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Abstract. This research presents a capacitive displacement sensor concept, designed for integration into a pin
array gripper. The sensor employs a plate capacitor structure to measure the displacement of individual pins, with
each pin positioned to move between the electrodes. The sensor is designed with sensing, guiding and shield-
ing electrodes to maintain a homogeneous electric field between the capacitor plates and a linear capacitance
response. We implemented a shielding strategy with the objective of minimising external interference and re-
ducing mutual interference between individual displacement sensors. This ensures stable operation and reliable
measurements, which are crucial for the reliable functioning in dynamic environments. The design is optimised
for additive manufacturing, offering advantages in customisation, adaptability to various pin gripping systems
and a compact form factor. It also opens up new possibilities for integrating sensing elements directly into the
structure of the gripper. A prototype sensor was fabricated using additive manufacturing and tested in an exper-
imental setup to validate its functionality and to enable a comparison of its performance against the results of

numerical simulations.

1 Introduction

In the rapidly evolving field of robotics and automation,
the demand for gripping systems has increased significantly
(Ivanov et al., 2024). A variety of gripping systems are avail-
able, including parallel jaw grippers, vacuum grippers, hu-
man hand grippers and pin array grippers (Hernandez et al.,
2023; Khadkotkar and Mishra, 2024). The focus is on op-
timising the contour and kinematics of the gripper to adapt
to the surface and geometry of the workpiece being gripped.
Unlike standard shapes such as cuboids and spheres, the han-
dling of 3-D free-form objects presents unique challenges
due to their irregular contours, requiring the use of complex
gripping systems for effective manipulation. Adaptive grip-
ping systems adjust to the characteristics of the object to be
gripped and can grip objects with different shapes, sizes and
weights (Hernandez et al., 2023). These systems are based
on structural compliance, either through joints (e.g. flexure
joints) or through compliant finger pads on the contact sur-
faces (Chang et al., 2019a). Foams, silicones and other soft
materials are used. The flexibility increases the stability of

the grip and reduces the force required to grasp the object.
It can also increase the contact friction between the gripper
jaws and the object (Chang et al., 2019a; Goh et al., 2022a).

Pin array gripping systems consist of several individual
pins that can move independently of each other and adapt
to various structures (Mo et al., 2018; Mo and Zhang, 2019;
Flintoff et al., 2018). Unlike conventional compliant struc-
tures, pins are compliant in one direction and can withstand
shear forces (Chang et al., 2019b). This distinguishes them
from typical compliant structures that deform evenly in all
directions, such as foams, silicones and other soft materials.

Additive manufacturing enables new gripping concepts,
especially for the direct integration of sensors (Khosravani
and Reinicke, 2020; Goh et al., 2022b; Hangst et al., 2022).
Sensory data on the gripped object and the gripping pro-
cess allow a detailed understanding of the interaction be-
tween the gripping mechanism and the object (Goh et al.,
2022b). This acquisition opens up new analysis possibilities
such as precise object recognition, slippage detection (slip-
ping of the object during the gripping process) and the detec-
tion of anomalies in the gripping process. Potential sources
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of error can be identified at an early stage, and appropriate
action can be taken by continuously monitoring the gripping
process. The contribution of this research is the development
of a capacitive displacement sensor optimised to be addi-
tive manufactured. This offers advantages in terms of cus-
tomisation, adaptability to different pin gripper designs and
a compact form factor. It opens up new possibilities for in-
tegrating sensing elements directly into the structure of the
gripper, enabling fully printed pin grippers. The design free-
dom of additive manufacturing makes it possible to optimise
the functionality and performance of gripping systems while
reducing complexity (Xin et al., 2024; Hassan et al., 2023;
Hossain et al., 2025). In addition, the manufacturing process
is simplified by the single process approach (Iftekar et al.,
2023). This addresses the varying demands, where the grip-
per’s and sensor’s requirement profiles are highly dependent
on the specific object and task.

