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Soft Tactile Coil-Based Sensor for Misalignment Detection of
Adhesive Fibrillary Gripping Systems

Simon Herter,* Philipp Stopp, and Sarah C.L. Fischer*

Micropatterned dry adhesive systems are a promising alternative to
conventional handling solutions. However, the use of these gripping systems
still requires precise manual adjustment of the gripping parameters. To
address this limitation, a coil-based sensor is designed to enable automatic
detection of the attachment process. The sensor consists of three sensing,
one transmitting coil, a conductive film, and a compliant layer. The
components are optimized to achieve reproducible, precise measurements,
and minimize hysteresis effects of the components. A mathematical concept
to calculate the geometrical relations between the gripping object and the
gripper is established based on triangulation. The functionality of the sensor
system is demonstrated in contact experiments with a glass substrate under
different tilt angles, and an accuracy of 0.042 degree is achieved. The sensor
system not only allows precise detection of the misalignment angle but also
fast estimation of the qualitative direction of misalignment with minimal
compression. This is interesting for scaling the sensor system to industrial
pick-and-place applications as it promises to speed up the handling times and
reliability of the fibrillary adhesives. In the future, the system needs to be
extended to capture more complex objects and properties to be applicable to
more handling problems.

1. Introduction

Inspired by natural dry adhesives, micropatterned surfaces found
their way into automated gripping solutions as novel end ef-
fectors for robotic pick-and-place applications. The functional
surfaces consist of fibrillar structures, technically called pillars,
ordered in patterns and commonly fabricated from soft elastic
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polymers.[1–3] Several approaches exist
to optimize the pillars by varying their
shape and material choice and utiliz-
ing composite approaches, however, the
most common variant is mushroom-
shaped pillars.[4–10]

One advantage of these bioinspired
structures as end effectors is energy effi-
ciency, as they do not need any external
energy source for operating. The under-
lying physical principle of the switchable
physical adhesion mechanism are van-
der-Waals forces. Switching between the
adhesive and non-adhesive state is real-
ized by variations in mechanical load: a
small normal force enables contact be-
tween the microstructures (attachment)
and a larger normal or rotational force
results in elastic instability and buckling
(detachment).[11]

The adhesion force is influenced by
environmental conditions like the rough-
ness of the object, the temperature, and
the misalignment between the pillars and
the object’s surface.[11–14] The principle to
realize multiple pillars as an end effector

for robotic applications is to build multiple adhesive pillars as
an array (short: adhesive pad or pad) on a backing layer, which
distributes the stress among the individual pillars.[12] Due to this
setup, the array of pillars is sensitive to misalignment. Kroner et.
al. showed that a misalignment angle of just 0.2 degrees can yield
a drop of >30% in the adhesion.[15]

Modification of the compliance of the backing layer of the
pillar array is a strategy to reduce the decreasing adhesion due
to misalignment.[13,16] To modify the compliance of the backing
layer, the thickness or the material can be changed, for exam-
ple, by placing a foam behind the adhesive array. Modification of
the backing layer is not a solution to the problem itself, there-
fore possibilities to detect the misalignment and correct it in an
auto-adaptive manner are desirable.

For industrial handling devices based on micropatterned ar-
rays the detection of misalignment is a key factor in increasing
reliable and well-controlled manipulation processes. With a sen-
sor capable of detecting the misalignment during the grasping
of objects a feedback loop to the handling system, e.g. a robot,
can be established enabling a readjustment to an optimal tilting
angle (e.g., perfect planar alignment).

To solve this task there are several requirements a sensor has
to fulfill. The sensor needs to be sensitive to small deformations
caused by the attachment of the pillar array while not reducing
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the load-bearing capability of the adhesive pad. Furthermore, the
sensor should measure the deformation locally to allow for a cal-
culation of the misalignment of the pad. Additionally, economic
and application-driven factors come into play and introduce re-
quirements like reproducibility, cost efficiency, speed, and ro-
bustness.

