out-of-plane displacement y(x,t), is given by 
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where  is the density of the elastic material 

and E is the Young modulus, and 12/
~ 3hI yy  . 

Extracting Y(x) from eq. (1) and substituting it 
into eq. (2), yields the differential equation 
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Equation (3) gives the optimal planform for a 
uniform strain over the top surface of the PVEH 

    25.0225.01)( KxaIxaxw  (4) 

Here 
yyIEhx

~
82   , I0.25 and K0.25 are modi-

fied Bessel functions, and the constants a1 and 
a2 are determined from the boundary conditions 
related to the resultant shear force and bending 
moment at x=L. 

Finite Elements Simulations 

With energy harvesting applications in mind, we 
consider cantilever beams made from single-
crystalline silicon (SCS) using silicon on insula-
tor (SOI) wafers technology [3]. Specifically, the 
beam and the edge block are patterned in the 
device-layer of the wafer. We consider beams 
that are along the (110) orientation of the aniso-
tropic SCS where Exx=169.7 GPa, and typical 
values of h=10 μm, L=2000 μm and a vibration 

frequency of =30,000 Rad/s (4.774 kHz). All 
edge-blocks are rectangular, with width wEB=200 

μm, and lengths LEB=100, 200, 300 and 400 μm. 

The eigenfrequency of the cantilever beam with 
a device-layer edge block was simulated using 
the COMSOLTM 6.0 finite elements code [4]. 

The nonuniformity, Sxx
, of the axial strain xx, 

over the top surface of the cantilever, is com-
puted by 
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00

2
 



L

x

xx

L

x

xx dxxwdxxwS
xx


(5) 

For a uniform strain, the nonuniformity is identi-

cally zero, Sxx
=0.  

Table 1 presents the results for the different 
edge block lengths, LEB. The strain nonuniformi-
ties are rather small. For perspective, we con-
sider a non-optimal trapezoidal cantilever 

beam, with the same widths at the clamped and 
the far edge, as in the third case in table 1 
(LEB=300 μm). Figure 2 compares the strain 

distribution over the top surface for the optimal 
planform, and for the non-optimal trapezoidal 
planform. The strain over the top surface of the 
optimal beam (Fig. 2 bottom) is more uniform 
by a factor of ~50 relative to that of the trape-
zoidal beam (Fig. 2 top).  

Fig. 2. Comparison of the strain distribution over 
the top surface between the optimal planform (bot-
tom) and the trapezoidal planform (top). 

This validates the predictive capabilities 
of the new model in Eq. (4). 
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LEB μm Rel error of n [%] Nonuniformity Sxx
 

100 0.023 2.5851105 

200 0.151 8.7729105 

300 0.435 3.0367104 
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Summary: 

We present an approach to improve the accuracy of odor concentration prediction in wastewater treat-

ment plants using drones equipped with electronic noses. Source specific regression models are more 

accurate than models calibrated on all the data. Therefore, we could leverage these source-specific 

models to perform better predictions by integrating a source classification engine before odor prediction,. 

In the scenario explored, the improvement is limited by the source classification accuracy.  

Keywords: Environmental monitoring, electronic nose, drone, odour quantification, source classifica-
tion

Background, Motivation an Objective 

In a previous proposal, we suggested using a 

drone equipped with an Instrumental Odour 

Monitoring System (IOMS) to measure odour 

levels in real-time in a wastewater treatment 

plant (WWTP). The system includes a complete 

signal and data processing workflow that esti-

mates the odour concentration based on 

EN13725. 

Wastewater treatment plants have various 

sources of odour such as bioreactors, settlers, 

desanders, etc. However, it is difficult to deter-

mine the exact source that is producing the 

odour. These sources have diverse chemical 

profiles that could potentially provide information 

about the odour origin. Therefore, the classifica-

tion of odour sources is an important aspect of 

odour monitoring. 

In our previous work, we presented a single pre-

diction model that incorporated data from all the 

odor sources. However, in this work, we propose 

an alternative method that involves using 

source-specific calibration models. To imple-

ment this approach, we have included an odor 

source classification model in our new workflow. 

Description of the New Method or System 

The dataset used in this exploration was ac-

quired in the Molina de Segura WWTP. The 

measurement campaign and machine learning 

development strategy has been previously de-

scribed. The dataset contains 40 measurements 

carried out along in month in summer 2020. The 

dataset contains measurements carried out in 

the vicinity of four different odour sources, 

namely: Settler (m1), Biological (m2), Chim-

ney(m3) and Desander (m4).  

The new data processing workflow comprises 

two key modelling steps: source classification 

and odour concentration quantification.  

To quantify the odour, Partial Least Squares 

(PLS) regression and feature selection via inter-

val-PLS is performed as described in earlier re-

search [2]. The difference here is that in addition 

to the global model (mg) including all the sources 

we have learned source-specific odour predic-

tion models (m1 to m4)  

To classify the sources, a random forest classi-

fier is used. A significant feature of the classifier 

is the possibility to defer source label assign-

ment, when the classification confidence is low. 

If the classification confidence is high, source 
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specific calibration models are used, otherwise 

the global calibration model is used.  

Results 

Table 1 describes the results for the general 

model, table 2 assuming perfect knowledge of 

the emitting source, and table 3 and figure 1, de-

scribe the results for the final workflow.  

The best results are found when the odour 

source is previously known, but unfortunately 

this goal cannot be achieved in practice in our 

scenario.  

The best predictive performance was obtained 

when 60% of the samples were predicted with 

the general model and 40% of the samples were 

predicted with class specific models. Of this 

40%, 80% were correctly classified. 

The final proposal only marginally improves the 

results of the general model.  

Illustrations, Graphs, and Photographs 

Tab.1: Summary of the predictions for the general 
model, s1 to s4 correspond to the sources Settler, Bi-
ological, Chimney and Desander, respectively. T is 
the total prediction. Bias, Std and RMSE are ex-
pressed as factors.  Corr. Is correlation. 

 s1 s2 s3 s4 T 

Bias 1.29 0.89 0.99 0.90 1.00 

Std. 1.71 2.00 2.71 1.36 2.00 

RMSE 1.76 1.96 2.56 1.36 1.94 

Corr. 0.91 0.84 0.83 0.96 0.86 

Tab.2: Summary of the predictions for the source-spe-
cific models with perfect sources classification. 

 s1 s2 s3 s4 T 

Bias 0.94 0.96 0.94 0.98 0.96 

Std. 1.33 1.78 2.22 1.16 1.68 

RMSE 1.27 1.64 2.11 1.13 1.67 

Corr. 0.97 0.89 0.90 0.99 0. 