2 Concept and working principle

This sensor concept enables the measurement of the displace-
ment of individual pins within the gripper. The exploited sen-
sor concept is based on a grounded parallel plate capacitor. A
parallel plate capacitor is created by applying different elec-
tric potentials to two electrodes, generating an electric field
between them. Without taking into account stray fields, the
capacitance C of a plate capacitor can be calculated by

C A 1
=&0ér 4 (D

In Eq. (1), &p represents the permittivity of the vacuum
space, &, is the relative permittivity of the dielectric material
between the electrodes, d is the distance between the elec-
trodes and A is the area of the sensing plate. Consequently,
the capacitance of a parallel plate capacitor is affected by the
geometry of the electrodes, the distance between the plates
and the dielectric properties of the material. The change in
dielectric properties is the basic working principle of the pre-
sented sensor design. The space between the plates consists
of two different materials and can be thought of as two ca-
pacitors being electrically connected in parallel. The current
location of the pin divides the two capacitors horizontally
into one containing air (relative permittivity €ai) and the
other containing the pin material (relative permittivity epip).
In addition, an air gap dg,p must be regarded as capacitors
connected in series. This provides the necessary mechanical
freedom for the pin to move within the sensor. Moving the
pin causes the total capacitance to change due to the changing
partition of air and pin material. The areas of these regions
are determined by the pin’s position x, relative to the total
length of the measurement range, where a higher x means
that the pin is pulled farther out of the sensor. According to
this, the total capacitance related to the pin position Ciga)(X)
can be simplified as a linear equation and calculated by
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d  eair- (d - dGap) + €pin - dGap
x + Co. )

1 .
Ciotal(X) = €0 - €Air - b ( _ in )

In Eq. (2), b represents the width of the electrode and
Cy represents the capacitance of the sensor with a fully in-
serted pin. This equation forms the basis for the analytic ap-
proach determining the pin’s position from the measured ca-
pacitance.

COMSOL Multiphysics was used for the finite ele-
ment method (FEM). The numerical simulations were per-
formed with polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS-T) and acrylonitrile styrene acrylate (ASA) as
pin material. The assumed &, is 2.8 for PLA, 2.65 for ABS-T
and 3.22 for ASA. The assumed values seem realistic, com-
pared with the results of other studies for PLA (Kuzmanié
et al., 2023; Dichtl et al., 2017), ABS-T and ASA (Kalas
et al., 2021). These studies provide reference points but do
not cover the desired measuring frequency. In the context of
the proof of concept, the assumptions appear to be a suffi-
cient starting point.

The concept builds on previous work, in which a capaci-
tive level sensor was designed (Hangst et al., 2022). The sen-
sor includes sensing, guiding and shielding electrodes. The
shielding electrode located on the opposite side of a sens-
ing electrode forms the parallel plate capacitor with it. The
guiding electrodes have the same voltage potential as the sen-
sor sensing electrode. The sensor electrode concept for a pin
gripper is shown in Fig. 1. It can be scaled by adding more
electrodes according to the scheme as shown in Fig. 2 for
three pins.

The effect of the guiding electrode arrangement is shown
in Fig. 3. Compared to the sensor without connected guid-
ing electrodes, the electric field of the sensing electrode is
directed within the measuring range, and the influence of the
edge effects is minimised by the arrangement of the guiding
electrode around the sensing electrode, leaving only the side
to the measuring range open. The electric field in the mea-
surement area is more homogeneous. The grounded shield-
ing electrodes serve to safeguard the sensor from external
influences, also preventing mutual interference between the
individual pin sensors. The design provides linearity, preci-
sion and accuracy.

3 Materials and machine

A test sensor for one pin was designed for the purpose of
establishing the concept’s viability. The measuring range is
20 mm with a desired resolution of 1 mm. The geometric di-
mensions of the sensor are 20 mm in width, 30 mm in length
and 5.4 mm in thickness. Each of the electrodes has a thick-
ness of 0.4 mm. The sensor was manufactured using the 3-D
printing system Neotech AMT 15X SA with a layer height
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Figure 1. Design of the sensor as a partial explosion view and as an assembly view with the pin partially inserted.
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Figure 2. Scaled sensor concept for a three-pin gripper as an overall
view (top) and sectional view (bottom) with different pin positions.

of 0.2mm and 100 % filling density. The 3-D printed sensor
is made of PLA (ecoPLA, 3DJAKE) and conductive PLA
from Protopasta. The conductive layers serve as electrodes.
Copper wires are applied to integrate the electrodes into the
evaluation circuit. The test sensor as complete and partially
with the sensing side is shown in Fig. 4. The pins used for the
measurements are made of PLA (ecoPLA, 3DJAKE), ABS-T
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(Filament PM) and ASA (Prusament ASA, Prusa Polymers)
and were manufactured using a Prusa MK4S with a layer
height of 0.2 mm and 100 % filling density. The dimensions
of the pin are 10.4 mm in width and 2.6 mm in thickness.
This results in a circumferential gap between the pin and the
sensor of 0.2mm. This provides the necessary mechanical
freedom for the pin to move within the sensor, without a sig-
nificant loss of capacitance change.

