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Abstract  

This paper presents the development of a capacitive level sensor for robotics applications, which is designed for meas-
urements of liquid levels during a pouring process. The proposed sensor design applies the advantages of guard electrodes 
in combination with passive shielding to increase resistance against external influences. This is important for reliable 
operations in rapidly changing measurement environments, as they occur in the field of robotics. The non-contact type 
sensor for liquid level measurement is the solution for avoiding contaminations and suit food guidelines. The designed 
sensor can be utilized in gastronomic applications. Two versions of the sensor were simulated, fabricated, and compared. 
The first version is based on copper electrodes, and the other type is fully 3D printed with electrodes made of conductive 
polylactic acid (PLA). 
 
1 Introduction 

In industry and society, the degree of automation is rising 
in all sectors. Robotics has become more advanced in re-
cent years as well. Industrial and collaborative robots are 
applied in various applications [1, 2]. These robots can ad-
ditionally be utilized as bartenders to prepare soft drinks, 
juices, cocktails, and serving beers. In this context, moni-
toring the liquid level in the cup is crucial for consistent 
product quality [3]. 
Existing sensors for continuous level measurement are ap-
plied in different fields. In general, different principles of 
measurement such as radar, ultrasonic, optical, or capaci-
tive level sensing are suitable for continuous level meas-
urement. Most of these sensors are specifically designed 
for applications in process tanks, containers, or silos. In ro-
botics, especially for utilization in grippers, the usability of 
level sensors is restricted. Optical, ultrasonic, and radar 
sensors have limitations. They are dependent on transpar-
ent containers or must be placed near the edges, which re-
duces the application possibilities. In addition, they are 
complex and expensive in the associated electronic circuit.  
The presented sensor is based on a capacitive principle, al-
lowing non-contact liquid level monitoring with a wide 
range of application options. Capacitive sensing has been 
accepted for its low cost, low power consumption and sim-
ple integration in different concepts [4]. Furthermore, the 
manufacturing of this sensor using 3D printing technology 
enables cost-efficient and flexible implementation of the 
sensor [5]. The non-contact design prevents contamination 
and qualifies the sensor for application in the food industry.  

2 Design 

The sensor design is based on a grounded parallel plate ca-
pacitor. This is attributed to a better capacitance change 
compared to the fringing field design determined in initial 
simulations. The sensor is based on sensing, shielding, two 
guard electrodes, and a ground electrode. The ground elec-

trode is located on the opposite side of the sensing elec-
trode and forms the parallel plate capacitor. The sensor de-
sign is shown in Fig. 1. 

 

Figure 1 Sensor design 
 
The dimension of the sensor, which consists of all compo-
nents mentioned in Fig. 1, is 60 mm x 60 mm x 4.4 mm 
(w x l x t). The ground electrode on the opposite has the 
same dimensions except for the thickness, which equals  
0.6 mm. The distance between the electrodes is 80 mm. 
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This means a typical drinking cup fits between  
the electrodes. The sensing electrode measure  
30 mm x 30 mm x 0.6 mm (w x l x t). 
For the application of the sensor in the field of robotics, 
shielding against external influences is essential. For this 
purpose, the grounded shielding electrode with a thickness 
of 0.6 mm on the outside is necessary. Two different carrier 
parts keep the electrodes in position and isolate them from 
each other. The thickness of carrier B is 0.4 mm, carrier A 
2.2 mm. This is related to the different function of both 
components. Carrier A serves as the primary carrier and 
provides stability. It also serves as a separating layer be-
tween the shielding and guarding electrode B. Carrier B 
isolates the sensing and guarding electrode B. Therefore, a 
thickness of 0.4 mm is sufficient.  
The guard electrode A is arranged in a U-shape around the 
sensing electrode. Due to this design, the electric field of 
the measuring electrodes is directed in the measuring 
range, and the edge effects have a minor influence on the 
measured value. This provides linearity, precision, and ac-
curacy [7–9]. A wire can be connected to the sensing elec-
trode via the 2.8 mm notch. The guard electrodes A and B 
are designed for simplified fabrication. The layer-by-layer 
structure is advantageous with regard to manufacturing 
with a 3D printer. 