To implement such a deformable and tactile sensor different
kinds of electrical signals like impedance, frequency, and volt-
age can be utilized to measure the misalignment.[17–20] Addi-
tionally magnetic- and optic measurement techniques can be
exploited.[21–24] Magnetic and capacitive transducers are sensitive
and fast but suffer from external influences like contamination
or magnetic fields.[19,25–27] Capacitive sensors in particular have
been considered in current research to create soft tactile sensor
designs for wedges-shaped adhesives.[29–33] Eddy current sensors,
which are widespread in industrial applications, were recently
shown to have the potential to overcome those limitations.[18,19,28]

In this work, we will present a novel sensor based on the
eddy current principle for detecting misalignments in the case
of adhesive pads for grasping objects. A multi-coil-based sensor
measuring the displacement of a conductive material relative to
the sensing coils enables tilt detection. The displacement is in-
duced by contact between the adhesive pad and the object be-
ing grasped. Subsequently, a misalignment plane can be approxi-
mated based on triangulation of the three recorded sensor signals
and provides feedback for the gripping process. Contact experi-
ments were carried out to optimize the sensor components and
quantify the accuracy of the final sensor stack.

2. Results and Discussion

This research presents a novel idea for a malleable, tactile sensor
for bioinspired robotic grippers to rectify misalignment during
grasping operations.

First, the novel sensor principle is introduced and an opti-
mized composition of the sensor stack is experimentally deter-
mined. Second, the sensor is evaluated on a robotic setup to char-
acterize the capability of the sensor to determine misalignment
angles of the pad with respect to a surface.

2.1. Sensor Concept and Working Principle

A concept for an eddy current-based sensor was established in
this work (Figure 1). The sensor stack consists of one transmit-
ter coil and three receiver coils. The receiver coils are placed on
an equilateral triangle inside the transmitter. The three receiver
coils are needed to calculate the equation of the misalignment
plane based on the obtained distances at three different posi-
tions. Besides the coil system, the sensor consists of a foam con-
nected to the printed circuit board (PCB) itself, acting as a sup-
porting structure and a deformable spacer between the adhesive
pad and the conductive measuring layer material. Figure 1a vi-
sualizes the adhesive pad system without the sensor integration
and Figure 1b shows the integration of the sensor components as
described.

The underlying working principle of the sensor is based on
eddy currents. Transferred to the presented sensor concept the

Figure 1. Tactile sensor concept and its components. a) CAD adhesive
pad sample, b) CAD integrated sensor design.

transmitter coil is used to excite eddy currents in the measuring
layer by sending an alternating voltage signal to the coil. The re-
ceiver coils detect a voltage change, which is generated by the
eddy current-induced alternating magnetic field from the mea-
suring layer. This detectable voltage change makes it feasible to
map the voltage change to a distance variation between the mea-
suring layer and the receiver coils. When the adhesive pads ap-
proach an object and get in contact the pressure leads to a defor-
mation of the measuring layer as well as the foam, which results
in a voltage change in the receiver coils and is the primary sensor
signal of the system.

2.2. Sensor Design and Characterization

2.2.1. Analysis of the Electrical Characteristics of the System

The impedance curve as well as the scattering parameter S21 are
measured for choosing the right excitation frequency for the sys-
tem.

Figure 2 shows the results obtained from the measurements
with the impedance and network analyzer in Figure 2a,b re-
spectively. The transmitter coil shows the self-resonance peak
at 1.8 MHz, regardless of how many receivers are shorted. As
the transmitting coil has the lowest self-resonance of the system,
it determines the upper excitation frequency. Consequently, the
ideal excitation frequency of the system is below 1.8 MHz to avoid
the capacitive part of the coil becoming dominant. The measure-
ment of the self-resonance is performed with the connecting ca-
ble as it is a part of the system.

The scattering parameter S21 (Figure 2b) provides information
of the transmission function between the transmitter and the re-
ceiver coils. For reliable signal transmission, a small damping is
preferable. The lowest damping of the transmission is achieved
at ≈460 kHz with a damping of −27.8 dB, but is only increasing
to a value of −30.2 dB for 2 MHz. From the scattering parame-
ter and the impedance analysis, an excitation frequency between
460 kHz and 2 MHz is suitable and fulfills all requirements.

