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Abstract

The development of a 3D printed force sensor for a gripper was studied applying an embedded constantan wire as sensing
element. In the first section, the state of the art is explained. In the main section of the paper the modeling, simulation and
verification of a sensor element are described for a three-point bending test made in accordance with the
DIN EN ISO 178. The 3D printing process of the Fused Filament Fabrication (FFF) utilized for manufacturing the sensor
samples in combination with an industrial robot are shown. A comparison between theory and practice are considered in

detail. Finally, an outlook is given regarding the integration of the sensor element in gripper jaws.

1 Introduction

3D printing has been continuously developed in research
institutions and technology companies in the recent years.
In particular, the trend towards complex and functional
components, or even the printing of complete mechatronic
systems provides a major technological advance [1-5].

3D printing of functional components is also important in
the field of robotics, especially in the domain of gripping
systems for industrial and collaborative robotics [6]. In
classical robotics, it is desired to avoid damage to sensitive
and fragile components by utilizing embedded sensors
[7-9]. In collaborative robotics, an additional differentia-
tion between humans and the component to be gripped is
required [7-8, 10-11]. Another reason for using 3D printing
is the freedom that it provides in the design of products
[8, 10, 12-13]. By using 3D printing it is possible to fabri-
cate individual gripper jaws, including sensors and adapted
gripping surfaces in a single process. This process is called
multi-material printing [14-15].

3D printed force sensors have been investigated in this re-
search area [4]. These includes sensors in the area of grip-
ping jaws [6, 14-15]. The most commonly utilized force
sensors are based on strain gauge technologies. This works
on the principle of resistance change as a result of stretch-
ing or compression [4]. The sensors consist of a non-con-
ductive and a conductive material [4, 14]. The non-conduc-
tive material are typically plastics such as acrylonitrile bu-
tadiene styrene (ABS) for rigid grippers or thermoplastic
polyurethane (TPU) for flexible grippers [4, 14-15]. Con-
ductive plastics or silver inks are often utilized as the con-
ductive material [4, 14]. To obtain a printable conductive
plastic, conductive particles like carbon or graphene are
added to it [4, 14-15].

The efficiency of force sensors is directly related to its ma-
terial properties, as well as its structural design [4]. Plastic
substrate has the disadvantage of a decrease mechanical
load capacity [16]. In addition, plastics have viscoelastic
properties. This may lead to creep of the material under a
mechanical load. A residual strain is also possible when the
material is relieved again after a load has been applied.
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Consequently, the measured value of the sensor will be per-
manently distorted [4]. Furthermore, plastics show a high
thermal expansion, which is about 10 times higher com-
pared to metals [17]. All these disadvantages show that the
3D Printing of a force sensor has been so far unsuitable for
the industrial market.

As demonstrated by Rashid and Kog, continuous fiber re-
inforcement can be applied to increase the mechanical load
capacity and at the same time reduce the viscoelastic be-
havior [18]. According to Dickson et al., even higher ten-
sile strengths can be achieved compared to aluminum [16].
The reduced viscoelastic behavior is related to a reduced
strain of the polymer chains. This lowers the stress in the
plastic and the sliding of the polymer molecules. Continu-
ous fibers also increase the Young's modulus of the base
material. This allows it to return to its initial position more
easily [18]. Considering to thermal expansion, correct ar-
rangement of the fibers can reduce the expansion in certain
directions. Deformations already occur during 3D printing
as a consequence of cooling material. This results in resid-
ual stresses in the base material. By using the continuous
fibers, this can be counteracted [19].

In this paper a first 3D printed force sensor utilizing a con-
stantan wire as the sensing element is presented. The work
was to demonstrate an alternative to a force sensor made of
pure plastic. A sensor was created that served as a force
sensor as well as continuous fiber reinforcement. Another
advantage of this sensor construction are the known param-
eters of constantan. To the best of the authors knowledge,
a sensor of this type doesn’t exist so far. It represents a new
approach in the field of 3D printed sensor technology.

2 Materials and Methods

2.1 Materials and Machines

As non-conductive material polyethylene terephthalate
glycol (Prusament PETG Signal White [20], Prusa Re-
search) was utilized. The conductive material was a con-
stantan wire (CuNi44, DM 0.2 mm, VDM-Metals).
The non-conductive geometry was 3D printed
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(Prusa MINI, ND 0.4 mm) while the constantan wire was
embedded with a robot (Hiwin RA-605, Hiwin). The robot
utilized a special tool.

