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Abstract - We have investigated an entirely 3D printed
capacitive sensor. Using a combination of 4 variable capacitors it allows to simultaneously measure shear and normal
forces. To guide the design and analysis the behavior of the
sensor has been modeled using both finite element method
(FEM) simulations and an analytical model. The sensor
was tested in a mechanical test setup by means of a linear
actuator, loading the sensor with a force from various
angles. The sensor showed it was able to measure both
the normal and shear force components with a maximum
noise floor of 1.5 N.
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columns. This allows space multiplexing which reduces the
number of connections to the readout circuit that are required.
Furthermore this design also makes it possible to distinguish
between shear and normal forces, which for example the sensor
from Agcayazi et al. [5] cannot.
In this work, a 3D printed version of the sensor design
from Lee et al. is designed and analyzed both analytically
and through finite element method (FEM) simulations. Next,
a single unit of the sensor array is 3D printed on a multimaterial fused deposition 3D printer using conductive filament
and highly flexible filament. In order to be able to model the
sensor the effective Young’s modulus of the 3D printed highly
flexible filament is measured. Finally, the sensor is tested by
measuring the change in capacitance while applying a range
of forces under different angles to the sensor.

I NTRODUCTION

II.

M ODEL

Customization is one of the areas where 3D printing can
compete with traditional manufacturing methods [1]. Since
medical applications often require customized parts for specific
users, 3D printing is an interesting fabrication method for such
parts. The technique becomes even more interesting when the
sensors are integrated into these parts during fabrication.

To be able to understand the behavior of the sensor such
that it can be modified and 3D printed an analytical model
of the sensor is made. The validity of the proposed model is
validated using simulations in Comsol Multiphysics.

One parameter which is often of interest in wearable
robotics is the shear force that is applied to the structure.
Over the years several 3D printed sensing concepts have been
developed that can be used to measure shear force, ranging
from 3D printed dielectrics sandwiched between flexible PCBs
[2] to 3D printed shear force sensors for interaction forces that
use the deformation of the supporting finger itself to transform
the applied force into a translation [3].

The sensor that is modeled is shown in Fig. 1. The sensor
makes use of the capability of fused deposition 3D printing
to print materials in a wide range of stiffness’s, by using stiff
materials for the top and bottom plate, while using a very soft
material for the dielectric.

A. Analytical Model

The used sensor is designed to be able to distinguish
between three torque and force combinations which are:

Capacitive sensors have the advantage over piezoresistive
sensors in that they suffer less from drift and non-linearity
since they are less influenced by the electronic properties
of the conductive polymer composites. In cases where this
high linearity is desired and where sufficient shielding can be
applied, they offer a clear advantage over piezoresistive sensors
[1].

•

One design that is particularly interesting, because it can
be easily multiplexed, is the design by Lee et al. [4]. This
design consists of four sets of parallel plate capacitors, which
can be used to measure a combination of the applied normal
force and torque as well as the applied normal force. To
read out the sensors, the top plates of the parallel plates are
connected in rows while the bottom plates are connected in
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A force in the x-direction and a torque around the
y-axis. A positive torque and force is expected to
increase the average capacitance of electrodes 1 and
2 and decrease the average capacitance of electrodes
3 and 4. Which will be denoted as:
∆C1 + ∆C2 − ∆C3 − ∆C4
∆Cx :=
4
A force in the y-direction and a torque around the
x-axis. A positive torque and force is expected to
increase the average capacitance of electrodes 2 and
3 and decrease the average capacitance of electrodes
1 and 4. Which will be denoted as:
∆C1 + ∆C4 − ∆C2 − ∆C3
∆Cy :=
4
A force in the z-direction and a torque around the
z-axis. A negative force is expected to increase the
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Since the top electrode is rigid and the sensor is symmetric
in the xz and yz-plane the average distance between the top
and the bottom plates will remain the same when a torque and
shear force is applied. Therefore, in case the sensor is linear,
the normal force can also be calculated in the presence of
shear forces by using the average capacitance of all individual
sensors.
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3

2

2) Shear force: A force on the top electrode in the xdirection will move the electrode in that direction. The dielectric does contain air due to the 60 % infill, it is therefore
expected that the dielectric will be easily compressed resulting
in an effective Poisson ratio that is close to zero. The displacement of the top electrode in case of an effective Poisson ratio
of zero can be calculated using:

gx = 2 mm
Protopasta
Fig. 1.

