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ABSTRACT

This paper describes a 3D printed differential capacitive
sensor, which uses the piezoresistivity of the used electrodes
to determine both the force that is applied to the sensor and
the position where the force is applied. To do so, both the
real and the imaginary parts of the sensor’s impedance is
used. We present the idea, its analysis as well as experimental
results showing the feasibility of our approach.

INTRODUCTION

Previously it has been shown that a flexible parallel plate
capacitor can be used to measure the applied normal force [1].
It also has been shown that a similar structure using multi-
frequency readout can be used to measure force and the
position where it is applied in 2D [2]. Structures like these
enable flexible devices with few connections while still
offering the possibility to determine a 2D resolved position
of the point of contact of a force.

In a comparable fashion, we here introduce a method to
measure the magnitude ofa force as well as its position along a
given elongated structure by measuring thereal and imaginary
impedance of a 3D printed differential capacitive structure
at a single frequency below the cut-off frequency of the
sensor. In this approach, the imaginary part of the impedance
exclusively gives information on the magnitude of the force
whereas the real part is affected by both the magnitude and
the position of the force through the piezoresistive effect of
the material. By doing so we show that it is already possible
to measure the position where the force is applied using a
single frequency measurement.

OPERATING PRINCIPLE AND MODEL

A cross-section of the proposed structure is shown in
figure 1. The basis of the structure is formed by 3 layers
of conductive thermoplastic polyurethane (TPU) layers,
acting as the electrodes of the two capacitors. Between
the top and middle layer, a soft layer of X60 of 70 % infill
provides a relative deformable upper capacitor, whereas the
X60 layer of 100 % infill between the middle and bottom
electrode provides a much stiffer structure, to act as reference
capacitance. A circuit representation of an infinitely small
part of the proposed geometry is shown in figure 2
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Fig. 1. Dimension of the 3D printed sensor.
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Fig. 2. Electrical circuit diagram of an infinitesimal part
of the sensor

Due to the large resistance of the parallel plates of the 3D
printed parallel plate capacitors they are expected to behave
like a very lossy transmission line. The differential capacitive
sensor described in this work uses two of these parallel plate
capacitors printed on top of each other in order to compensate
for drift and non-linearity in mainly the resistive part. The
sensor therefore can be seen as a combination of two coupled
lossy transmission lines, as illustrated by figure 1.

The behaviour of the voltage along the different electrodes
in this circuit can be described with the following differential
equations [3, p. 50]:

dV,(x)

dr = —Znln(2) (D

The current can be described using

) _ 6y (@) - @)
dfsiw) =G (Vi(z) = Vo(2)) + G_1 (V_1(z) — Vy(z))
dI:;x(:c) G (Vo) — Vs ()

@)

with R the resistance per meter length of the electrodes and
G, the admittance per meter length of the dielectric. Both
are depending on the material properties and the geometry
of the sensor through:

Pn
Z, =
T e 3)
G = jwC, = Jwenw
hn,d

Where €, and p,, are the relative permittivity of the dielectrics
andtheresistivity ofthe electrodesrespectively. The geometry
constants h.,w and h,, are defined in Figure 1. To solve this
system of equations it is rewritten into matrix form:

L @)

dx
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The form of equation 4 suggests that a solution of this set of
equations can be found from exponential functions based on
the eigenvalues and corresponding eigenvectors, subjected
to the proper boundary conditions. Or:

S(@)=Y@)T (6)

with Y (z) a matrix formed by the eigenvectors 7n and the
eigenvalues \,,.

Y(z) = (7)

— |:7le)\1z vze/\gw 766k5I:|

and 8 a vector of coefficients determined by the boundary

conditions. In case S (z) is known at a certain position z,
can be obtained using:

C=Y'(2)8(2) ®)

This can be used to calculate the propagation of a known
S(0) over a length L using.

S(L) =N(L)S (0)

©)

with:

N(L) = Y(L)Y ' (0) (10)

The sensor will have slightly different parameters at the
position where it is pressed compared to the positions where
there is no applied pressure. Therefore in the analysis, we
split the sensor into three parts, see figure 3. Each of these
sections will have its own N matrix, calculated using different
parameters. Because the output of one section is connected to
the next section’s input, the overall behavior can be obtained
by multiplication of the respective N matrices. The matrix
that can be used to calculate the propagation through the
different sections in case .S (0) is known, as in equation 9,
can be calculated as follows.

NtOt(L) = N3 <L — .’Ep - ;Lp> N2 (Lp) N1 ((Ep — ;Lp)
n
In this work, the measurement setup applies a fixed voltage
on the input of the sensor. The other side of the sensor is not
connected, and therefore, the current going out is fixed at 0.
In order to be able to apply this mixed boundary condition,
masking matrices My and My are used to mask out the
voltage and the current rows. This results in the following
boundary condition equation.

My S(0)+M;S(L)=B (12)

] jY\BIJEI
Printing parameters

X60 X60 PI-ETPU BVOH

100% 70 %  85-700+
Infill 100% 70 % 100% 100%
Wall line count 3 3 5 5
Top layers N/A 1 N/A N/A
Bottom layers N/A 1 N/A N/A

With:
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Using these boundary conditions and equation 9 and 11, the
current going into each electrode, which is part of ?(O),
can be calculated.

5(0) = (My + M/Neor) ' B (14)

Nextthe impedance measured by the LCR canbe calculated
using:
V1(0) — V% (0)
1o(0)
Whatremainsisaprediction ofthe change in the parameters
of section 2. To predict the change in thickness, the following
equation can be used [1].