 

Tab.3: Summary of the predictions for the models de-
termined by the classifier output.  

 s1 s2 s3 s4 T 

Bias 1.19 0.80 1.03 0.87 0.96 

Std. 1.69 1.99 2.42 1.30 1.90 

RMSE 1.69 2.00 2.32 1.33 1.89 

Corr. 0.91 0.83 0.87 0.97 0.88 

 

 

Fig. 1. Predicted odour plotted against real odour con-
centrations for the models determined by the classi-
fier. 

References 

[1] J. Burgués, S. Doñate, M.D. Esclapez, L. Saúco, 
S. Marco, Characterization of odour emissions in 
a wastewater treatment plant using a drone-
based chemical sensor system, Science of The 
Total Environment 846 (2022); doi: 10.1016/j.sci-
totenv.2022.157290  

[2] A. Benegiamo, J. Burgués, J. Alonso-Valdes-
ueiro, B.J. Lotesoriere, L. Terrén, L. Sauco, M.D. 
Esclapez, S. Doáte, A. Gutiérrez-Gálvez, S. 
Marco, Optimization of a Drone-Based System 
for Instrumental Odor Monitoring Using Feature 
Selection, MDPI Proceedings 97, 109 (2024); doi: 
10.3390/proceedings2024097109

 

DOI 10.5162/EUROSENSORSXXXVI/OT5.201

EUROSENSORSXXXVI 497



EUROSENSORS XXXVI: Keywords

2D-CrCl3 ............................... OT5.67 
2-dimensional WS2 ............... PT5.57 
2D-materials ........................ OT5.118 
3D Print ............................... OT6.248, 
PT5.230, PT5.308, PT6.126 
AACVD ................................ OT5.163 
absorbent polymer ................ PT5.63 
accelerometer ....................... PT4.66 
accuracy enhancement ....... PT1.186 
acetone ............................... PT3.171 
acetone gas sensors ............. PT5.68 
acidic oxides .......................... PT5.92 
acoustic MEMS ..... PT4.12, PT4.193 
acoustic metamaterial ........ OT3.269, 
PT4.292 
acoustics ............................... OT1.20 
actuator .. OT1.36, PT4.145, PT4.212 
add-on tool .......................... OT4.209 
adsorption ............... OT5.8, OT6.137 
advanced materials ............. PT3.167 
aerospace ......................... PT10.206 
AFM probe .......................... OT4.209 
aging behavior ..................... OT3.181 
agriculture ............................. PT2.69 
agrofood ................................ OT6.15 
AI ........................... OT2.25, PT5.149 
air quality monitoring ........... OT5.189 
all-solid-state fluorimetric sensors
 ............................................ PT5.203 
aluminum nitride .................. PT4.193 
ambipolar device ... OT3.11, OT5.267 
ammonia ................. OT3.11, PT5.29 
ammonia detection .............. OT5.44, 
OT5.99, PT5.39, PT5.305 
analytical model .................. OT1.135 
antenna effect ....................... Oral.81 
antibody................................. PT6.14 
APCVD ................ OT3.298, OT5.163 
applications ......................... PT1.218 
application-specific ................ OT7.43 
aptamer ................. OT6.195, PT6.14 
aroma .................................... PT2.77 
arsenic sulfide ..................... PT3.168 
ascorbic acid ....................... OT6.132 
ASIC .................................... OT3.157 
assembly ............................. OT6.246 
autonomous robot ............... PT1.225 
autonomous sensor .......... PT10.249, 
PT10.258 
bacterial detection 
 ........................... OT6.116, PT6.226 
benzotriazole ......................... PT5.34 
bimorph ............................... PT4.212 
bio sensor .............................. OT7.37 
bioimpedance ...................... OT6.160 
biomass combustion ............. OT5.99 
biomechanics ...................... PT4.238 
biomedical electrodes.......... PT4.200 
biosensor .......................................... 
OT6.263, PT1.204, PT6.14, PT6.224, 
PT6.226, PT6.304, PT6.88, PT7.254 

biosensor sensitivity ............ PT6.259 
bistability .............................. PT4.193 
blue-green infrastructure...... PT4.307 
blue-sideband excitation (BSE)
 .............................................. PT1.41 
bluetooth ........................... OT10.125 
boron carbide ....................... PT3.299 
boron doped diamond .......... PT5.211 
boron-doped diamond electrodes
 ............................................ PT5.178 
boronic acid ......................... PT5.144 
borophene .......................... OT5.118 
brain-computer interfaces .... PT4.200 
breakthrough curves ............. OT6.79 
breast cancer biomarkers ... OT5.187 
bridge sensor ........................... PT1.9 
building information modeling
 ......................................... OT10.184 
bulk acoustic waves ............. PT1.204 
bulk refractive index sensitivity
 ............................................ PT7.143 
bumpers.............................. OT4.169 
calibration ........................... OT5.190 
cantilever array .................... PT2.210 
capacitive............................. PT1.207 
capacitive sensor ..... PT4.33, PT4.84 
capacitive transducer .......... OT4.169 
capillarity................................ PT6.14 
capillary ................................. PT6.88 
carbamazepine ................... OT6.195 
carbofuran ............................. PT4.23 
carbon electrode .................. PT5.155 
cardiac tissue slice .............. PT6.164 
cattle ..................................... OT6.80 
cell attachment .................... PT6.284 
cell manipulation .................. PT6.247 
cell metabolism and bioenergetics;
 ........................................... OT6.265 
centrifugal technique ........... PT6.126 
CeO2-ZnO nanocomposites PT5.222 
ceramic MEMS .................... PT3.171 
CERN .................................. PT4.274 
characterization ..... OT1.20, PT7.301 
charged particle detection.... PT3.299 
chemical resistive sensor..... PT5.152 
chemical sensors OT6.236, PT5.106, 
PT5.308 
chemical submission .......... OT6.165 
chemical vapor deposition ..... PT5.57 
chemiresistive sensor .......... OT5.44, 
PT5.13, PT5.91 
chemiresistors ....................... PT5.45 
chemisorption analyses ........ OT5.71 
chemoresistive ...... OT5.67, PT5.127, 
PT5.59 
chemoresistive gas sensor .. OT5.71, 
PT3.17, PT5.296 
chemoresistive layers .......... PT5.174 
chemosensor ......................... PT5.47 
chemotherapy ..................... OT6.228 
chip integration ................... OT6.246 