3 Materials and Methods 

3.1 Materials and Machine 

The developed sensor versions were manufactured with the 
Neotech AMT 15X SA with a 0.2 mm layer height and  
100% filling density. One of the two versions was assem-
bled from separately manufactured parts. The other one is 
fully 3D printed. The material utilized for the assembled 
capacitor is polylactic acid (Prusament PLA, Prusa  
Research) for the carrier parts and copper plates for the 
electrodes. The same non-conductive PLA is applied for 
the 3D printed version but with layers of conductive PLA 
from Proto-pasta. The conductive layers create the elec-
trodes. No additional ink or other parts are needed. Copper 
wires are only required to integrate the electrodes into the 
evaluation circuit. 

3.2 Working Principle 

A parallel plate capacitor is defined by connecting different 
potentials on two electrodes. In this case, the electric field 
will be generated between the positive and negative elec-
trodes. The ideal capacitance � can be calculated with the 
following formula (1) [6]:  
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�� is the permittivity of vacuum space, �� is the permittivity 
of the dielectric material, � is the distance between the 
electrodes, and � is the area of the sensing plate. According 
to formula (1), the geometry from the electrodes and the 

distance from the plates as well as material dielectric prop-
erties affect the capacitance of a parallel plate capacitor. 
The change in dielectric properties is crucial for level 
measurement [5].  

3.3 Modeling  

There are different materials in the area between the plates. 
Therefore, formula (1) is invalid and has to be modified. 
Fig. 2 shows the equivalent circuit for the calculation of the 
ideal capacitance between the sensing electrode and 
ground.  

 

Figure 2 Equivalent circuit for the sensing capacitance be-
tween the sensing electrode and ground 
 
The inside of the cup can be considered as two parallel ca-
pacitors. The current liquid level separates the entire ca-
pacitor into a capacitor with air and a capacitor with liquid 
(CA and CL). In addition, the cup walls must be regarded as 
capacitors connected in series (CC1 and CC2). According to 
this, the ideal capacitance of the sensor can be calculated 
by formula (2). 
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3.4 Simulation 

COMSOL Multiphysics was used for the finite element 
method (FEM). The simulation was performed with water 
as the filling medium with an �� of 80.3. For the cup, an �� 
of 3.6 was applied. The simulation of the electric field of 
the sensor with a liquid level of 30 mm water is shown in 
Fig. 3.  
Region 1 and 3 represent the electric field of the guard elec-
trode A and region 2 the field of the sensing electrode. As 
seen, the liquid has a strong influence on the electric field 
and the difference between the air section and the water 
section is visible. A directed field can be seen between the 
sensing electrode and ground. The red arrows pointing to 
the left show the effect of shielding. As a result of the sec-
ond guard electrode B, the capacitance of the sensing elec-
trode is not reduced by the shielding electrode. 
 
 

(2) 

(1) 
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Figure 3 Simulation of the electric field of the sensor with 
a liquid level of 30 mm water  

3.5 Fabrication  

Fig. 4 shows the two versions of the manufactured sensor. 
The left one is the is made of copper plate electrodes and 
3D printed carrier parts. The right one is fully 3D printed. 
This version is printed in one piece, eliminating the assem-
bly process except for attaching the connecting wires. The 
copper electrodes from the left version are made of 0.6 mm 
copperplates.  

 

Figure 4 The copper (left) and the 3D printed (right) ver-
sion of the sensor 

3.6 Experimental Setup 

To verify the results of the simulations, the sensor design 
was evaluated in an experimental setup. For this purpose, 
the sensors were connected to a capacitance-to-digital con-
verter (CDC). The EVAL-AD7747 board was applied to 
measure the capacitance. This board utilizes the AD7747 
CDC to measure the capacitance with high accuracy  
(± 10 fF) and linearity (± 0.01%). The CDC has a port for 
active shielding connected to the guard electrodes [10]. 
The Evaluation board was connected to a PC, on which the 
data is collected. The data has been evaluated in 
MATLAB. The schematic setup is shown in Fig. 5.  

 

Figure 5 Schematic experimental setup 

For the measurements, a liquid is filled into a cup step by 
step, and 100 measurements for a statistically significant 
result are taken for the capacitance. This procedure is car-
ried out with three different liquids: water, cola, and beer. 