2.2 Developed Tool

At the beginning, it was necessary to develop a tool to em-
bed a constantan wire into a 3D printed part. This tool uses
a stepper motor to feed the wire through a E3D Lite 6
Hotend Bowden from E3D. During this process, the mate-
rial is pressed against the drive gear of the stepper motor
by a preloaded ball bearing. The installed nozzle is made
of messing and has a diameter of 0.3 mm. A servo
DS3012 MG with an adaptive cutting blade was installed
for cutting the wire after it is embedded. The coiled mate-
rial can be fixed on a holder. The tool is shown in Fig. 1.
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/ bearing
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Figure 1 Assembled tool utilized for embedding the con-
stantan wire

2.3 Sensor Design

The sensor was made of PETG. The part dimensions from
DIN EN ISO 178 were taken for a three-point bending test.
For a high sensitivity, the wire must be embedded close to
the surface and was placed at a height of 2.5 mm. The com-
ponent was inverted for the bending test to apply a tensile
force to the sensing element.

Connecting
leads

Figure 2 Sensor Design
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The force sensor consists of a meander-shaped grid with
six embedded resistance paths, excluding the connecting
leads. The wire is mainly kept in position by the reverse
loops. Therefore, the two connecting leads up to the first
reversing loop are not included in the calculations of the
resistance change. The Design of the sensor is shown in
Fig. 2.

2.4 Sensor Modeling

Fig. 3 shows the load case of the sensor. In the mid-section
of the beam between x; and xs, it is a composite material
consisting of PETG and constantan. The calculation of the
sensor’s behavior was separated into a mechanical and an
electrical part. Firstly, the required force for the deflection
of the beam and the resulting change in strain of the sensor
grid were calculated. Subsequently, the strain of the sensor
wire and the associated resistance change could be deter-
mined. Due to symmetry reasons, it is sufficient to utilize
the left part of the beam from x; to xr.
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Figure 3 Modeling Sketch of the sensor

The beam theory according to Euler-Bernoulli and Timo-
shenko was first applied to the mechanical part. The gen-
eral equation for the bending beam is expressed as (1):

Wix) = Wh() + Ws(o) )

wyy represents the entire bending line of the beam, wyp) is
the bending line of the shear rigid part according to Euler-
Bernoulli and wsy is the consideration of shear stresses
based on Timoshenko. For the calculation of the Euler-Ber-
noulli contribution the following basic equation is valid for
the part between x; and x; as well as x5 and x5 (2):

EyIiyyWp() = =Mz 2)

E; is the Young’s modulus of the single material, /) is the
second moment of area, Wy,(y) is the second-order deriva-
tion of the bending line and My is the resultant bending
moment. According to Euler-Bernoulli, the following basic
equation applies to the composite material between
xzand x5 (3):

ooy = — Mo 3)

Equation 3, with the exception of the different Young’s
modulus and second moment of area, is similar to
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Equation 2. However, the expression can be expressed in
terms of the Young’s modulus of material 1 (4):

Eilyy = Elgy) Q)

6 represents the second moment of area of the composite
material, which is formed by an equivalent area. The new
cross section is assumed to be made completely of
material 1. The area of material 2 is scaled. For the part of
the beam between x; and xr, Euler-Bernoulli gives the final
following formula (5):

Fx3 4 Fl%x + 1331F13 < 1 1)(5)
w = — — — —_——

YT 2B T, 16EI,, 196608E;\Iyy I,
The values of the integration constants of the differential
equations can be calculated utilizing suitable boundary
conditions. For the calculation of the Timoshenko part the
following basic equation is valid for the part between
x; and x2, as well as between x5 and x5 (6):

KG)AWs(x) = Qex) (6)

K is the shear correction factor, Gy is the shear modulus of
the single material, A is the cross section area, Wgy, is the
first-order derivation of the bending line and Q) is the re-
sulting shear force. According to Timoshenko, the follow-
ing basic equation can be applied for the composite mate-
rial between x, and x5 (7):

KGAWS(X) = Q(x) (7)

Equation 7 with the exception of the shear modulus is sim-
ilar to equation 6. The new shear modulus is generated
from the composite material. For the beam part between
x2 and xr Timoshenko’s approach gives the following for-
mula (8):

Fx Fx (1 1) ®)

M50 = 2KGA T 2KA\G, G
The values of the integration constants of the differential
equations can also be calculated utilizing suitable boundary
conditions. Equation 5 and 8 can be introduced into equa-
tion 1. For the calculation of the force F in dependence of
the maximum deflection wyuay), the equation 1 must be re-
arranged according to this force. Afterwards, the strain
changes of the middle part from x> to x5 can be calculated
by utilizing the following formula (9):

& = — nw lxil,z ©)