chipless RFID sensor ............ OT2.93 
cluster dither .............. PT1.4, PT1.56 
CMA .................................... PT6.115 
CMOS ................ PT7.272, PT10.227 
CMOS Compatible Sensors .. Oral.81 
CMS experiment ................. PT4.274 
CNFET gas sensors ............ OT5.232 
CO2 ...................... OT5.10, OT5.147 
CO2 Reduction ................. OT10.184 
cobalt oxide-nickel oxide 
nanocomposite .................... PT5.250 
coffee .................................. PT5.255 
cognitronics ......................... PT6.188 
coil ...................................... PT4.262 
collagen film ...................... PT10.227 
colloidal assembly ............... PT4.212 
colloidal probe ..................... PT4.212 
colorimetric detection ............ OT6.85 
colorimetric sensors .............. OT5.10 
colorimetry .......................... OT5.147 
combinatorial materials science
 ............................................ PT7.123 
complex VOCs detection....... OT5.71 
composite electrode ............ PT5.289 
composite inks .................... PT4.170 
composite sandwich structures
 .......................................... PT10.206 
composites ............................ OT4.42 
computational modeling ...... PT7.158 
computer simulation ............ PT7.158 
computer vision ................... PT6.182 
conductive MOFs ................ PT5.127 
conductive polymer 
 ................ OT5.44, PT5.305, PT5.39 
conductivity ......... OT5.107, OT5.273 
conductometric sensor ....... OT3.157, 
OT5.256 
conjugated polymers ............. PT5.95 
contamination ...................... PT5.308 
continuous measurement ...... OT5.73 
continuous monitoring ....... OT10.264 
control ................................. PT6.188 
cooperative hybridization .... PT6.124 
copper phthalocyanine .......... OT5.53 
copper sensor ..................... OT6.229 
corrugated membrane ......... OT1.173 
cost-effective ....................... OT5.147 
COVID-19 ............................. PT6.94 
cross-sensitivity ................... OT1.281 
cryogenics ............................. OT4.86 
CT ....................................... OT1.159 
CuO .................................... OT5.154 
cyclic olefin copolymer .......... OT6.79 
cyclic voltammetry .. PT4.23, PT5.122 
data analysis ......................... PT2.77 
data driven models ................ PT2.60 
database ............................. OT9.253 
dean flow............................. PT6.247 
deconvolution ...................... PT1.207 
defect engineering ................ PT5.13 
dehydration ......................... OT1.281 

EUROSENSORS	XXXVI	 498

Keywords



Key Words of Vol. I & Vol. II

density ................................... OT2.30 
density control ....................... PT5.63 
density functional theory...... OT6.137 
dental health ........................ OT6.248 
derivative response ............... PT5.61 
design.................................. OT1.135 
desorption ............................... OT5.8 
detection yield ..................... OT5.232 
detector ............... OT5.107, OT5.273 
diabetes screening .............. PT6.261 
diagnostics .......................... PT6.224 
dielectric constant ............... OT6.263 
differential surface reduction (DSR)
 ............................................ OT5.202 
digital twin ............................. PT2.60 
DNA analysis ......................... OT6.89 
DNA hybridization ............... OT6.116 
DNA-based biosensors ....... OT6.116 
doped polyaniline .................. OT5.44 
doping ................................. OT3.181 
DRA....................................... PT4.66 
DRIE.................................... PT6.100 
drop-casting .......................... PT5.91 
droplet formation ................. OT6.217 
droplet generation ............... PT6.126 
droplets ............................... PT6.188 
drug dispensing ................... OT6.248 
drug resistance .................... OT6.228 
dry electrode ....................... OT6.214 
DT-diaphorase .................... PT6.198 
dual sensor .......................... OT5.251 
dynamic deformation ........... PT7.301 
dynamic pressure .................. PT4.12 
ECG .................................... OT6.214 
edge computing ................... PT2.210 
edible oils ............................ PT5.149 
education ............................. PT1.218 
efficiency ............................. PT2.179 
EGFET ................................ OT6.132 
electrical double layer........ OT10.264 
electrical impedance spectroscopy 
(EIS) ..... PT3.114, PT4.307, PT6.120 
electrical impedance tomography 
(EIT) .................................... PT4.307 
electrical machines .............. OT4.197 
electrochemical ..................... PT5.47 
electrochemical ..................... PT6.88 
electrochemical exfoliation .. OT5.266 
electrochemical impedance 
spectroscopy ...... OT6.160, PT6.124, 
PT6.205, PT10.237 
electrochemical seismometers
 ............................................ PT4.234 
electrochemical sensor....... OT6.195, 
OT6.196, PT4.23, PT5.122, PT5.128, 
PT5.155, PT5.178, PT5.250, PT5.82, 
PT6.146 
electrochemical technique ..... PT6.58 
electrochemiluminescence .. PT5.178 
electrochemistry .................... PT5.82 
electrode ............... OT5.256, PT5.47 

electrode ratio .......................... PT1.9 
electrodeposition ... OT5.75, PT6.121 
electrodes ............................ PT4.200 
electroencephalography ...... PT4.200 
electrolyte engineering ....... OT6.229 
electron double layer ............. PT4.96 
electronic nose .. OT5.119, OT5.180, 
OT5.73, PT5.285 
electropolymerization ......... OT5.256, 
PT6.121 
electroporation ...................... OT6.97 
electrospinning .................... PT6.226 
electrostatic ......... OT1.175, PT1.207 
electrostatically formed nanowire
 ............................................. Oral.81 
electrosynthesis. ................. OT6.132 
ellipsometry ......................... PT7.123 
embroidered ....................... OT6.236 
energy harvesting ............... PT1.270, 
OT10.125, OT10.264, PT10.249, 
PT10.258 
energy trapping effect ............ PT1.55 
environment ........................ OT6.195 
environmental monitoring . OT10.184 
environmental odour monitoring
 ............................................. OT5.73 
environmental sensor ........... OT2.93 
epi ........................................ PT7.272 
epitaxial layers ..................... PT7.272 
equivalent circuit ................ PT10.237 
estrogen............................... PT6.146 
ETEC .................................. OT6.116 
ethanol ................................ OT5.202 
ethylene ................................ OT5.40 
evapotranspiration ................... PT1.1 
exhaust gas aftertreatment ... OT5.99 
facile ................................... OT5.118 
FAO56 ..................................... PT1.1 
fast response ...................... OT6.196 
FBG sensor ......................... PT4.274 
FEM .................................... OT1.159 
fiber-optic sensors ................ OT7.31 
fiber-tip sensors .................... OT7.31 
fibulin 2 ................................ PT6.205 
field potential (FP) signals ... PT6.164 
field-programmable gate array 
(FPGA) ................................ PT6.164 
finite element method (FEM) PT2.60, 
PT6.257 
finite element modelling (FEM)
 ........................................... OT6.217 
flash graphene ..................... PT5.155 
flexible ................................ OT6.236 
flexible device ........................ PT4.33 
Flexible electronic ................ PT4.303 
flexible gas sensor ................. PT5.28 
flexible glasses .................... PT3.109 
flexible sensor ..... OT3.133, PT4.292, 
PT5.29 
fluidic platform ....................... PT6.76 
fluorescein ........................... PT5.291 