A further boundary condition for selecting a proper frequency
is the skin depth. To reduce influences from other conductive
parts such as the measuring layer material, the skin depth should
be as small as possible which favors higher frequencies. The ex-
citation frequency is set to 1 MHz as this frequency represents a
compromise between all requirements and is easily excitable via
a look-up table and an internal system clock of 125 MHz.
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Figure 2. Electrical characterization of the sensor system. a) Impedance
curve of the transmitter coil with and without shorted receivers b) Scatter-
ing parameter curve of the system.

Table 1. Averaged sensor signals for different measuring layer materials
for a distance difference of 400 μm.

Measuring layer material Averaged amplitude [digits]

3304 BCS 11441

ECATT9711S-200 8270

Shieldex Kassel 16266

Copper foil* 10770

2.2.2. Selection of the Measuring Layer Material

The key factors in selecting a suitable measuring layer material
are the following two:

1) High conductivity for efficient excitation of eddy currents
2) Matching mechanical compliance of the material with respect

to the adhesive system

First, the electrical properties of the measuring layer material
are tested.

In Table 1 the averaged maximal differences of the measure-
ments can be seen. The average maximal difference is the dif-
ference between the start and end signal averaged over all three
coils.

Table 2. Influences of the different components on the adhesion force.

Configuration Normalized adhesion force Std. Dev.

1. Pad 1.00 -

2. Pad with foam 0.81 0.01

3. Pad with Shieldex 1.06 0.03

4. Pad with foam and Shieldex 0.92 0.01

From Table 1 it follows that the measuring layer material with
the commercial designation Shieldex Kassel (Shieldex) provides
the best sensor signal and outperforms the reference value of the
copper foil.

Next, Shieldex is evaluated regarding the mechanical influ-
ence on the adhesive force. Therefore the four configurations, see
Table 2 are tested, each test is normalized to the respective adhe-
sion force for the same pad (tip modified) without additional com-
ponents. Table 2 summarizes the normalized adhesion forces;
the values highlight that Shieldex as a measuring layer material
has no negative influence on the adhesion force especially if con-
figurations 2 and 4 are compared.

Shieldex is selected from here on as the measuring layer for
the sensor stack based on the electrical characterization.

2.2.3. Selection of the Foam

The preload-induced deformation behavior of the foam is a key
factor for the sensor. A stable behavior over multiple cycles is re-
quired in order to calibrate the sensor. The shifting of the preload
is determined by cyclic loading of the specimen. The preload
ranges from −100 to +100 N for each foam specimen 50 runs
are performed. The preload shift of the pressure regime is mainly
interesting, because this is the general operating range of the sen-
sor. A small preload shift is preferred so that the foam relaxation
and material behavior have less influence on the deformation of
the system. A high preload shift results in a large impact of the
foam behavior on the sensor characteristics. The examination of
the five foam specimens is shown in Figure 3a,b.

The samples from 3M PT1500 and the KS 865 F are of in-
terest for the sensor design, as they show the smallest preload
shift. Sample GT7116 is not suitable as the preload shift is posi-
tive which indicates a decreasing displacement and the measure-
ment effect would decrease in the compressive state. Besides the
preload shift, the absolute deformation of the foam is important
as well as the hysteresis. The foam itself acts as the deformable
feature in the sensor concept so the stiffness and flexibility of
the foam directly correlate with the measured signal. Therefore, a
soft foam will result in more displacement of the measuring layer
material compared to a stiff foam. Next, the two most promis-
ing foams (3M PT1500 and KS 865 F) were evaluated with re-
spect to their displacement curves under loading (Figure 3b). The
hysteresis of foam sample KS 865 F shows a displacement over
1 mm whereas sample 3M PT1500 shows a displacement less
than 1 mm. As large shifts provide more displacement and conse-
quently more signal foam KS 865 F is selected as the supporting
structure.
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Figure 3. Mechanical characterization of the foam specimens: a) Preload
position shift of the five different foam specimens. b) Hysteresis diagrams
for foam sample 3M PT1500 (yellow) and KS 865 F (blue) shown for the
1th, 26th, and 50th loading cycle.

