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Parametric Foam-Like Capacitive Sensors for
3D Printing of Deformable Parts with Sensing
Capabilities

José Eduardo Aguilar-Segovia, Fabien Grzeskowiak, Sylvain Lefebvre, Marie Babel, Sylvain Guégan

Abstract— Additive manufacturing paves the way for augmenting
parts with sensors fabricated in-situ, i.e. directly within the part, us-
ing functional materials deposited at the same time as the structural
materials. However, achieving this goal at low cost remains chal-
lenging. This paper investigates the design of parametric capacitive
sensors that can be embedded in complex designs. The sensors
can be manufactured on multi-material extrusion 3D printers using
commercially available non-conductive and conductive thermoplas-
tic polyurethane. The proposed sensor consists of a parameterized
foam-like structure sandwiched between two conductive plates.
This allows the designer to tune both the mechanical and capacitive
responses of the sensor. The effect of changing the parameters
of the foam-like structure on the sensor behavior is investigated.
The parametric sensors are embedded in complex parts, creating a
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pressure-sensitive push-button, a gamepad and an analog joystick. Conductive traces and shields are directly integrated
within the components, alongside all the structural elements that form the designs. The devices are fully functional

immediately after fabrication, requiring no additional processing or assembly.

Index Terms— material extrusion technology, pressure sensor, capacitive sensor, single-process manufacturing.

[. INTRODUCTION

DDITIVE manufacturing (AM) opens exciting possibil-

ities for fabricating complex structures within structural
parts, changing their physical properties. For instance, re-
searchers have explored ways of balancing three-dimensional
(3D) structures to make them stand in a stable, up-right
position [1], making internal 3D structures flexible [2], [3],
shape-changing [4] or even light conductive [5].

However, these structures are limited to mechanical func-
tions without sensing capabilities. Therefore, they can be
considered passive structures [6], [7]. Embedding sensors
into a 3D structure enables motion detection of parts that
transmit movements from the external environment to the
internal parts, e.g., the joystick handle. In addition, it allows
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for the identification of external interactions, such as touch
or applied pressure. One approach to create interactive 3D-
printed structures is to post-assemble sensors or conductive
materials. For instance, Bicher et al. [8] use piezoresistive
wires embedded within 3D structures to detect deformations.
However, embedding sensors or conductive materials into a
3D-printed structure remains a tedious and delicate process.
Material extrusion-based AM has facilitated the fabrication
of sensing elements with complex structures [9], while also
demonstrating its potential to produce devices with sensing
capabilities in a single manufacturing process. For instance,
Wang et al. [10] created an all-printed magnetic soft robot with
integrated temperature, tactile and capacitive electrochemical
sensing functions using multi-material direct ink writing. KoSir
et al. [11] introduced a piezoelectric sensor for force sensing
applications. The sensor is 3D-printed using multi-material
extrusion technology and is protected against electromagnetic
interference. Wolterink et al. [12] create a 3D-printed soft
sensor for measuring fingertip interaction forces using multi-
material extrusion technology. Sotano et al. [13] have devel-
oped a 3D-printed soft finger equipped with a shape memory
alloy actuator, a piezoresistive strain gauge and a capacitive
sensor. The finger is manufactured using multi-material extru-
sion technology and a custom Cartesian pick-and-place robot
to embed a shape memory alloy spring automatically.

Hence, material extrusion technology is a perfect candidate
for the manufacture of sensing elements as it allows functional
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materials, such as flexible and conductive polymers, to be
seamlessly integrated during the printing process [14]. Several
approaches have been explored to create sensing elements
using material extrusion technology, such as sensors based on
capacitive [15]-[17], resistive [18]-[22] or piezoelectric [23]-
[26] sensing. Compared to other methods, capacitive sensing
has the advantages of lower power consumption and faster
response time [27].

This research focuses then on the exploration of a para-
metric capacitive sensor design. The proposed sensors couple
conductive electrodes and a deformable foam-like dielectric
structure. The sensors are fabricated using multi-material ex-
trusion technology and flexible conductive and non-conductive
filaments. Integrating the sensors into a device enables the
detection of applied pressure on the device through changes
in the capacitance of the sensors. The sensors are fabricated
directly within the device in a single process. As the sensors
are parametric, they can be easily adapted to various applica-
tion scenarios. This paper extensively studies the relationship
between the sensor parameters and their capacitance and
mechanical responses.