fluorescence ....... OT6.228, OT6.243, 
PT6.192 
fluorescence detection .......... PT6.94 
food ..................................... OT5.190 
force sensor ........................ OT9.253 
formaldehyde ........................ OT5.10 
Frequency response. .......... PT1.225 
frequency shift ....................... OT4.72 
FTIR .................................... PT7.272 
fuel cell ................................ PT5.289 
functionalization .................... PT3.17 
funnel .................................... OT6.89 
GaN/AlGaN ......................... OT6.260 
gas ...................... OT5.107, OT5.273 
gas ...................................... OT5.256 
gas chromatography .......... OT5.202, 
PT5.285 
gas detection ......................... PT1.55 
gas micro chromatography.. PT5.230 
gas sensing ........ OT5.118, OT5.239, 
PT5.29, PT5.57 
gas sensitivity ...................... OT5.239 
gas sensor ............ Oral.81, OT3.298, 
OT5.10, OT5.154, OT5.156, 
OT5.163, OT5.251, OT5.252, 
OT5.40, OT5.99, OT6.80, PT2.300, 
PT5.127, PT5.142, PT5.152, 
PT5.174, PT5.211, PT5.242, 
PT5.285, PT5.297, PT5.305, PT5.39, 
PT5.59, PT5.61, PT5.91, PT5.98 
gas sensor network ............. PT7.306 
gas spectroscopy ................ OT5.187 
gasistor ............................... PT5.131 
gastric ................................. PT4.238 
gbl ....................................... PT5.291 
gel fill ................................... OT4.169 
genosensor ......... OT6.111, PT6.115 
GHB .................................... PT5.291 
GHz frequency ...................... OT4.72 
glucose sensor .................... PT6.261 
gold nanoparticles OT3.245, PT7.123 
gold nanostructures ............ PT6.259 
gold nps .............................. PT5.241 
graphene ............ OT4.215, OT6.137, 
PT5.152, PT5.28, PT5.47 
graphene oxide ................... OT6.214 
green electronics ................. PT6.226 
greenhouse effect ................. OT4.78 
greenhouse gas ..... PT5.98, PT5.127 
G-T correction ....................... PT4.66 
H2 ......................................... PT5.59 
H2 gas sensor ....... OT5.67, PT5.131 
H2S sensors .......... PT5.220, PT5.95 
hafnium-dioxide ................... OT3.181 
hall effect............................... OT4.86 
hall effect sensor ................... OT4.90 
harsh environments ............ PT4.194 
HEK 293 cells ..................... PT6.284 
helically twisted fiber ........... OT5.129 
heteroatom dopant ................ OT5.40 
heterojunction ....................... OT3.11 

EUROSENSORS	XXXVI	 499

Keywords



EUROSENSORS XXXVI: Keywords

heterostructure .................... OT6.260 
high energy physics ............ PT4.274 
high gauge factor ................ PT4.170 
high sensitivity ..................... OT4.235 
high volume production ....... OT6.246 
high-bandwidth .................... OT4.138 
high-resolution ....................... OT7.37 
high-sensitivity ..................... OT4.138 
high-temperature electronics . OT4.86 
HMIs .................................... PT5.106 
holography .......................... PT6.182 
Hormone Monitoring. ........... PT6.146 
horseradish peroxidase ......... PT6.32 
hot electron ......................... PT7.254 
human motion ....................... PT4.84 
human saliva ....................... PT6.205 
human urine ........................ OT6.165 
human-machine interface ...... PT4.33 
humidity effect ....................... PT5.95 
humidity low level ................ PT5.136 
humidity sensor ..................... OT5.67 
hybrid nanostructure ........... OT5.251 
hybrid PIC ........................... OT6.246 
hydrodynamic lift ................. PT6.247 
hydrogel .................... OT6.7, PT4.84 
hydrogen ............. OT3.298, OT5.251 
hydrogen detection .. OT5.75, PT3.17 
hydrogen evolution reaction OT6.229 
hydrogen micro-sensors ........ OT5.53 
hydrogen peroxidePT5.144, PT5.155 
hydrogen sensing .................. Oral.81 
hydrogen sensor ................. PT5.289 
hydrophilic surfaces ............ PT6.284 
hydroxybutyric acid ............. OT6.165 
hypertrophic cardiomyopathyPT6.205 
hypochlorous acid ............... PT5.144 
hypoxia ................................ PT6.198 
ID Tag ................................. PT2.179 
imaging sensors .................. PT7.272 
IME ...................................... PT3.110 
immersive ............................ PT4.145 
impaction printing ................ OT5.252 
Impedimetric immunosensor PT6.205 
implantable device .............. OT3.269 
Implantable sensor .............. PT4.292 
indentation ........................... PT4.238 
indoor air quality .... OT5.10, PT2.300 
indoor applications ........... PT10.249, 
PT10.258 
indoors air quality ................ OT5.147 
industrial emissions ............. OT5.119 
industrial safety ..................... OT5.53 
inertial measurement unit ...... PT1.56 
infections ............................... OT6.15 
ink ....................................... PT5.211 
inkjet printing ...... OT3.133, PT4.303, 
PT5.211 
inlet structure ......................... OT6.89 
inorganic glasses ................ PT3.109 
inorganic materials .............. PT5.242 
in-situ mip ............................ PT5.241 