&; is the length change in mm, x;; and x;, are the integration
limits, My, is the resulting bending moment, W is the sec-
tion modulus from the composite material, E,, is the tensile
modulus from the wire, n,, is the scale factor based on the
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ratio of the individual tensile moduli and /2 is the length
between the integration limits. For the sensor grid there are
three areas to be considered. The wire in the area from x;3
to x4 is linearly aligned. In this case, no further action is
required. The reverse loops are located between x> and x3
as well as between x4 and xs. Consequently, this length
change must be converted to an elliptical shape. The ap-
proximation equation according to Rumanujan is suitable
for this. After the mechanics were considered, the electrical
behavior was calculated. For this purpose, the initial re-
sistance of the wire had to be calculated with the following
equation (10):

(10)

Ry is the initial resistance of the sensor, p is the specific
resistance of the wire material, /y is the initial length of the
wire in the sensor grid and dj is the initial diameter. For the
length calculation of the reverse loops, the formula for the
circumference of the circle was applied. The following to-
tal differential was utilized to calculate the resistance
change (11):

R Ok OR . OR
B TR P

ap al, ddo

an

In this case, the partial derivate involving the specific re-
sistivity p can be ignored, because there is no piezoresistive
effect with this sensor material. The change in resistance is
basically due to the change in geometry as a result of a me-
chanical load. The following formula for resistance change
can be derived from the total differential (12):

AR = Rye(1 + 2p) (12)
AR is the resistance change of the wire, Ry is the initial re-
sistance of the wire from equation (10), ¢ is the total length

change calculated from the individual &; from equation (9)
and u is the Poisson's ratio of the wire.

2.5 Sensor Simulation

COMSOL Multiphysics was used for the finite element
method (FEM). This software enables the calculation of
single physical values such as stresses and strains in struc-
tural mechanics or electric currents and fields in electrical
engineering. Fully coupled simulations are possible as
well. The material properties applied for the simulation are
shown in Tab. 1.

The simulation was based on a linear elastic model using a
stationary study. The calculation was performed by using
isotropic properties of both materials. The computation is
based on a coupled analysis between structural mechanics
and electric current. The sensor was simulated in steps of
0.05 mm up to a deflection of 0.35 mm. At 0.4 mm, the
yield strength of constantan would be exceeded. The me-
chanical stresses of the part for a deflection of 0.35 mm is
shown in Fig. 4.

© VDE VERLAG GMBH - Berlin - Offenbach



Sensoren und Messsysteme 2022 - 10. — 11.05.2022 in Niirnberg

Table 1 Mechanical and electrical properties of the mate-
rials

Parameter PETG Constantan  Source

Yield

strength 47 MPa 250 MPa [20,21]

Young’s 1500 MPa 165000 MPa  [20,22]

modulus

Poisson's 0.40 0.33 [23,24]

ratio

Density 1270 kg'm™> 8900 kg'm™  [20,21]

Conductivity - 49107 Q'm [21]
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Figure 4 Simulation of the mechanical stresses of the sen-
sor at a deflection of 0.35 mm

2.6 Sensor Fabrication

The carrier component made of PETG was fabricated with
the 3D printer. During an interruption in printing, the con-
stantan wire was embedded in the component by the robot.
The setup of the system is shown in Fig. 5.

The layer height of the sensor is 0.2 mm at rectilinear print-
ing pattern, 45 ° raster angle and 100 % filling density. The
3D printing was interrupted at a height of 2.6 mm for the
purpose of embedding the wire. After embedding, the wire
was at an average height of 2.5 mm. In a final step, two
PETG top layers were applied. The printing temperature of
PETG was set to 250 °C and the bed temperature to 90 °C.
This corresponds to the standard settings for Prusament
PETG in the PrusaSlicer. The constantan wire was heated
up to 190 °C and embedded at a velocity of 2.97 mm/s.
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These values were determined based on preliminary tests.
The industrial robot was programmed using the robotic
software KeMotion from Keba.

3D ;
printer .

Figure 5: Setup of the system applied to fabricate the
3D printed force sensor

Fig. 6 shows the fabrication steps of the sensor after em-
bedding the wire as well as the finished 3D printed sensor.
A total of three identical sensor samples were manufac-
tured for the experiment.

3 I

a) | ;
i Constantan wire !

|

f | |

alignment

Figure 6 Fabrication of the sensor: a) Embedding
the constantan wire, and b) final sensor

2.7 Experimental Setup

The Z020 universal testing machine from Zwick & Roell
was used for the bending tests and force measurements.
The experimental setup is shown in Fig. 7.
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Figure 7 Experimental Setup for the three point bending
test following DIN EN ISO 178

The measuring bridge ST2829C from Sourcetronic was ap-
plied for the resistance change measurement of the sensor
samples. The maximum accuracy of the measurement de-
vice is achieved for slow measurement speeds of 187 ms
per measurement. In order to increase the accuracy, the av-
erage value derived from 100 single measurements per cy-
cle was calculated. The deflection was increased in single
steps of 0.05 mm up to the irreversible damaging of the
sensor samples. Each step was repeated three times to
check the repeatability of the measurements. The resolu-
tion of the output value of the measuring device is
0.01 mQ.