Z=- (15)

th,d
AoEl

Where Ah is the change in thickness, I is the applied force,
h.,, the original thickness, Ay the original area and E’ the
effective Young’s modulus. Since there is a relatively large
amount of air in both dielectrics due to the 3D printing
process, they will be assumed compressible (Poisson ratio
of zero), and the change in the area of the plates will be
neglected.

The piezoresistivity of the electrodes will be modeled on
a macroscopic level, with a sensitivity factor K, indicating
the relative change in resistivity with applied force.

Apn,
Pn

METHODOLOGY
Sensor fabrication

The sensor was designed in Autodesk Inventor and sliced
using Cura 4.7.1, using a custom post-processing script [4]
and the parameters in table I. The sensor was printed on a
Diabase H-series 3D printer and on top of a 200 um thick
layer of BVOH to make it easy to remove the sensor without
damaging it. Figure 1 shows the dimensions of the 3D printed
sensor.
Measurement setup

The sensor is placed on a mount and clamped from both
ends. Electrical connections are made by soldering the wires
to copper tape on the clamps. The copper tape is clamped
onto silver conductive paint (Electrolube SCP26G) painted
on the electrodes. The sensor mount is placed on a grounded
steel plate and fixed on the bed of a Rova3D printer by ORD
solutions. The linear actuator is clamped on a steel frame,

Ahn,d = (16)

= K,F (17)
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Fig. 4. Schematic of measurement setup
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Fig. 5. Simplified circuit of the TiePiecLCR. See Figure 4
for the connection of this circuit to the sensor.

fixing it at a fixed height above the print bed. To measure the
impedance as a function of both force and position, the linear
actuator is set to consecutively apply a compressive force
0f 4,5,6,9 and 12 N for 2 seconds and then the measurement
is repeated after increasing the y position of the bed.
Sensor readout

The readout of the sensor is done using a differential
auto-balancing bridge circuit [5], [6]. This circuit is build
using LTC6268 and LTC6268-10 opamps, which combine
a high input impedance with a large gain-bandwidth. The
input impedance of the voltage measurement channels, Hpot
and Lpot’ are increased further by guarding the cables [7,
p- 359]. The sensor is connected to this circuit as defined in
Figure 4. The outputs V¢ and Iy, are measured using a
Handyscope HS5-540 by TiePie Engineering, streaming at
3.125MS s~ . The harmonic excitation signal is generated
using the arbitrary waveform generator of the Handyscope
and connected to V;,. A python script is used to demodulate
the voltage and current in order to calculate the impedance.
The advantage of this approach is that the impedance can
be measured continuously and with a large bandwidth. A
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Fig. 6. Measured and predicted differential impedance

spectrum
TABLE 11
Parameters for fig 7
Para- Fit Start Fit Start | Unit
meter | Fig7 | Fig7 | Fig6 | Fig6
€ 468 | 4.66 | 476 | 5.00
e1 | 654 | 654 | 654 | 6.70
o1 0.16 | 0.15 | 021 | 1.00 | om
20 099 | 093 | 133 | 1.00 | om
p_1 | 0.04 | 0.04 | 005 | 1.00 | om
E, | 093 | 1.00 | NA. | NA. | MPa
E., | 600 | 600 | NA. | NA. | MPa
K | 041 | 003 | NA. | NA. | N-1
Ko | 0.03 | 003 | NA. | NA. | N-1
K., | 067 | 003 | NA. | NA. | N-1

simplified version of the circuit can be found in figure 5 and
from here on will be referred to as TiePieLCR.

To verify the impedance spectrum measured by the readout
circuitry the spectrum is also measured using a HP4284A
LCR meter. To obtain H¢yr for the differential measurement,
the Hcyr output of HP4284 A is split by connecting the Heyr
of the HP4284A to the Vj,, of the TiePieLCR.

Fitting

Both the impedance spectrum and measured impedance
against force and position are fitted to the model by running
Matlab’s patternsearch on 6 cores of an 17 9850H for 30s.
For the fit of the impedance spectrum, only frequencies
between 1 kHz and 500 kHz have been used. Both the starting
parameters and the fitted parameters can be found in Table
7.

RESULTS

Figure 6 shows the measured and the simulated impedance
spectrum. Figure 7 shows the simulated capacitance and
resistance measurement as a function of the applied force and
the position where the force is applied. For these simulations,
the fitted parameters in table II were used. The capacitance
and the resistance are negative since the differences between
the top and bottom capacitor are measured, and the bottom
capacitor’s capacitance and electrode resistance are larger.
The figure shows that the imaginary part is only dependent on
the force, while the real part is also dependent on the position.
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Figure 9 shows the measured capacitance and resistance as
a function of the applied force and position.

Figure 8 plots the same data as Figure 7, but shows the force
and position as a function of the capacitance and resistance,
showing that it is possible to determine the position and the

force from these two measurements.
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Fig. 7. Differential impedance against force and position
as predicted by the model
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CONCLUSION AND DISCUSSION

In this work we presented a model for a sensor based on
a lossy transmission line that can be used to measure both
the magnitude and position of an applied force. A sensor
was designed using this model and subsequently 3D printed.
The capacitance of this sensor indeed was only dependent
on the applied force, while the real part of this sensor indeed
showed a dependence on both the position and the applied
force.

The measured spectrum deviates from the model at low
and high frequencies. The deviation in the resistance at low
frequencies is expected to be due to the model not taking
into account dielectric loss and leakage of the dielectric.
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Fig. 9. Measured differential impedance against force and
position. The black dots are measurement points.

The deviation at high frequencies might be due to the steel
ground plate not being taken into account in the model.

This method has shown that it is possible to obtain even
more information from the same structure, which might
enable multi-touch applications or increased sensitivity when
combined with multi-frequency readout. Although the current
method is only implemented in 1D, the method might be
implemented in 2D by using a similar method as used by
Xu et al.
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