instrumental odor measurement
 ............................................ PT5.285 
instrumentation .................... PT6.188 
integrated chip ...................... OT7.37 
integrated sensors ................. PT6.76 
intercalation ........................... PT5.95 
interdigital electrode ........... OT6.263 
interdigitated electrodes........ OT5.75 
Internet of Things (IoT) ........ OT2.30, 
OT3.157 
internet-based learning ........ PT1.218 
interstitial fluid extraction ..... PT6.100 
investigation mistakes ............ OT5.8 
ionogel ................................... PT4.96 
IR spectroscopy ..................... PT5.45 
ISFET ................. OT6.111, OT6.260 
ISFET biosensors ............... OT6.116 
isothiazolinone-based biocide
 ............................................ PT5.122 
junction less transistor ........ OT5.267 
kelvin-probe ......................... PT1.207 
ketoprofen ............................ PT5.203 
KNIME ..................................... PT1.1 
KNN ...................................... OT1.36 
labelling .................................. OT6.7 
lab-on-a-chip ........ OT6.160, OT6.97, 
PT6.182 
lab-on-a-disk ........................ PT6.126 
laser-induced graphene ..... OT6.132, 
PT5.29 
lateral flow assay ................ OT6.165 
lateral flow immunoassay .... PT6.224 
lateral focusing .................... PT6.247 
LC oscillator ........................ OT6.263 
LC resonator .......................... PT4.96 
lead halide perovskites ........ PT5.152 
Lead-free .............................. OT1.36 
leakage detection .. OT5.53, PT7.306 
leishmania infantum kDNA .. PT6.124 
leptospirosis ......................... PT6.115 
leukemia ............................. OT6.111 
LIBS ...................................... OT4.78 
LiDAR ................................. OT1.175 
lifetime ................................ OT1.159 
ligands ................................ OT5.154 
liquid chromatography .......... OT6.79 
lithium-ion batteries ............ PT5.296, 
PT10.237 
LoC ..................................... OT6.217 
localized surface plasmon resonance 
(LSPR) OT3.245, OT5.239, PT6.257, 
PT6.259, PT7.143 
lock-in ........................ PT1.4, PT1.56 
lock-in amplifier ...................... PT4.12 
Loop-Mediated isothermal 
amplification (LAMP) ............. PT6.94 
low power ........................... OT3.157 
low-temperature synthesis. .. PT3.109 
LTCC ..................................... PT6.76 
luminescence lifetime based sensing
 ........................................... OT6.265 

lung cancer ......................... OT6.137 
lymph node ....................... PT10.227 
machine learning .. OT2.30, OT5.267, 
OT6.97, PT1.1, PT5.98, PT6.304 
magnetic diagnostic .............. OT4.90 
magnetic field sensor ......... OT4.197, 
OT4.86 
magnetic flux ....................... PT4.262 
magnetic losses .................. OT4.197 
magnetic sensor .................. PT1.101 
magnetite NPs .................... PT5.241 
magnetoelastic thin films ..... OT4.197 
maintenance ....................... PT2.179 
mass sensitivity ..................... PT1.55 
mass-sensitive sensing ....... OT6.231 
matrix metalloproteinase (MMP-9)
 .............................................. PT6.58 
maximum power point ...... PT10.249, 
PT10.258 
MCM-41 .............................. PT6.198 
mechanical tissue characterization
 ............................................ PT4.238 
mechanistic investigation ...... PT5.45 
media robust ....................... OT4.169 
membrane ............................. OT1.20 
memristor ............................ PT5.131 
memristor oscillator ............. PT2.210 
MEMS .. OT1.20, OT1.159, OT1.175, 
OT2.30, PT1.41, PT4.194, PT4.66, 
PT7.254 
MEMS accelerometer ......... OT4.138 
MEMS fabrication .................. OT6.89 
MEMS gyroscope gyrocompass
 .............................................. OT4.62 
MEMS mirror ........ OT1.36, OT1.216, 
PT7.301 
MEMS optical component ... OT1.216 
MEMS technologies ............ PT4.234 
Metal organic frameworks ... PT5.185 
metal oxide......... OT5.154, OT5.156, 
OT5.252, PT5.297 
metal oxide nanowires .......... PT5.98 
metal oxide semiconductors PT5.220 
metal oxide sensors ............ PT5.230 
metallic inks ........................ PT4.303 
metal-organic frameworks (MOFs)
 PT5.98, PT5.127, PT5.142, PT5.296 
metric .................................... PT1.48 
micro satellite ...................... PT4.262 
microbeads ........................... OT6.15 
microconductometric ........... OT5.118 
microcrystalline silicon .......... OT4.42 
microdisplay ........................ PT6.192 
micro-electrodes ................. PT4.234 
microelectromechanical ...... PT4.200 
microelectromechanical systems
 ................................................ PT1.9 
microfabrication .. OT4.215, OT6.214, 
PT6.100 
microfluidic cartridge ........... OT6.246 

EUROSENSORS	XXXVI	

Keywords

500



Key Words of Vol. I & Vol. II

microfluidic electrochemical sensor
 ............................................ PT6.121 
microfluidics ........... OT6.15, OT6.79, 
OT6.160, OT6.228, OT6.248, 
PT6.126, PT6.14, PT6.182, PT6.188, 
PT6.247, PT6.259, PT6.88 
microheater chip .................. PT5.174 
microPoas ........................... PT5.128 
microRNA detection ............ PT6.224 
microsensor ......................... PT3.114 
micro-vias ............................ PT4.234 
microwave sensor ................. OT2.93 
MIPs .................................... PT3.114 
miRNAs ............................... PT6.120 
mixed metal oxide ............... PT5.222 
mobile robotic ........................ PT2.69 
mobility ................................ PT2.179 
mode localization ................ OT4.235 
modeling OT1.20, PT1.207, PT2.302, 
PT6.304 
modelling adsorption interfaces
 ............................................ OT5.239 
modified graphite electrode . OT6.229 
moisture .............................. OT1.281 
molecular sensing ............... PT6.124 
molecular weight ................... OT6.80 
molecularly imprinted polymers
 ............ OT6.196, OT6.231, PT6.146 
molybdenum dichalcogenidesPT5.61 
molybdenum sulphide ........... PT5.61 
morphological analysis ........ PT5.222 
MOS ...................................... PT5.68 
MOS sensors ...... OT5.190, OT5.202 
MOS2 .................. OT5.266, PT5.220 
MOS-gas sensor ................. PT3.171 
motion detection .................... PT4.33 
MOX sensors ...................... OT1.281 
multi electrode array (MEA) . PT6.164 
multi-analyte .......................... PT5.82 
multi-DoF ............................. OT4.138 
multi-mode ............................ PT1.41 
multiparameter sensor........... OT2.93 
multiple myeloma .................... PT4.2 
multiplex sensor .... PT1.204, PT5.82 
multi-sensor platform ........... PT2.300 
nanocellulose ...................... PT5.106 
nanochannel .......................... OT6.89 
nanodiamonds ..................... OT3.213 
nano-electrodes .................. PT2.302 
nanoelectronics ................... OT3.181 
nanomaterials ..... OT3.298, OT5.154, 
OT5.156, OT5.163, PT5.82, PT5.297 
nanoparticles ...... OT5.154, OT5.156, 
OT6.231, OT7.31, PT5.289, PT5.297, 
PT5.68, PT6.32 
nanoparticles synthesis ....... PT4.303 
nanophotonics ....................... OT7.31 
nanoporous electrode ......... PT5.131 
nanoporous layers ............... OT5.252 
nanosensor ......................... OT6.165 
nanostructures ...... PT3.167, PT5.61 