PETG

X60

Cross sectional overview of the sensor

capacitance of all electrodes. Both a negative and a
positive torque around the z-axis are expected to result
in a change in the capacitance of all electrodes. Which
will be denoted as:
∆C1 + ∆C2 + ∆C3 + ∆C4
∆Cz :=
4
1) Normal force: This analysis will start with the normal
force which is in the z-direction in Fig. 1. When a normal
force is applied the force is expected to be evenly distributed
over the entire dielectric since the top electrode is much stiffer.
This results in all electrodes moving closer to each other. The
displacement of the electrodes can be calculated using:
∆d =

Fz d
Lx Ly E 0

(1)

where E 0 is the effective Young’s modulus of the dielectric,
of which an estimation can be found in section IV-B. Furthermore, by making use of a parallel plate approximation the
change in capacitance that results from this can be calculated.
It will be based on the notion that the electrodes are much
stiffer than the dielectric and therefore will keep a constant
area. For small changes in dielectric thickness ∆d we find:
r 0 wx wy
∂C
∆d = −
∆d
(2)
∂d
d2
where 0 is vacuum permittivity and r is the relative permittivity of the 60 % infill dielectric, which previously has been
measured to be 4.79 [6]. Combining 1 and 2 results in
r 0 wx wy
∆Cz = −
Fz
(3)
dE 0 Lx Ly
∆Cz =

Cross sectional view when a torque is applied to the top part of the

∆wx =

Fx d
Lx Ly G0

(4)

with G0 the effective shear modulus of the dielectric and Fx
the shear force. In this model, the effective shear modulus
is approximated from the effective Young’s modulus using
the assumption of a compressible, isotropic and homogeneous
dielectric [7].
E0
G0 =
(5)
2
This will cause a change in the overlap between the plates,
which will cause a change in capacitance. Because the field on
the edges of the parallel capacitors will remain the same, this
change in capacitance can also be calculated using a parallel
plate approximation.
∆Cx,S =

∂C
0 r wy
∆wx = 2 0
Fx
∂wx
E Lx Ly

(6)

3) Torque around the x and y axis: When a shear force is
applied to the bump on the sensor, this force will also result
in rotation around point c in Fig. 2. This rotation will cause
the distance of the plates to change. The change in distance
between the plates ∆d depends the location on the plate p and
can be calculated using [7]:
∆d(p) =

6dH(gx + 2p)
Fx
E 0 Ly L3x

(7)

with H, gx and p introduced in Fig. 1 and Fig. 2. For small
rotations of the top plate, in good approximation, the field

TABLE I.

TABLE II.

M ATERIAL PARAMETERS USED IN C OMSOL

Material

Young’s
modulus
800 MPa [9]
500 MPa [10]
1.1 MPa

Proto-pasta
PETG
X60 (60 % infill)

Poisson
ratio
0.3 [9]
0.4 [10]
0.001

Dielectric
constant
N.A.
3.2 [11]
4.79 [6]

inside the capacitor is still orthogonal to the plates and the
capacitance can be calculated using a Gaussian surface [8]
Z wx
0 r wy
dp
(8)
Cx,T =
d
− ∆d(p)
0
For infinitely small rotations the change in capacitance can be
approximated using a first-order tailor expansion.
∆Cx,T =

∂Cx
∂F

Fx

(9)

F =0

When 7, 8 and 9 are solved using Wolfram Mathematica the
results is
∆Cx,T =

6H0 r wx (gx + wx )wy
Fx
dE 0 Ly L3x

(10)

which is equivalent to the change in capacitance in case a
uniform stress equal to the stress at p = w2x was applied. The
total change in capacitance when a shear force is applied in
the x-direction, can be calculated by summing the change in
capacitance due to pure shear and the generated torque
∆Cx = ∆Cx,S + ∆Cx,T

(11)

Extruder
CAM dial
Temperature (°C)
Flow (%)
Print speed (mm s−1 )
Nozzle size (mm)
Coasting Volume (mm3 )
Z hop (mm)