2.2.4. Final Sensor Stack and Sensor Calibration

After evaluating all components, a combination of the PCB coil
sensor in conjunction with the foam KS 865 F and Shieldex in
conjunction with the pad is set as the final sensor stack. This
sensor stack needs to be calibrated before the tilting angles can
be calculated.

For the measurement of the coil calibration curves, the mea-
suring layer material together with the foam as supporting struc-
ture is connected to the sensing layer. This setup is then pressed
against a glass substrate and a robot is moving stepwise (40 μm)
closer to the glass substrate for 1 mm and this procedure is re-
peated six times. To prevent damage of the load cell, a force limit
of 30 N was set

The first two measurement steps are excluded from the cal-
ibration because in the first compression phase, all the single
components settle and the curve could slightly deviate from the
repeated measurements. In addition, the first step is not neces-
sarily 40 μm. For the calibration process, the signal amplitude of
each step is averaged and plotted against the distance Figure 4.

Figure 4. Calibration curves for each individual receiver coil and the aver-
aged curve of all receiver coils.

Table 3. Calibration coefficients of the receiver coils.

a [μm digits−3] 1.086 × 10−11

Std. Dev. a [μm digits−3] 1.95 × 10−12

b [μm digits−2] −7.304 × 10−7

Std. Dev. b [μm digits−2] 1.05 × 10−7

c [μm digits−1] 0.0371

Std. Dev. c [μm digits−1] 0.0021

The resulting curve is a superposition of deformation of the
foam as well as the decrease of the magnitude of the magnetic
field with increasing distance. Therefore, the curve is fitted with
a polynomial of third degree to take into account underlying phys-
ical effects (Equation (1)):

f (x) = a∗x3 + b∗x2 + c∗x (1)

All curves are averaged to obtain the calibration factors since
the coils are technically identical in terms of their properties. The
deviations in the individual calibration curves are due to the ap-
plication of the foam and the measuring layer, as well as possible
skew loads during calibration. Table 3 summarizes all coefficients
together with their standard deviations. Based on these values,
the conversion into distance values is performed.

However, a correction is needed as the deformation of the sen-
sor is induced at the rim of the sensor stack. To correct the effect
a factor, which takes into account that by tilting the first contact
is happening at the edge of the sensor and the biggest height dif-
ference will be between the contact point and the opposite side
(Figure 5).

Figure 5. Visualization of the coil placement and scaling effect for trian-
gulation.
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Figure 6. Experimental setup to characterize the sensor system and work-
flow of the misalignment correction. a) Measuring setup with the installed
sensor and adhesive pads. The sensor system is attached to the robot
with a three-axis load cell between the sensor and the robot itself. For ref-
erence measurements of the alignment and the contact area, an optical
setup for frustrated total internal reflection (FTIR) measurements is in-
stalled. To track environmental factors like humidity, temperature, pres-
sure, and lightning conditions two sensors controlled by an Arduino were
also placed inside the robot cell. b) Measuring principle of the sensor
stack.

So for correcting the calculated tilting angle a scaling factor is
introduced. This scaling factor (Equation (2)) takes the ratio of the
diameter of the measuring layer and the transmitter coil (24 mm)
to the distance of the receiver coils.

scaling Factor = Meas. distance
Coils distance

= 24 mm
8.6 mm

= 2.79 (2)

The calculated misalignment angle is divided by the scaling
factor to obtain the correct angle value.

2.3. Detection of Misalignment and Sensor Validation

The misalignment experiments were carried out with the adhe-
sion setup in the robot cell (Figure 6a) to enable precise and re-
producible tilting of the pad around the different axis of the robot
(for detailed explanation see Section 5 (Experimental Section):
setup for the tilt measurements). Figure 6b illustrates the mea-
surement principle and the goal of the study which is to develop
a sensor to measure misalignment angles between the current
normal vector of the object (black) and the nominal vector of the
pad (red) to perform alignment correction.