Recent works explore implementing capacitive sensing in
or along rigid parts [6], [13], [28], as well as capturing
small deformations in thin structures [29]-[31]. Schmitz et
al. [32] demonstrate how to add capacitive sensing to 3D-
printed passive structures by using 3D-printed internal conduc-
tive structures. However, their structures are limited to touch
screens for finger detection.

Closer to the objective of this research, Gong et al. [33]
integrated capacitive sensing capabilities in mechanical meta-
material designs. They also proposed a 3D editor in which
a designer can describe the designs as an assembly of cells,
which are thin-walled structures enclosing comparatively large
voids. This enables a wide range of interactions between the
cells and the user of the metamaterial structures, leading to
the definition of intuitive physical human-machine interfaces.
However, seamlessly integrating these designs into 3D shapes
is challenging due to the grid-like requirement of their spatial
arrangement. Furthermore, this approach does not offer the
design flexibility to change the softness and capacitance range
of the cell structures, as this would require changing their size.

In contrast, our work proposes a parametric sensor design,
wherein the parameters of the sensor’s deformable structure,
such as the infill pattern, are changed in order to tune the
sensor’s mechanical and electrical response without modifying
its size. Yu et al. [34] created pressure sensors by embedding a
disk magnet into a 3D-printed deformable structure, studying
the impact of the infill on sensor behavior. Nevertheless, the
fabrication of these sensors requires a pause in the printing
process to insert the disk magnet into the deformable structure.

It has also been demonstrated that structures similar to
foams can be used to create resistive sensors, printing de-
formable periodic truss [35] or gyroid structures [36] with
flexible conductive filaments. However, flexible conductive
thermoplastic polyurethane (TPU) filament is stiffer than its
non-conductive counterpart and more complex to print reliably,
in particular on truss structures that create many isolated
islands within every slice. Some other works rely on post-

processing to make the structure conductive [36], [37]. This
post-processes impacts the printing process and prevents the
sensor from being combined in multi-material layouts. In
contrast, in our research, the deformable foam is printed in
non-conductive flexible filament, using closed cell foams. This
enables the use of more flexible materials while printing
reliability and imposes less strict requirements on printing
accuracy. Indeed, 3D printing of deformable structures is
challenging on filament processes, and print defects impact
electrical measurements. Truss networks in particular — as used
in [35], [37] — are known to be problematic with material
extrusion technology: the trusses are sliced as disconnected
and small extrusion islands in each layer. These structures
are particularly difficult to fabricate as the extrusion process
stops and resumes many times per layer — once per island —
leading to extrusion defects and filament grinding, see e.g. [2]
for details. The vertical layering along beams also damages
conductivity as inter-layer bonding is weaker. In contrast, our
method relies on closed-cell foam structures that are printed as
continuous trajectories with few travel moves. This foam struc-
ture is then used to create a flexible dielectric foam between
two conductive plates. In addition, only the conductive plates
are printed in conductive filament: their simple plate geometry
is indeed ideal for deposition. This paper explores then the
use of internally deformable foam-like 3D-printed structures
to fabricate sensing elements able to sense pressure over a
wide range (90 Pa - 170 kPa) to create deformable devices in a
single manufacturing process. Our approach uses an affordable
multi-material extrusion 3D printer. The complex deformation
behaviors triggered by functional infill patterns — foam-like
structures with anisotropic responses — are then exploited to
enable mechanical interactions. This research aims to provide
a proof of principle that the elastic properties and pressure
sensitivity of 3D printed capacitive foam-like sensors can
be controlled by modifying the parameters of their dielectric
structure, e.g. the infill structure. This adaptability allows the
proposed capacitive sensors to be used in various applications
requiring rigid or flexible sensors. Furthermore, the seamless
integration of these sensors into complex structures such as a
push button, a game pad and a joystick is also demonstrated.
All devices are fabricated with single-process, multi-material
3D printing.

[I. MATERIALS AND METHODS

This section describes the design and fabrication of the
foam-like capacitive sensor and explains its sensing principle.
It also presents the experimental analysis carried out to study
how changes in the parameters of the sensor dielectric foam
affect its behavior and to identify the sensor characteristics.