4 Experimental setup

We tested the sensor in an experimental setup to verify
the simulation results. The sensors were connected to a
capacitance-to-digital converter (CDC), with measurements
conducted using the EVAL-AD7747 board from the com-
pany Analog Devices. This board leverages the AD7747
CDC to achieve a resolution down to 20 aF and excellent lin-
earity (£0.01 %) in capacitance measurements. The CDC is
equipped with a port for active shielding, which is connected
to the guiding electrodes (Devices, 2007). The excitation fre-
quency used for the measurements is 16 kHz. A resistance
in series with the measured capacitance affects the perfor-
mance of the AD7747 CDC. This series resistance must be
less than 10 k<2 to achieve the specified performance (De-
vices, 2007). A total of 1000 resistance measurements were
conducted, with a Keithley 2450 SourceMeter. The measured
average serial resistance of the sensing electrode is 851 €2,
with a standard deviation of 0.2 2. The evaluation board was
connected to a PC where the data were collected and anal-
ysed in MATLAB. The measurements were carried out using
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Figure 3. Simulation of the electric field for the three-pin gripper with different pin positions, with a voltage of 1 V applied to the sensing
electrodes (a) and with a voltage of 1V applied to the sensing and guide electrodes (b).

Figure 4. Additively manufactured test sensor as complete (left)
with the electrical connection cables for the guiding (red), sensing
(yellow) and grounded electrodes (black) and partially with only the
sensing side (right).

two pins made of PLA, ABS-T and ASA, as shown in Fig. 5.
The pin displacement is achieved with a linear guide (SMC
LESH8RK-75B-R36P3), which moves the pin from 0 mm
(pin is fully inserted) to 30 mm displacement (pin is 5 mm
away from the sensor opening). The measurements were car-
ried out in two different ways. First, the linear guide moves
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Figure 5. PLA pins (yellow), ABS-T pins (white) and ASA pins
(orange) used for the measurements.

in 1 mm steps, and 100 measurements are taken for the ca-
pacitance for each step, with a sampling frequency of 8.1 Hz.
Second, the linear guide moves back and forth with a con-
stant speed of 10 mm s~1, and 1200 measurements are taken
over time, with a sampling frequency of 45.5 Hz. Figure 6
shows the measurement setup.

https://doi.org/10.5194/jsss-14-265-2025



S. Schroder et al.: Conceptual design of additive manufactured capacitive displacement sensors 269

EVAL- |
AD7747

37r
O PLAT
361 O PLA2
35 Slmula'tlon
Analytic

0 5 10 15 20 25 30
Displacement in mm

Figure 7. Analytical, simulated and measured capacitance of the
sensor for different displacements with different PLA pins.

5 Results and discussion

We conducted experiments to compare the analytic and sim-
ulated capacitance with the measurement of the fabricated
sensor. The operating range of the sensing electrode starts
at 0 mm and extends to 20 mm due to the sensor design. The
parasitic capacitance of the connecting wires, which were ex-
cluded from the analytic calculation and numerical simula-
tion, was added to the values through mathematical addition.
These values are based on the measurements of the sensor
without a pin inside. The standard deviation of the measured
values for the PLA pins ranges from 3 to 7 {F, while for the
ABS-T pins, it ranges from 4 to 7 fF. For the ASA pins, the
standard deviation ranges from 3 to 7 fF.
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Figure 8. Linear regression line for the measured capacitance of
the sensor for different displacements with PLA pins.

Figure 7 shows the capacitance related to the pin posi-
tion for the PLA pins. Both samples for PLA show a de-
crease in capacitance as displacement increases from 0 to
20 mm. Beyond 20 mm of displacement, the capacitance lev-
els off at around 2.72 pF. A linear regression analysis was
conducted using the measurements from both samples in
the operating range to demonstrate the linearity of the rela-
tionship between displacement and capacitance, as shown in
Fig. 8. The results indicate the linear behaviour of the sen-
sor for the PLA samples in the operating range of the sens-
ing electrode, as supported by the R? value of 0.9995. Fig-
ure 9 shows the capacitance related to the pin position for
the ABS-T pins and Fig. 11 for the ASA pins. Both samples
for ABS-T and ASA show a linear decrease in capacitance
as displacement increases from 0 to 20 mm. Beyond 20 mm
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Figure 9. Analytical, simulated and measured capacitance of the
sensor for different displacements with different ABS-T pins.
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Figure 10. Linear regression line for the measured capacitance of
the sensor for different displacements with ABS-T pins.