To validate the capabilities of the sensor, four different tilt set-
tings are selected. The system is tilted around the x- and y-axis
in negative and positive directions (Figure 5). The sensor stack is
stepwise pressed against a flat glass substrate.

2.3.1. Sensor Performance

Figure 7 shows the calculated angle for each step for a 1 degree
tilting with corresponding contact images for selected steps and
positive tilting around the y-axis.

The calculated tilting angles show a convergence over the steps
as shown in Figure 7. Over the first few steps, the predicted mis-
alignment angle is increasing because the pad has not enough
contact to deform the measuring layer sufficiently. To determine
the point of evaluation for the calculated angle the slope between

Figure 7. Tilt angle over steps for every tilt configuration. Exemplary contact images for positive tilting around the y-axis added to illustrate the contact
formation with increasing step count.
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Figure 8. Tilt axis detection for planar glass object with tilting around x- and y-axis in positive and negative direction. a) Overview of all five different
tilting angle experiments including contact images. The arrows show the mean direction of each experiment. b) Magnified view of the results around
the origin to magnify the experiment without tilting.

the consecutive steps is calculated. At a critical point the slope
shows an inflection point which is defined as the point to evalu-
ate the angle. In addition to pure detection of the tilt angle, the
tilt axis can also be found out by projecting the determined plane
vector to the x–y plane. Figure 8a shows the projection of the vec-
tor in the x–y plane for each step. For visualization purposes, an
arrow of the mean direction of each measurement is added and
a zoom view is shown Figure 8b.

The sensor stack was manually attached so that the tilt axes of
the robot should match the axes of the sensor as closely as pos-
sible. As can be seen in Figure 8, the tilt axis can be determined
with sufficient accuracy after the first contact, and it converges to
the x- and y-axes in subsequent steps.

2.3.2. Misalignment Detection

In order to test the capabilities of the sensor system, five differ-
ent tilt angle classes in compression were considered. In all mea-
surements, the vector in the aligned state is taken as reference,
since only relative angle changes are considered. The vector in
the aligned state is understood to be the averaged direction vec-
tor after the auto alignment.

In Table 4 and 5 the calculated angles for tilting around the x-
and y-axis are summarized, each test is repeated three times for
testing the reproducibility of the prediction.

The largest deviation from the set angle is around 0.1 degree.
The average deviation from the target angles is 0.042 degree and
thus the sensor system achieves a high accuracy. The predicted
angles show a linear progression with low standard deviation
both in x and y-direction, which confirms a reliable prediction
capability (Figure 9).

Table 4. Angle evaluation for tilting around the y-axis.

Adjusted tilt
angle [degree]

−1.00 −0.80 −0.60 −0.40 −0.20 0.20 0.40 0.60 0.80 1.00

Calculated angle
[degree]

−1.07 −0.87 −0.65 −0.43 −0.20 0.20 0.39 0.62 0.81 1.01

Std. Dev. of
calculated
angle [degree]

0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01

Table 5. Angle evaluation for tilting around the x-axis.

Adjusted tilt
angle [degree]

−1.00 −0.80 −0.60 −0.40 −0.20 0.20 0.40 0.60 0.8 1.0

Calculated
angle[degree]

−1.07 −0.83 −0.65 −0.43 −0.14 0.23 0.43 0.65 0.90 1.09

Std. Dev. of
calculated
angle [degree]

0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.05 < 0.01 0.05

Figure 9. Predicted versus adjusted tilt angle for tilting the sensor around
the x-axis (red) and for tilting the sensor around the y-axis (blue).
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Figure 10. Schematic structure of the experiment for lenticular objects.