3 Results and Discussion

3.1 Verification of the measurement accu-

racy of the LCR-Meter

For the verification of the measurement accuracy of the
ST2829C, 100 measurements were performed on an un-
loaded sensor sample. The measured values were found to
be normally distributed, checked utilizing the Kolmogorov
Smirnov Method. The null hypothesis with an error rate of
5 % served as foundation. The results are shown in Fig. 8.
The standard deviation of the measurements is 22.6:10° Q.

25 —— ; . —————
| Normal distribution |
L 20t 1
o
ot
£
E 15t 1
o]
Q
=]
B0t 1
L
IS
=
5_ -
! A
A b3 “ ~o N N G
A g I 43?9 o o o>
SO R P L R R i R o e
VR Ve o P T " N N 0 0 e

Resistance in Q

Figure 8 Measurment results and the normal distribution
curve
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3.2 Three-Point Bending Test

The values of the measured resistance change are shown in
Fig. 9. The sensor was deflected in steps of 0.05 mm to
0.25 mm. The repeatability was observed up to a deflection
of 0.2 mm. At a deflection of 0.2 mm or more, a deviation
towards a negative resistance change occurs and the zero
point is shifted. According to the simulation, a deflection
of approximately 0.35 mm should be possible. This shift is
probably attributable to the wire cutting into the reverse
loops. In this case, the wire penetrates the material irrevers-
ibly with increasing load and destroys the sensor sample.
This would also explain the shift in the negative resistance
direction. In the case of plastic deformation of the sensor,
the deviation should be in the positive resistance direction.
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Figure 9 Resistance change for different deflections

To visualize the linear behavior of the sensor, the average
values of the resistance changes were taken at the different
deflections. The same was done for the applied forces re-
sulting from the deflections. In Fig. 10 the results of this
are shown. The calculated values of the parameters from
chapter 2.4 (Sensor Modeling) and chapter 2.5 (Sensor
Simulation) are plotted, too.
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Figure 10 Behavior of the sensor with regard to linearity
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The measurement results (force and resistance change)
show an approximately proportional behavior to each
other. Certain deviations are visible. For the comparison
between the calculated and simulated values, a difference
of -2.11 % can be observed. The deviation is attributed to
a simplification into the mechanical calculation. For the
sensor grid, the Poisson ratio of the substrate was not con-
sidered. This means that the cross contraction of the reverse
loops was omitted. The difference between the simulated
and measured end value is -0.21 %. The calculation and
simulation based on isotropic material properties was suf-
ficient.

3.3 Reproducibility of Different Sensor
Samples

The final experiment was done in order to verify the repro-
ducibility of additional sensor samples. For this a series of
three samples were prepared and tested. The results are
shown in Fig. 11.

Sensor sample 2 showed an average peak of 0.18 mQ at
0.05 mm, which is 34.64 % lower than sensor sample 1.
Sensor sample 3 showed an average peak of 0.87 mQ at
0.15 mm, which is 16.35 % lower than sensor sample 1.
The deviations of the resistance changes of sensor
sample 3 compared to sensor sample 1 increased further
beyond a deflection of 0,15 mm. Except for the discrepan-
cies mentioned above, the reproducibility is well. The val-
ues of the sensor samples are almost identical with each
other. The differences in resistance changes are related to
the manufacturing tolerance of the individual sensor sam-
ples. The low value of sensor sample 2 at 0.05 mm may
indicative of a warped component and wire. The failure of
sensor sample 3 at an early stage could be related to an
early wire cutting into the reverse loops. Alternatively, the
wire may also have slipped.
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Figure 11 Resistance change for different deflections of
various sensor samples
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4

A force sensor with an integrated constantan wire as the
sensing element was modeled, simulated, fabricated and
verified. The results of the measurements confirmed the re-
sults of the previously performed calculation and simula-
tion. The small differences between the calculated and sim-
ulated values are attributed to a simplification into the me-
chanical calculation.

The sensor fabricated in this work serves as the basis for an
integration into a robotic gripping system. In addition to
the integration of the sensor in gripper jaws, further prop-
erties are to be investigated. The creep behavior and dura-
bility of the sensor type should be analyzed to determine
the improved suitability of these sensors compared to sen-
sors consisting of conductive plastic or silver inks. For bet-
ter expected reproducibility of the sensor samples, the tool
for embedding the wire is to be integrated into the
Neotech AMT 15X SA.

Conclusion and Outlook

5
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