A. Sensor design and fabrication

The proposed capacitive sensors are designed in a paramet-
ric modeling software called IceSL [38]. All the sensors share
the same dimensions: the size of the electrodes is 30 mm
x 20 mm x 1 mm (last value corresponds to the thickness)
and the size of the dielectric foam is 20 mm x 20 mm X
10 mm. The electrodes are printed with a density percentage
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Fig. 1. The three different infill patterns available in the IceSL software
(a), along with their corresponding manufactured versions (b). From left
to right: Gyroid, Phasor and Polyfoam infill.

of 100%, while the dielectric foam structure is created using
three different microstructures, as shown in Fig. 1.

o Phasor Infill: The technique implemented in the IceSL
software to create the phasor infill was introduced by
Tricard et al. [3]. The 3D microstructure geometry of
the infill is defined from a stochastic pattern generator
that produces sharp and contrasting oscillating patterns.
This technique allows the designer to manipulate the
orientation and the anisotropy of the resulting 3D foam
structure and can generate very flexible patterns. This
infill pattern is designed to print reliably on 3D printers.

e Polyfoam Infill: The polyfoam infill is created using
the technique presented by Martinez et al. [39]. This
technique uses polyhedral Voronoi diagrams to generate
a fabricable, stochastic microstructure, forming a closed-
porous foam. The size and shape of the porous can be
spatially varied in the plane parallel to the printer bed.

e Gyroid Infill: The 3D microstructure geometry of the gy-
roid infill is constructed by continuous curvilinear move-
ments during material deposition. This infill is typical in
AM and known for its near isotropic behavior [5] [40].

The sensors are fabricated using a multi-material extrusion
3D printer (ToolChanger, E3D Inc.) with four independent
extruders, each with a nozzle diameter equal to 0.4 mm (Revo
Hemera., E3D Inc.). The dielectric foam is printed using
TPU 60A (Filaflex 60A *PRO’, RECREUS), a flexible TPU
filament. The electrodes are made of a flexible conductive
filament (Conductive Filaflex TPU, RECREUS).

B. Background on sensing principle

When a pressure P perpendicular to the axis of the elec-
trodes is applied to the deformable sensor, it causes a change
in the sensor geometry, leading to a corresponding change in
the sensor capacitance value.

Let zy be the thickness of the sensor, d the deformation
displacement of the electrodes, € the electrical permittivity of
free space, ¢, the dielectric permittivity of the non-conductive
material and A the relative area. Then the capacitance C is
linked to the displacement of the electrodes [41] by

goer A

C= : (1)

Zo*d
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Fig. 2. Schematic representation of the sensor sensing principle.
Capacitive sensor without pressure (a), and capacitive sensor under an
applied pressure P (b). When pressure is applied to the sensor, the
dimensions of the air gaps and the distances between electrodes are
reduced, leading to an increase in capacitance.

Adding air gaps in the dielectric slab — the non-conductive part
sandwiched between the electrodes — significantly reduces its
permittivity. In this work, the dielectric slab is made of foam,
so that during loading, the volume ratio of the air gaps in
the foam decreases while that of the non-conductive material
increases (Fig. 2). This leads to a change in the dielectric foam
permittivity. However, to the best of our knowledge, there is
no analytical model that expresses the dielectric permittivity of
a thermoplastic foam as a function of the force vector during
compression. In addition, factors such as temperature or the
operating frequency can also affect the dielectric properties
of the material [42]. Even though some studies have tried to
precisely describe the characteristics of elastomers, they are
restricted to the case of homogeneous materials [43] [44].

Nevertheless, it can be considered that the dielectric foam
permittivity can be approximated by combining the dielectric
permittivity of the non-conductive material and that of air in
the gaps between the electrodes. Let 6 be the volume ratio of
air, €44, the dielectric permittivity of air and ¢, the dielectric
permittivity of the dielectric foam [45] such that

es =& (1—0) 4+ cair(0). 2)

Therefore, if ¢, in equation (1) is replaced by e, expressed
by equation (2), and considering that the contact area of
the capacitor remains constant and equal to the sensor’s top
surface area during loading, the capacitance can be written as

_eoer(1-60)A

c0Eairf A
zZ0 — d '

o —d 3)

Thanks to equation (3), it can be deduced that the ca-
pacitance depends on the relative permittivity of the non-
conductive material, the volume ratio of air gaps, the relative
area, and the deformation of the sensor.