The results indicate that the sensor stack is suitable for precise
detection of misalignment and fast identification of misalign-
ment direction for flat objects. As the sensor only exhibits three
sensing coils and misalignment is approximated by triangula-
tion, predictions will be less accurate when the objects exhibit
more complex topography. To evaluate this effect and explore the
limits of the sensor concept, contact and misalignment experi-
ments were repeated on a glass lens.

2.4. Sensor Limitations

To test the limitations of the developed sensor stack, the sensor
is tested on a curved lens with a radius of 39.1 mm to check the
prediction accuracy and the prediction itself (Figure 10). For this
purpose, the sensor is first aligned on a straight glass plate and
then applied to the lens. Subsequently, tilting experiments with a
misalignment angle of 1 degree are conducted for all four direc-
tions similarly to the experiments described in the Experimental
Section (Misalignment measurement procedure).

In the aligned state, a parallel plane should theoretically result
because the peak of the lens should get in contact with the mid-
dle of the sensor first and a radial displacement be applied to the
sensor around the center. The predicted tilting angle could indi-
cate that the highest point of the lens and the center of the sensor
were not aligned perfectly during the measurement. In addition,
it demonstrates that, as could be expected, the prediction using
triangulation does not extend to nonplanar surfaces.

In Table 6 the calculated angles from the measurement with
a lenticular specimen are shown. The predicted angles were on
average 0.48 degree for the aligned experiments and between 1.49
and 2.79 degree for tilting experiments with a tilting angle of 1
degree.

In addition to calculating the tilt angle, the ability of the sen-
sor to correctly predict the tilt direction in this scenario must be
tested. Figure 11 visualizes the calculated directions. The tilting
axis is still predictable even if the shape of the object is curved,

especially when it is taken into consideration that the lens was
only placed manually below the gripper.

3. Conclusion

In this paper, we presented a concept for a coil-based sensor ca-
pable of detecting small misalignments during the attachment of
a bioinspired adhesive surface. The sensor consists of a stack of
three different components:

1) PCB-based sensor coils
2) Deformable flexible support material
3) Conductive flexible measuring layer

An optimized sensor stackable to detect a tilt of just ±0.042 de-
grees on average was implemented. In addition to the measure-
ment of the absolute angle, the tilt axis could also be detected
reliably shortly after the first contact. Considering the precision
of the conventional manual adjustment, this represents a promis-
ing approach to speed up adhesion measurements in laboratories
and improve industrial robot-based gripping processes, without
affecting the gripping ability of the system.

Common pick-and-place tasks could thus be processed in a
more reliable, modular, and faster way since no manual align-
ment of the gripping system is necessary. This opens more ver-
satile application possibilities, as the gripping system can adapt
automatically to new gripping scenarios. Additionally, the sensor
system can improve the quality of novel experiments in the labo-
ratory where alignment is still very challenging. Thus far, systems
like the optical FTIR setup used as reference in this work enable
the alignment of translucent, flat substrates and to the best of the
authors knowledge no comparable in situ methods exist to align
non-transparent samples.

In the future, the sensor system can be expanded to include
other variables, such as a prediction of the contact pressure. If
possible, this should not be predicted integrally, but rather locally,
to provide an estimate of the contact area and contact quality.
With this information, it is possible to realize optimal approach
trajectories by using the maximum contact force, resulting in
the highest possible adhesive force. Also, the prediction of ob-
ject properties, such as shape, stiffness, or weight is a promising
goal for industrial as well as lab-scale applications. These values
would serve as input information for robot control, whereby an
auto-adaptive control can be implemented and bioinspired grip-
pers could become more extensively used in industrial pick-and-
place applications.

4. Experimental Section
Adhesive Pads: The adhesive pads had a diameter of 24 mm. On each

pad, ≈816 cylindrical pillars with a diameter of 0.4 mm were distributed
in a regular hexagonal shape. For the development and testing of the sen-
sor, the tips of the pillars were not modified to increase adhesion forces as

Table 6. Calculated misalignment angles for a lenticular specimen.