nanotechnology ... PT5.242, PT6.198 
nanozyme .............................. PT6.32 
naphthoxazole ..................... PT5.291 
narcotics detection ............... PT5.178 
natural frequency ..................... PT1.4 
natural language processing .. PT1.48 
navigation .............................. PT2.69 
near-infrared ......................... OT7.43 
nested displacement ........... OT4.138 
neural networks ..... PT2.60, PT2.300 
neurodegenerative disordersPT6.120 
neutron absorption ............... PT3.299 
neutron irradiation ................. OT4.90 
NH3 detection ...................... PT5.152 
nicotine detection ................ OT6.196 
nitro compounds .................. PT5.185 
nitrogen dioxide .... OT3.11, OT5.251 
nitrogen oxides ................... OT5.189 
nitrogen vacancy center...... OT3.213 
NO2 ......................... OT5.67, PT5.59 
NO2 selectivity ....................... PT5.57 
NO2 sensing .......................... PT5.13 
NO2 sensing properties. ...... PT5.222 
NO2 sensor ....... OT5.266, OT5.267, 
PT5.28, PT5.220 
noble metal functionalization . PT5.13 
noise ..................................... OT7.43 
non-destructive evaluation OT10.184 
NOx .................................... OT5.189 
nucleic acid .......................... PT6.259 
OCR and ECA measurementOT6.265 
odor ....................................... PT2.77 
odor analysis ......................... PT2.77 
odour abatement system ...... OT5.73 
odour concentration .............. OT5.73 
odour nuisance ................... OT5.119 
open-source. ........................ PT6.164 
operando analyses ............... OT5.71 
optical characterization ........ PT7.123 
optical chemosensor ............ PT5.291 
optical detection ... PT5.106, PT5.142 
optical sensor ...... OT5.147, OT7.37, 
PT5.185 
optical technique .................... PT6.58 
optics .................................. OT1.175 
optimisation ........ OT7.43, OT10.125 
organ-on-a-chip ................... PT6.192 
orthophosphate ...................... PT5.47 
oxygen ................................. PT1.101 
oxygen sensor ..................... PT5.128 
ozone .................................... OT3.11 
palladium (Pd) ..... PT3.171, PT5.289 
Palladium Nanoparticles ....... OT5.53 
Paper-based sensor ............ PT6.121 
Paper-fluidics ........................ OT6.85 
pareto front ......................... OT1.135 
passive haptic ...................... PT4.145 
PBTC ................................... PT3.114 
PCR-free detection .............. PT6.120 
PDA ..................................... PT3.114 
PDMS .................................. PT6.284 

peak shift analysis ............... OT6.229 
PEEK .................................. PT5.308 
peptide interface ................... PT6.58 
peptides .............. OT5.180, OT6.231 
performance .......................... PT1.48 
permittivity ........................... OT6.263 
persistent organic pollutant ... PT5.34 
Pesticides............... PT5.185, PT6.76 
pharmaceutical analysis ...... PT5.203 
phase-dip technique .............. PT4.96 
phosphorene ......................... PT3.17 
photoacoustic (PA) .. OT5.187, PT4.2 
photoacoustic microscopy (PAM)
 ................................................ PT4.2 
photoacoustic-based NDIR . PT7.306 
photodetectors ...... OT7.37, PT7.158 
photoinduced structural 
transformations ................... PT3.168 
photoluminescence ............. PT3.168 
Photoluminescent oxygen and pH 
sensors ............................... OT6.265 
photonic crystal ................... OT5.129 
Photonic Crystal Cavities ...... OT7.31 
photonic structure ............... PT3.168 
photovoltaic cells ............... PT10.258 
pH-sensor ........................... OT6.260 
picometer .............................. OT7.37 
piezoelectric ......... OT1.36, OT1.216, 
OT2.30, OT3.133, OT10.264 
piezoelectric energy harvesting (PEH)
 .......................................... PT10.206 
Piezoelectric MEMS microphone
 ............................................ OT1.173 
piezoelectric unimorph ........ PT1.270 
piezoelectric vibrating energy 
harvester (PVEH) ................ PT1.270 
PiezoMEMS ........................ PT4.193 
Piezoresistive force sensor . OT4.209 
piezoresistive strain gauge.. OT4.235 
pilot action ............................. PT2.69 
pitfalls ...................................... OT5.8 
planar microelectrodes .......... OT5.75 
Plant-on-a-chip ...................... OT6.85 
plasmonic nanostructure ..... PT6.257 
plasmonics .......................... PT7.123 
platinum ................................ PT6.32 
PMUT .................................. PT4.193 
point-of-care (POC)OT6.111, PT6.94, 
PT6.120 
polarization.......................... PT6.257 
polarizer ............................ PT10.227 
poly-3-hexylthiophene ......... PT5.136 
polyamine bis-pyrene receptors
 ............................................ PT5.203 
polyaniline PT5.29, PT5.39, PT5.305 
Polyaniline dispersion ........... OT5.44 
polycarbazole ........................ OT5.75 
Poly-L lysine ........................ PT6.284 
polymer ............................... OT5.256 
polymer films ....................... PT5.136 
polymer sensing layer ........... PT1.55 