of displacement, the capacitance levels off at around 2.72 pF.
The linear behaviour for the ABS-T samples is evidenced
by the linear regression shown in Fig. 10 and an R? value
of 0.9997. The ASA samples fit a linear regression analysis
with an R? of 0.9997, as shown in Fig. 12. The changes in
capacitance can be described by a linear function for all sam-
ples. All samples are stable after 20 mm, with minimal devi-
ation. This plateau suggests that further displacement does
not significantly affect the capacitance, indicating that the
pin has moved out of the operating range. The analytic value
is lower than the simulation for all materials. The analytic
model is based on a simplification of a parallel plate capac-
itor, and boundary effects are not captured in the analytic
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Figure 11. Analytical, simulated and measured capacitance of the
sensor for different displacements with different ASA pins.
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Figure 12. Linear regression line for the measured capacitance of
the sensor for different displacements with ASA pins.

model. This leads to the observed discrepancies between the
two approaches.

The average deviation of the measured capacitance change
between a displacement from 0 to 30 mm compared to the nu-
merical simulation varies with the samples and is shown in
Table 1. This deviation stems from deviating material param-
eters and geometric deviations due to manufacturing toler-
ances. The assumed &, used for the simulation does not seem
to fit in this case, especially for the ASA samples. There are
different causes for the deviation: the different printer, fila-
ment, material batch, ambient conditions during production
or the infill structure. The effect of these parameters on the
&r is the subject of further study for more detailed simula-
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Table 1. Average deviation of the measured capacitance change AC from 0 to 30 mm compared to the simulation results.

Sim. PLA  PLA1 PLA2 Sim. ABS-T ABS-T1 ABS-T2 Sim. ASA ASA 1 ASA?2
AC in pF 0.830 0.842 0.827 0.771 0.749 0.756 0.989 0.879 0.892
Deviation to simulation 1.45% —0.36 % —285% —1.95% —11.12% —9.81%
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Figure 13. Measured capacitance of the sensor for back-and-forth displacements with different pins.

tion prediction. With the exception of the slope error related
to the inaccurate &;, the measurements confirm the simula-
tions. The sensor shows an approximately linear behaviour
in the relevant measurement area. The plateau after 20 mm
suggests that further displacement does not significantly af-
fect the capacitance, indicating that the guiding electrodes
are functional. Capacitance fluctuations at the edges of the
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sensing electrode due to fringing field effects could be min-
imised.

Figure 13 depicts the capacitance plotted over time for the
six pin samples. All samples show periodic behaviour, indi-
cating the expected repeating pattern in capacitance measure-
ments. Five complete cycles can be seen, indicating stable
and regular behaviour. The different materials (PLA, ABS-T
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and ASA) have similar responses under the conditions mea-
sured. The maximum peak is different across the individual
materials, which is related to the differing ¢, of the materials.
The amplitude remains constant over the entire series of mea-
surements for one pin, which indicates a consistent physical
behaviour of the samples. The lower inflection point is sta-
ble over all measurements but shows higher fluctuations than
in the previous measurements. In general, the fluctuation is
higher, which is due to the dynamic conditions, the higher
sampling frequency, the accuracy and the deviation of the
speed from the linear guide. Overall, the data indicate consis-
tent behaviour of the samples under the given measurement
conditions. The concept presented for 3-D printed capacitive
displacement sensors opens up new design possibilities, en-
abling the development of fully additively manufactured pin
grippers with integrated displacement sensors. These sensors
can be easily scaled and adapted to a wide range of applica-
tions due to the simplified manufacturing process.

6 Conclusion

A capacitive displacement sensor concept for a pin gripper
has been designed, simulated, fabricated and evaluated. This
approach, using 3-D printing for manufacturing, enables the
creation of fully additive manufactured pin grippers with in-
tegrated capacitive displacement sensors. The measurement
and simulation results indicate a linear relationship between
capacitance and displacement up to around 20 mm, at which
point the operating range ends and the capacitance plateaus.
The agreement between experimental and simulated data
suggests that the simulation model is accurate and reliable for
predicting capacitance behaviour in this setup. These results
also imply that both samples of each material (PLA, ABS-T
and ASA) have consistent properties, leading to nearly iden-
tical responses in the experiment. The experimental results
confirm the numerical simulations and the functionality of
the fabricated sensor for different pin materials.
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