Adjusted tilt angle [degree] −1 around x-axis 1 around x-axis 0 1 around y-axis −1 around y-axis

Calculated angle [degree] 1.49 1.68 0.48 2.79 2.75

Adv. Sensor Res. 2023, 2300098 2300098 (7 of 11) © 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 11. Tilt axis detection for lenticular glass object with tilting around x- and y-axis in positive and negative direction. a) Overview of all five different
tilting angle experiments. The arrows show the mean direction of each experiment. b) Magnified view of the results around the origin to magnify the
experiment without tilting.

all experiments were carried out in the compressive regime to reduce the
experimental procedure’s time. Just for testing the influence of the con-
ductive measuring layer on the adhesion force modified pillars were used.
The bioinspired specimens were provided by Innocise GmbH.

Sensor Stack: The tactile sensor consists of different elements at-
tached to the adhesive pad (Figure 1): The sensor consists of a sensor layer
composed of transmitter and receiver coils. A flexible and deformable layer
followed this. Finally, a conductive measuring layer allowed the excitation
of eddy currents. More information regarding these components will be
provided in the subsequent sections.

Sensing Layer: The sensing layer consists of one transmitter coil with a
diameter of 24 mm surrounding three identical receiver coils with a diam-
eter of 6 mm each. The geometrical parameters of the coils were limited
by the footprint of the adhesive pad with a diameter of 24 mm. Inside
the transmitter coil, the three receiver coils were placed on an equilateral
triangle inscribed in a circle. The sensor was integrated on a PCB. The E-
CAD (electronic computer-aided design) design was realized via ECadstar
(2022.0). They were manufactured by Würth Elektronik GmbH & Co KG.
An impedance analyzer (Keysight E4990A) and network analyzer (Agilent
4395A) were used for characterizing the coils’ properties. As a commer-
cially available LAN cable connected the coil to the circuit board.

Deformable Layer: The foam acted as a supporting structure between
the coils and the measuring layer to improve contact to surfaces due to its
compliance. The deformation of the foam itself should had no impact on
the measurement system therefore, foams with fast relaxation were advan-
tageous. In this study, five commercially available foams are investigated,
as listed in Table 7.

Measuring Layer: Commercially available conductive sheets were
tested as measuring layer materials to achieve an optimal signal qual-
ity without affecting the adhesion force. The conductivity of the material
should be as high as possible for effective eddy current excitation with a
mechanical behavior similar to the foam used as a supporting structure.
The materials were prescreened based on these properties and three spec-
imens were selected as listed in Table 8.

The materials were characterized by evaluating the signal amplitude of
the sensor. For this purpose, the sensor was placed at an equal distance

Table 7. List of tested foam specimens with their corresponding manufac-
ture.

Foam Manufacture

M Foam 3M

GT 7116 3M

4229 P 3M

PT1500 3M

KS 865 F Klebeshop24

Table 8. Measuring layer materials, *reference material.

Measuring layer material Manufacturer

3304 BCS 3M

ECATT9711S-200 3M

Shieldex Kassel Statex Produktions- und Vertriebs GmbH

Copper foil* Bürklin (distributor)

above the measuring layer material and then the coil was moved stepwise
by 40 μm toward the measuring layer material, ten steps were performed.

Measuring Setup: In this study, two different measurement setup con-
figurations were used; one arrangement was used to characterize the me-
chanical properties of the constituent components and their interaction
with one another, while the second setup was used to examine the sen-
sor’s capacity to detect tilting.

Setup for the Mechanical Characterization of the Different Parts: For
testing the mechanical properties of the sensor components individually
and collectively, manipulation system with a 200 N load cell (KD40S
ME-Meßsysteme GmbH) was used. For aligning the pad an optical setup

Adv. Sensor Res. 2023, 2300098 2300098 (8 of 11) © 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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leveraging the principal of FTIR inspired by previous publications by
Tinnemann et al. was integrated in the setup.[2,34,35]