EUROSENSORS	XXXVI	

Keywords

501



EUROSENSORS XXXVI: Keywords

polymeric materials ............. OT1.281 
polyphenol ........... OT6.243, PT5.255 
Porous Anodic Alumina ....... OT3.245 
Porous films ........................ PT5.242 
porous glasses .................... PT3.168 
porphyrin ............................. OT6.243 
Porphyrin ligands ................ PT5.106 
porphyrinoids ....... OT5.256, OT6.132 
position sensor .................... PT1.186 
potenciometry ...................... OT6.111 
powder aerosol deposition .. OT5.189 
Ppb detection ........ Oral.81, OT5.189 
pre-concentration .................... OT6.7 
pressure measurement ......... PT4.33 
pressure sensor . OT4.169, OT4.215, 
PT4.96 
printed electronics ............... PT3.110 
printed sensors .................... PT4.170 
printed strain gauges ........... PT4.170 
printing .................................. PT6.88 
production optimization ....... PT3.110 
progesterone ....................... PT6.146 
protease biosensor ................ PT6.58 
proteins ................... OT6.7, OT6.231 
Pt micorwire ........................ OT4.209 
Pt-Decorated ......................... PT5.59 
pull-in voltage .......................... PT1.9 
pyroelectrics ........................ OT3.181 
QCM measurement ............. PT5.241 
quadrature modulation ........ PT1.186 
quality assessment .............. PT5.149 
quartz crystal microbalance ... PT1.55 
radiation-resistance ............... OT4.90 
raft polymerization ............... PT5.241 
raman spectroscopyOT4.78, OT5.232 
reactive oxygen species ...... PT5.144 
readout .................................. OT7.37 
real-time .............. PT2.302, PT6.304 
real-time monitoring ............ OT5.119 
receptor function ................... PT5.92 
reduced SnO2 ....................... OT2.93 
refractive index ...... OT5.239, OT7.37 
refractive index sensing....... PT6.257 
remote gas detection ............. OT4.78 
remote sensing .................... OT3.157 
repository .............................. PT1.48 
resin .................................... PT5.308 
resonance wavelength .......... OT7.37 
resonant sensor .................... PT1.41 
resonator ................. PT1.9, PT1.204 
resonator length .................... OT4.72 
reusable electrodes ............. PT5.178 
REWOD ............................ OT10.264 
rGO-ZnO sensors .................. PT5.28 
rice mildew ............................ OT5.40 
ring laser gyroscope .. PT1.4, PT1.56 
rolling circle amplification ..... OT6.15, 
PT6.224 
room temperature .... OT5.40, PT5.57 
root exudates ........................ OT6.85 
rr-P3HT ............................... PT5.136 

RStudio .................................... PT1.1 
rumen bolus ........................... PT5.63 
SARS-CoV-2 ......................... PT6.94 
Schottky Barrier ................... PT7.254 
screen printing ...... PT3.49, PT3.110, 
PT6.76, PT6.261 
screen-printed electrode ....... PT5.34, 
PT5.122, PT5.155, PT6.115 
selective catalytic reduction .. OT5.99 
selectivity ............................... PT5.92 
self-healing .............. OT4.90, PT4.84 
self-powered strip ................ PT6.261 
SEM .................................... OT5.232 
semiconducting polymers ...... PT5.91 
semiconductor gas sensor ..... OT5.8, 
PT5.92 
sensing ................................... OT6.7 
sensing layer ....................... PT5.185 
sensing mechanism .............. OT5.71 
sensor OT1.175, OT5.107, OT5.273, 
OT6.236, OT6.243, PT1.48 
sensor array ......... OT5.156, PT5.297 
sensor fusion ......................... PT2.69 
Sensor phenomena ............. PT7.158 
sensor system ....................... PT2.77 
sensors ... OT5.129, PT1.1, PT3.110, 
PT7.123, PT7.158 
sensors for robots ................. OT2.25 
sensory feedback ................ PT4.145 
SF6 ....................................... OT4.78 
shear acoustic waveguide .. OT4.197 
SILAR .................................... PT5.68 
silica microbeads .................. OT6.79 
silicon................................... PT7.272 
silicon carbide ...................... PT4.194 
silicon hollow microneedles . PT6.100 
Silicon nanowire ................. OT5.267 
silicon technology ............... OT1.216 
Silicone ................................ PT5.308 
Silicosis.............................. PT10.227 
silk fibroin ............................. PT6.226 
Siloxanes ............................. PT5.308 
silver .................................... PT5.255 
Silver Ink ................................ PT3.49 
simulation ............ PT1.225, PT7.143 
single photon avalanche diode
 ............................................ PT6.192 
single-cell ............................ OT6.217 
single-walled carbon nanotubes.
 .............................................. PT5.34 
sinusoidal vibration .................. PT1.4 
six senses ............................. OT2.25 
six-axis force/moment sensor
 ........................................... OT1.135 
size distribution .................... PT7.143 
size effects. .......................... PT1.101 
size optimization ................. OT1.135 
smart materials .................. PT10.206 
smart sensor ......................... OT2.25 
smart Sensor Networks .... OT10.184 
smartphone .......................... PT5.255 

SMOX-based sensors ......... PT5.149 
SnO2 sensing layer ............. PT4.303 
SnS2 ................................... OT5.163 
SoC ................................... PT10.237 
SOI ...................................... PT4.234 
soil moisture ........................ PT4.307 
soil monitoring ..................... PT2.302 
solder .................................. OT1.159 
sol-gel process .................... PT3.109 
solid state hybridization ....... PT6.120 
Solid State synthesis ........... PT5.222 
solid-phase synthesis .......... OT6.231 
sound and acoustic ............... OT6.80 
spark ablation ...................... OT5.252 
spatio-temporal ................... PT1.186 
specific activity ...................... PT6.32 
spectral sensors .................... OT7.43 
spiking neural network ........ PT2.210 
SPIONs ............................... PT3.109 
spoilage process ................. OT5.190 
sponge city .......................... PT4.307 
spreading resistance profilingPT7.272 
sputtering .......... OT10.125, PT3.299 
square wave voltammetry ... PT5.122 
strain distribution ................. PT1.270 
Strain gauge .......... OT4.42, OT4.215 
strain sensor ......... OT4.72, PT4.292 
structural Health Monitoring .. OT4.42 
SU-8 .................... OT4.215, PT4.212 
surface acoustic wave .......... OT4.72, 
OT4.197, PT5.136 
surface Defect ..................... PT1.225 
surface plasmon resonance PT5.142, 
PT7.254 
Surface Plasmon Resonance Imaging
 ............................................ OT5.180 
sustainable devices ............. PT6.261 
SVM ........................................ PT1.1 
SWCNT for sensors ............ OT5.232 
system miniaturization ........ OT9.253 
TCf ........................................ PT4.66 
teaching .............................. PT1.218 
technology........................... PT3.167 
temperature characteristics . OT4.235 
temperature modulations .... PT5.149 
temperature sensor ............ OT3.213, 
OT3.269, OT4.42, PT3.49 
templated self-assembly ..... OT3.213 
terahertz .............................. OT5.129 
textile .................................. OT6.236 
theory .................................. PT1.218 
therapeutic drug monitoring OT6.228 
thermal ................ OT5.107, OT5.273 
thermal flow sensors ........... PT4.194 
thermal noise ........................ PT4.12 
thermal runaway ................. PT5.296 
thermal sensor ...................... PT4.12 
thermal stability ..................... OT4.86 
thermoelectric generator ... PT10.249 
thermoelectrics .................. OT10.125 
thin film... OT3.181, PT5.91, PT5.144 