Considering that Cj is the capacitance of the sensor without
pressure and AC' is the capacitance change during compres-
sion, the pressure sensitivity, denoted by S, is defined as

AC
S = —-—m—m—m—m—
P
with AC being the relative capacitance change. From equa-
tions (3) and (4), it can be stated that the dielectric foam’s
mechanical properties impact the sensor’s pressure sensitivity.
Hence, the foam’s parameters (infill, density and anisotropy)
and the mechanical properties of the material used to fabricate

it affect the sensor’s mechanical and capacitance response. In
this study, the foam structure is printed using TPU, which

“)
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Fig. 3. Compression test bench machine. A linear actuator compresses
the capacitive sensor while measuring its deformation in the z-axis. An
external force sensor measures the compression force, and a capaci-
tance to digital circuit measures the capacitance of the sensor during
loading. All the data is sent to a control board.

has a molecular structure comprising hard and soft segments,
resulting in a two-phase morphology, see e.g. [46] for details.
The molecular structure of the TPU results in the material
exhibiting strong hysteresis, time dependence, and cyclic soft-
ening in its stress-strain (¢ — <) behavior [46]. Specifically, at
room temperature, the hard segments lead to strong hysteresis,
permanent deformation, and an increase in tensile strength and
modulus, whereas the soft segments cause restitutive behavior
under deformations, see e.g. [46], [47] for details. In our
context, the compressive stress o is equal to the pressure
P, and the strain v is equal to the ratio of the deformation
displacement of the electrodes and the thickness of the sensor
(%), during sensor deformation.

C. Experimental setup

Several experiments were conducted to investigate the over-
all characteristics of the proposed capacitive sensors. Pressure
tests were conducted to observe the relationships between
strain, stress, and relative capacitance change. In addition, hu-
midity and temperature tests were also conducted to investigate
their influence on the sensor performance.

Across compression experiments, the foam structure param-
eters were modified to obtain a wide variety of geometries. In
particular, the foam density is adjusted — or equivalently, the
length of filament used for 3D printing the foam is adjusted.
For this purpose, a compression test bench has been designed.
The compression tests were performed at room temperature
and in a well-ventilated room.

Fig. 3 shows the compression bench machine used for
the compression tests. A linear actuator (PQ12-P, Actuonix)
is used to apply loading-unloading cycles to the sensors.
This actuator includes a potentiometer position feedback that
indicates the actuator position. A capacitance-to-digital circuit
(FCD1004, ProtoCentral) is used to measure capacitance. This
circuit can be configured to operate at an internal sampling
frequency of up to 400 Hz. However, as lower sampling
frequencies provide higher sensitivity and resolution in the
capacitance measurement [29], the lowest internal sampling
frequency of the circuit was selected, which is 100 Hz. Force
measurement is performed using a 5 kg load cell (CZL635-5)
and a load cell controller (HX711). The force measurement
was calibrated using calibration weights. The force transducer
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was used with an internal sampling frequency of 10 Hz. Thus,
the sampling frequency of the compression system was 10
Hz. A microcontroller (ESP32 Basic Core, M5Stack) is also
used to measure force and capacitance values. These values
are then sent to a controller board (DS1104 R&D Controller
Board, dSPACE). The controller board also reads the analog
position feedback from the linear actuator via its integrated
16-bit analog-to-digital converter (ADC) and sends the desired
input position signal to the linear actuator control board via
its internal 16-bit digital-to-analog converter (DAC).

D. Procedure and data collection

Before conducting a characterization experiment, the sen-
sors used in the test were subjected to a preconditioning
test of a thousand loading-unloading cycles at an applied
pressure of approximately 82 kPa (approximately 75% of the
maximum pressure supported by the load cell). Indeed, it was
observed that during the first cycles, the sensors exhibited a
slightly stiffer behavior compared to their performance after
the preconditioning test. After approximately five hundred
cycles, the sensors exhibit a stable response. This phenomenon
can be attributed to the softening behavior of TPU [46].