4 Results 

4.1 Verification of the Simulated Values 

The simulated capacitance was compared through an ex-
periment with water. The selection of water is based on the 
known dielectric properties.  

 

Figure 6 Simulated and measured capacitance of the sen-
sors with water as filling liquid 
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Fig. 6 shows the capacitance related to the liquid level. Re-
gion 2 represents the sensing field. Region 1 and 3 show 
the effect of the residual fringing field at the sensor elec-
trode. As a result of the alignment of the entire sensor in 
the lower area of the cup, the operating range of the sensing 
electrode starts at 12 mm and extends to 42 mm (Fig. 3, 
and Fig. 5).  
The average standard deviation (SD) of the measured val-
ues for both versions is shown in Tab. 1. The SD increases 
with foaming liquids (cola and beer). 
 
Table 1 Average SD of the measured values for the two 
sensor versions 
 

Liquid  SD copper SD 3D printed 

Water 1.85 ∙ 10-4 pF 3.12 ∙ 10-4 pF 
Cola 6.28 ∙ 10-4 pF 5.23 ∙ 10-4 pF 
Beer 11.1 ∙ 10-4 pF 6.45 ∙ 10-4 pF 

4.2 Characteristic Behavior of the Copper 

Version 

The values of the measured capacitance for the copper ver-
sion with different liquids are shown in Fig. 7. Regions 1, 
2 and 3 show the different areas in the same way as in chap-
ter 4.1. The characteristic behavior of the sensor is similar 
for different liquids except for beer.  

 

Figure 7 Measured capacitance of the copper version with 
different liquids at different liquid levels 

4.3 Characteristic Behavior of the 3D 

Printed version 

The results of the 3D-printed version are shown in  
Fig. 8. The characteristic behavior of this sensor with dif-
ferent liquids is similar to the copper version. A deviation 
can equally be seen for beer. The division into three regions 
as described in chapter 4.1 is replicated. 
 

 

Figure 8 Measured capacitance of the 3D printed version 
with different liquids at different liquid levels 

5 Discussion 

Fig. 6 shows an offset between the simulated and measured 
values of the sensor. This is related to the parasitic capaci-
tance of the connecting wires, which were not considered 
in the simulation. The offset was compensated for the com-
parison with the measured values.  
Compared to the simulation, the average deviation of the 
measured capacitance change between a fill height from 
0 mm to 60 mm is 0.033 pF or 1.08% for the copper ver-
sion. The deviation for the 3D printed version is -0.022 pF 
or -0.71%. The 3D printed version is closer to the Simula-
tion than the copper version. This is a result of more precise 
manufacturing of the 3D printed type. Generally, the sim-
ulated values are confirmed by the measurement performed 
on both versions. 
The sensor shows an approximately linear behavior in both 
versions except for foaming beer (Fig.6, Fig. 7, and Fig. 8). 
The capacitance fluctuations at the edges of the sensing 
electrode as a result of fringing field effects could be min-
imized by applying guard electrodes.  
The non-linearity of the beer curves for both versions  
(Fig. 7, and 8) is attributable to the inaccuracy filling pro-
cess and the resulting foaming. This also explains the 
higher SD than the other liquids (Tab. 1). Cola is also 
foaming, which is shown by a larger SD compared to wa-
ter. However, this foaming is significantly lower compared 
to beer.  

6 Conclusion and Outlook 

An effective capacitive non-contact level sensor for differ-
ent liquids was modeled, simulated, fabricated, and evalu-
ated. The sensor was fabricated in two versions, an assem-
bled sensor made of copper plates and a fully 3D printed 
version. The experimental results verify the simulation and 
the functionality of both. Mediums such as foam can be 
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detected with the sensor as well. This effect can be applied 
to prevent foaming over the edge of cups.  
The successful manufacturing of the sensor with 3D print-
ing creates new design possibilities and low-cost options. 
This enables a simple fabrication of complex components 
with integrated capacitive sensors or other sensor technol-
ogies. The sensors are scalable and customizable to new 
applications. Regarding Industry 4.0, the advantages of 3D 
printed sensors are crucial, too. The requirement for cus-
tomized and cost-efficient sensor is continuously increas-
ing. 
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