P RINTING PARAMETERS
PETG
Flexion HT
4
230
101
40
0.4
0.064
0.6

Protopasta
Flexion
4
210
100
20
0.4
0
0.4

X60
Flexion
1
230
112
20
0.4
0
0.4

The CAD design for the printer was made in Solidworks
and it was sliced using Cura 4.9 and a custom post-processing
script [14]. Colza oil was applied to the X60 filament in order
to reduce the friction of the filament with the Teflon tube
transporting the filament to the extruder. For Protopasta and
PETG, a spring-loaded flexion extruder was used as a preextruder, while for the X60 a flexion pre-extruder equipped
with a CAM-dial set to 1 was used. The sensor was printed
at a layer height of 100 µm, with an initial layer height of
300 µm.
The size of the electrodes was reduced by 100 µm in the x
and y direction and the edges of the electrodes were rounded
using a 1.2 mm radius fillet in order to reduce the mixing of the
filaments. To further reduce the mixing a 22 mm prime tower
was added to the print. Next to that three blocks of 5 mm by
10 mm, one for each material, were placed in between the print
and the prime pillar. This is done in order to add an additional
priming stage where any contamination of the nozzle that
occurs during printing of the prime pillar is removed.

B. Comsol Model

B. Readout electronics

In order to validate the validity of the assumptions made
during the previously described model, the sensor has been
simulated in Comsol Multiphysics. A static simulation was
performed in 3D using both the solid mechanics and the
electrostatics module. In the solid mechanics simulation, the
bottom edge of the sensor was fixed and a static force was
applied as a boundary load to the top of the bump of the
sensor. In the electrostatic simulation, the top electrode is
grounded and a terminal is created for each of the electrodes.
A voltage of 1 V was applied to each of these electrodes,
such that the capacitance of an electrode to the ground is
equal to the charge on the electrode. To calculate the change
in capacitance, the simulated capacitance when no force is
applied is subtracted from the capacitance under load. The
simulation used the geometry from Fig. 1 and parameters
in Table I. For all materials uniform and isotropic material
parameters are used.

The sensor was read out using an FDC1004EVM capacitance to digital converter evaluation module from Texas
Instruments. This module contains a single ADC which is
time-multiplexed between 4 channels. In this case, the ADC
was running at 100 Hz which results in a 25 Hz sampling rate
per channel [15]. The top electrode, a linear actuator and the
sensor mount were connected to the ground of the module. The
top electrode was connected using a 0908-9-15-20-75-14-11-0
spring loaded pin by MILL MAX. The module was connected
using shielded cables to copper tape placed underneath the
sensor. Silver ink was painted on the sensor to improve the
connection. The sensor was clamped on the copper tape by
bolting the sensor down using holes in the bottom part of
the structure. An illustration showing the connections can be
found in Fig. 4 and a picture of the setup can be found in
Fig. 3. The remaining parasitic capacitance was determined
by performing a measurement with the experimental setup but
without the sensor.

III.

M ETHODOLOGY

A. Sensor fabrication
The sensor was printed on a Diabase H-series 3D-printer,
using the printing parameters in table II. The electrodes were
made from Protopasta conductive PLA [12]. The dielectric was
made from natural X60 filament made by Diabase Engineering
from BASF Elastollan® C 60 A HPM [13]. The dielectric was
printed at an infill density of 60 % with 2 wall lines, 1 solid
top layer and 1 solid bottom layer. The structural parts of the
sensor were printed using generic yellow PETG.

C. Measurement setup
The sensitivity of the sensor was determined by loading the
sensor using a linear actuator (SMAC LCA25-050-15F). The
linear actuator was mounted on a rotatable mount, allowing
the sensor to be loaded under different angles, see Fig. 3. An
insulating tip is placed on top of the actuator in order to reduce
interference. The part of the tip that is in contact with the
sensor is made from Stratasys Tango Black which is very soft
and allows the tip to conform to the shape of the sensor and
increases the friction between the actuator tip and the sensor.

Fig. 3. Image of the sensor mounted inside the sensitivity measurement setup
during an measurement in the yz plane
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Drawing of the cross section of the measurement setup

To measure the deformation of the dielectric the 5 µm resolution encoder inside the SMAC is used. For this measurement
a ground-off brass screw is screwed into the linear actuator,
see Fig. 5. The sensor is fixed to a steel plate using tesa 4965
double-sided tape since the sensor is slightly warped due to
the residual stress of the 3D printing process. The deformation
of the setup itself is measured by performing a measurement
without the sensor and this deformation has been subtracted
from the deformation of the sensor.