Mechanical properties of the foam in terms of hysteresis and defor-
mation behavior and the influence of the measuring layer material on the
adhesive force were investigated with this setup. A set of tests was car-
ried out on the samples to characterize them. In each test the samples
were subjected to 50 load cycles between ±100 N, therefore the foam was
glued between a metallic carrier and a plexiglass plate. For evaluating the
influence of the measuring layer material on the adhesion force a compar-
ison between the adhesion force of the following four configuration was
done:

1) Pad
2) Pad with foam as support structure
3) Pad with measuring layer material
4) Pad with foam and measuring layer material

The adhesion force of the pads was tested on a flat glass substrate,
which was attached to a goniometer enabling a parallel alignment. The
test velocity was set to 0.017 mm−1 s and the preload for the test was set
to 15 N for each configuration the experiment was repeated twenty times.
For each configuration, a separate pad (with modified tip geometry) was
used.

Setup for the Tilt Measurements: The measurement setup was inte-
grated in a robot cell. The robot (Meca 500, Mecademic) enabled pre-
cise and reproducible manipulation of the sensor stack together with the
adhesive pad. Behind the adhesive pad a three-axis load cell with ±50 N
(K3D40 ME-Meßsysteme GmbH) was installed to measure the force and
determine the first contact between the pad and glass substrate. Within
the robot cell an optical setup visualized the contact pattern of the pad
via the FTIR principal. The camera used for image capturing is a DFK
23UP031 equipped with TPL 0820 7MP lens from The Imaging Source
Europe GmbH. For operating the sensor a STEMlab 125-14 (red pitaya)
was utilized. A custom-written bit file was implemented on the field pro-
grammable gate array (FPGA) to handle the signal generation as well as
the data acquisition and multiplexing the signals from the three receiver
coils. A custom-built circuitry was linked between the red pitaya board and
the sensor to control the amplification of every coil and to demodulate the
received signals in order to achieve the best signal to noise ratio (SNR).
After this, the amplitude was calculated via Equation (3)

Amplitude =
√

I2 + Q2 (3)

In Equation (3) I and Q are the demodulated signals received for each
coil. To eliminate the influence of absolute values the difference of the am-
plitude was calculated. This means that the amplitude value in the relaxed
(unloaded) state was subtracted from all other values, so that a zero signal
was present in the unloaded state.

Misalignment Measurement Procedure: Quantification of misalign-
ment was a central aspect of this study. However, in practice, there were
no tools to measure it in situ. Therefore, an auto-alignment procedure
based on the optical contact images from FTIR was developed to ensure
reproducible alignment conditions for the sensor tests (see Supporting
Information). In order to then carry out the tilt measurements, the robot
moved in 40 μm steps onto a glass plate until a force of 20 N was reached.
The robot was always moved straight onto the glass once (in the aligned
state). Afterward, the pad was tilted by a defined angle around each axis in
the positive and negative direction and the above procedure was carried
out each time. Tilt angles varied from 0 to 1 degree in 0.2 degree steps and
each measurement was repeated three times.

Software: A custom-written software in Python (Version 3.10.5) con-
trolled all measuring devices and synchronized all data acquisition steps.
For each measuring device (load cell, camera, sensor, robot) an individ-
ual python script was handling the data acquisition and data storing. The
communication between the different processes enabled the triggering of
measurements and the highly precise data synchronization. A separate vir-

tual environment was used for data analysis and data visualization, which
was based on Python version 3.8.8.

Statistical Section: In the following section information regarding the
analysis is provided. Data preprocessing: Lowpass filtering was applied
to the raw signals. Additionally the signals were offset shifted to be only
positive and the signal amplitude was calculated. For analysis, differen-
tial signals between unloaded and loaded state were calculated. Sensors
were calibrated using the method descibred in the publication. Data pre-
sentation: Continuous variables were given as the mean value of the sam-
ples, standard deviation (± 1SD) were provided in tables and in specific
diagrams. Sample size: Five different tilting configuration with five differ-
ent angles were tested stepwise with ≈20 steps for each configuration. All
measurements were repeated three times, resulting in ≈1500 angle evalu-
ations. Software used for statistical analysis: Python was used throughout
the whole analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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