EUROSENSORS	XXXVI	 502

Keywords



Key Words of Vol. I & Vol. II

thin layer .............................. PT3.299 
thin-film dewetting ............... OT3.245 
Ti3C2Tx MXene .................... PT5.95 
time-lapse microscopy........... OT6.97 
tin dioxide .............................. PT5.92 
tin oxide ................................. PT5.45 
tissue mimicking materials .. OT3.269 
titanium dioxide ................... PT5.131 
TMDs..... OT3.298, OT5.163, PT5.13 
Torquer rod ......................... PT4.262 
Total Harmonic Distortion .... OT1.173 
transient methods .................. PT5.45 
tryphenylene ........................ PT5.296 
tunable sensitivity .................. PT1.41 
tungsten disulphide nanosheets
 .............................................. PT4.23 
two-phase microfluidics ....... OT6.217 
tyrosine................................ PT5.250 
ultra-compact microscope ... PT6.192 
ultrasound ........... OT3.269, PT4.292 
uncertainty ........................... PT4.262 
uptake quantificationPT5.39, PT5.305 
up-to-date sensors ................ OT2.25 
UV light................................ PT5.211 
V2O5 ..................................... PT5.59 
vacuum gauge ..................... OT4.235 
variational analysis .............. PT1.270 
vibration analysis ................. PT2.210 
virtual reality (VR) ................ PT4.145 
virtual sensor ......................... PT2.60 
viscosity ................................. OT2.30 
vitamin C ............................. OT6.214 
VO2 ....................................... PT5.59 
VOC .................... OT5.180, OT5.190 
volatile organic compounds (VOCs)
 ........... OT5.187, OT6.137, PT5.142, 
PT5.230 
voltammetric sensor .............. PT5.34 
wastewater .......... OT6.195, OT6.243 
Water....................................... PT1.1 
water monitoring .................. PT6.304 
water transfer printing............ PT3.49 
wax printing ........................... OT6.85 
wearable biosensors ......... OT10.264 
wearable device .................. OT9.253 
wearable sensor .................... PT4.84 
wearable technologies......... PT4.170 
well-ordered nanoparticle layer
 ............................................ OT3.245 
wheatstone Bridge .............. OT6.260 
whisker sensor .................... PT1.225 
whistle ................................... OT6.80 
wine quality ......................... PT6.182 
wireless ............................... PT2.179 
wireless underground IoT nodes
 ............................................ PT2.302 
young modulus .................... OT4.209 
yttria stabilized zirconia ....... PT5.128 
zeolite ..... OT5.132, PT3.18, PT5.240 
zinc oxide (ZnO) .................. OT5.331 

EUROSENSORS	XXXVI	 503

Keywords


	Titel
	Proceedings
	Foreword
	Index
	Lectures
	OT1
	OT1.5
	OT1.20
	OT1.36
	OT1.135
	OT1.159
	OT1.173
	OT1.175
	OT1.216
	OT1.281

	OT2
	OT2.25
	OT2.30
	OT2.93

	OT3
	OT3.11
	OT3.133
	OT3.157
	OT3.181
	OT3.213
	OT3.245
	OT3.269
	OT3.298

	OT4
	OT4.42
	OT4.62
	OT4.72
	OT4.78
	OT4.86
	OT4.138
	OT4.169
	OT4.197
	OT4.209
	OT4.215
	OT4.235

	OT5
	OT5.8
	OT5.10
	OT5.40
	OT5.44
	OT5.53
	OT5.67
	OT5.71
	OT5.75
	OT5.81
	OT5.99
	OT5.107
	OT5.118
	OT5.199
	OT5.129
	OT5.147
	OT5.154
	OT5.156
	OT5.163
	OT5.180
	OT5.187
	OT5.189
	OT5.190
	OT5.201
	OT5.202
	OT5.232
	OT5.251
	OT5.252
	OT5.256
	OT5.266
	OT5.267
	OT5.273

	OT6
	OT6.7
	OT6.15
	OT6.79
	OT6.80
	OT6.85
	OT6.89
	OT6.97
	OT6.111
	OT6.116
	OT6.132
	OT6.137
	OT6.160
	OT6.195
	OT6.196
	OT6.214
	OT6.217
	OT6.228
	OT6.229
	OT6.231
	OT6.236
	OT6.243
	OT6.246
	OT6.248
	OT6.260
	OT6.263
	OT6.265

	OT7
	OT7.31
	OT7.37
	OT7.43

	OT9
	OT9.253

	OT10
	OT10.125
	OT10.184
	OT10.264


	Poster
	PT1
	PT1.1
	PT1.4
	PT1.9
	PT1.41
	PT1.55
	PT1.56
	PT1.101
	PT1.186
	PT1.204
	PT1.207
	PT1.218
	PT1.225
	PT1.270

	PT2
	PT2.6
	PT2.77
	PT2.179
	PT2.210
	PT2.300
	PT2.302

	PT3
	Index
	Lectures
	Poster

	PT3.17
	PT3.49
	PT3.109
	PT3.110
	PT3.114
	PT3.167
	PT3.168
	PT3.171
	PT3.299

	PT4
	PT4.2
	PT4.12
	PT4.23
	PT4.66
	PT4.84
	PT4.96
	PT4.170
	PT4.193
	PT4.194
	PT4.200
	PT4.212
	PT4.234
	PT4.238
	PT4.262
	PT4.274
	PT4.292
	PT4.303
	PT4.307

	PT5
	PT5.29
	PT5.34
	PT5.45
	PT5.57
	PT5.59
	PT5.61
	PT5.63
	PT5.68
	PT5.82
	PT5.91
	PT5.92
	PT5.95
	PT5.98
	PT5.106
	PT5.122
	PT5.127
	PT5.131
	PT5.142
	PT5.144
	PT5.149
	PT5.152
	PT5.155
	PT5.174
	PT5.178
	PT5.185
	PT5.203
	PT5.211
	PT5.230
	PT5.241
	PT5.242
	PT5.250
	PT5.255
	PT5.285
	PT5.289
	PT5.291
	PT5.296
	PT5.297
	PT5.305
	PT5.308

	PT6
	PT6.14
	PT6.32
	PT6.58
	PT6.94
	PT6.115
	PT6.120
	PT6.121
	PT6.124
	PT6.126
	PT6.182
	PT6.188
	PT6.192
	PT6.198
	PT6.205
	PT6.226
	PT6.247
	PT6.257
	PT6.259
	PT6.261
	PT6.284
	PT6.304

	PT7
	PT7.123
	PT7.143
	PT7.254
	PT7.272
	PT7.301
	PT7.306

	PT10
	PT10.206
	PT10.227
	PT10.237
	PT10.249
	PT10.258


	Keywords

	Button1: 