Result from the Comsol simuation.

During both measurements the sensor is excited using
a sinusoidal excitation at 1 Hz for 30 s with an amplitude
of 1,2,3,4 and 5 N and an offset of 6 N. The capacitance
and position measurements are filtered using a second-order
Butterworth bandpass filter with a pass-band between 0.7
and 1.3 Hz. The amplitude of the signal is determined by
determining the root mean square (RMS) value of the signal
over 19 full periods of the signal√
in the center of the signal and
multiplying the RMS value by 2. The signal to noise ratio
(SNR) of the 5 N excitation signal is calculated using Matlab’s
SNR function. The noise floor is calculated by dividing the
respective component of the applied excitation force by the
SNR.
IV.

R ESULTS

A. Simulation results
The change in average capacitance predicted by the analytical model and the Comsol simulations in case a force is applied
under varying angles can be found in Fig. 6. Because of the
symmetry of the sensor in the xz and yz-planes the capacitance
change for forces applied in the xz and the yz-plane are the
same. The Comsol simulation and the analytical calculation
show a good match for low forces and small angles. However
for higher forces and larger angles the mismatch between both
models increases.
B. Deformation measurements
Fig. 7 shows the deformation of the sensor as a function
of the applied force. Since the other materials are much stiffer
than the dielectric, the slope of the line fitted to this data is used
to approximate the effective Young’s modulus of the dielectric

Fig. 5.
setup

Image of the sensor mounted inside the deformation measurement

Fig. 7.
signal

Deformation of the sensor for multiple amplitudes of the excitation
TABLE III.

S TATIC CAPACITANCE OF THE SENSOR IN THE
MEASUREMENT SETUP AND DURING SIMULATION .

pF
Parasitic capacitance setup
Mean measured Capacitance
Analytic model capacitance
Comsol model capacitance

CH1
1.5
6.1
3.0
4.0

CH2
1.6
7.1
3.0
4.0

CH3
1.4
6.4
3.0
4.0

CH4
1.8
6.8
3.0
4.0

using the dimensions in Fig. 1. This results in an effective
Young’s modulus of 1.1 MPa.
C. Sensitivity measurements
Fig. 8 shows the SNR and noise floor for the 5 N sinusoidal
loading signals. The static part of the measured capacitance,
as well as the measured parasitic capacitances, can be found
in Table III. Fig. 9 and 10 show the measured change in
capacitance as a function of the applied force and different
angles under which this force is applied in respectively the xz
and yz-plane.
V.

D ISCUSSION AND CONCLUSIONS

In this work, a 3D printed capacitive shear and force
sensor is presented. The functional part of the sensor is only
4 cm2 . It is shown that the sensor can be used to measure
both the shear and normal force components when a force
is applied at various angles, with a noise floor lower than
1.5 N for measurement in arbitrary directions. The measured
shear and normal forces show the same trends as predicted
by the analytical and finite element-based models, except for
the measurement points at −45° and 45° in the xz-plane. The
analytical and the finite element-based models show a good
match for low forces and small angles. The mismatch for
increasing forces and angles might be due to the deformation
of the top electrode and the influence of higher-order terms
that were not taken into account in the analytical derivation.
The mismatch between the static capacitance of the analytical model and Comsol is expected to be partly due to
the inaccuracy of the parallel plate approximation for plates
of this geometry. The mismatch between static capacitance
from Comsol and the measured capacitance minus the static
capacitance is expected to be partly due to the capacitance from
the bottom electrodes to the steel plate on which the sensor is
mounted. In the current design of the sensor, there are air gaps
in the porous x60 dielectric that are connected to the outside
of the sensor. It is, therefore, possible for moisture to enter
the dielectric which could affect the dielectric constant of the
dielectric and therefore the sensitivity.

Fig. 8.

SNR and noise floor for the 5N excitation signal

In conclusion, the results from this work show the feasibility of 3D printing a capacitive shear and normal force
sensor. When integrated in 3D printed parts this sensor design
is expected to make customized shear and normal force sensors
more accessible.
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