For the characterization tests, the measurements of each
sensor were averaged over ten loading-unloading cycles, with a
pressure range of 0-110 kPa. This pressure range was chosen to
respect the measurement range of the load cell. The minimum
pressure that the sensors could detect is 90 Pa. We decided
to compress the sensors at a strain of about 0.6 since up
to this strain, the most flexible sensor — the sensor based
on phasor infill with 0% anisotropy — (see Section III-C)
can be reasonably deformed with 6 =~ 0. Nevertheless, we
experienced that the most rigid sensor — the sensor based
on polyfoam with a volume of non-conductive material of
1.47 cm?® — (see Section ITI-B), could be reasonably deformed
up to 170 kPa. This range could be extended by changing the
material used to fabricate the dielectric foam to a more rigid
material or using higher-density capacitive sensors than those
tested in our study. Force, capacitance, and sensor deformation
were measured for all the tests. The sampling rate was equal
to 10 Hz, capturing 50 data points for each loading-unloading
cycle (5 seconds per cycle).

The effect of changing the dielectric foam infill on sensor
behavior is first explored by testing three sensors with poly-
foam, phasor, and gyroid infill with the same density. Then,
12 sensors are tested to study the effect of density. For each
infill, four sensors with different densities are considered.

As anisotropy can be controlled in sensors based on phasor
infill, the influence of this parameter on the sensor’s mechan-
ical and capacitive response is investigated; five sensors are
evaluated with anisotropy percentages from 0% up to 100%.

Next, the strain rate influence on the sensor’s mechani-
cal and electrical behavior is studied. Since the 3D-printed
microstructures may degrade over time, the durability and
stability of the sensor is evaluated by conducting a 7200 cycles
test, corresponding to ten hours.

Next, consistency across prints is investigated. To this aim,
five sensors were fabricated using the same G-code, and their
mechanical and electrical responses were compared.
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Fig. 4. Evaluation of the influence of the sensor’s dielectric foam geometry on its behavior. (a) Stress-strain curves for three sensors with different
dielectric foam geometrical structures but same dimensions and volume of non-conductive material V;,, = 1.02 cm?. (b) Corresponding pressure-

response curves. (¢) Corresponding sensitivity curves.

Finally, the effect of temperature and humidity on the sensor
behavior is examined by testing three sensors, each with
phasor infill but with different densities.

For the strain rate influence test, durability test, consistency
test, humidity test and temperature test, sensors based on
isotropic phasor infill were used to perform the tests. This
infill was used because of its complex structure with variable
oscillating patterns.

1. RESULTS

Several compression-relaxation tests were conducted to
evaluate the overall characteristics of the capacitive sensor.
The sensitivity was assessed with regard to infill, the volume
V.. and the anisotropy percentage. The results of these tests
are presented and analyzed in the followings.

A. Infill influence

To evaluate the sensitivity with respect to infill structure,
a test was conducted using three sensors, each sensor having
a non-conductive volume material equal to 1.02 cm?. In the
stress-strain curve shown in Fig. 4 (a), it can be observed
that the sensor with phasor infill exhibits higher flexibility
compared to the other two sensors, while the sensor employing
polyfoam infill demonstrates the least flexibility. The pressure-
response curves are depicted in Fig. 4 (b). It can be observed
that the capacitive sensor with a dielectric foam based on
phasor infill exhibits a higher relative capacitance change than
the other two sensors. Fig. 4 (¢) indicates that the sensor
based on phasor infill exhibited the highest sensitivity value
compared to the other two sensors, and higher sensitivity
values in the pressure range of 0-62 kPa.

B. Dielectric foam density influence

This section aims to determine the impact of dielectric foam
density on the sensitivity of sensors with different types of
infill through various tests.

a) Sensors with dielectric foam based on phasor infill: In this
part, the impact of varying the sensor density based on phasor
infill on its behavior is investigated. All the sensors used in
the loading-unloading tests had an isotropic dielectric foam.

The stress-strain curves are depicted in Fig. 5 (a). As
expected, denser sensors are stiffer. The pressure response
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Authorized licensed use limited

d on December 11,2024 at 09:45:3i}l

mdan

curves and sensitivity curves are depicted in Fig. 5 (b)
and (c), respectively. In Fig. 5 (b), it can be observed that
as the density of the sensor dielectric foam increases, the
range of capacitance produced by the sensor decreases. In
addition, Fig. 5 (c¢) indicates that for higher sensor density,
the maximum point value on the bell-shaped sensitivity curve
decreases while the pressure at which this point is reached
increases. Overall, higher-density sensors are less sensitive
and less flexible. This provides a wide range of possibilities
for controlling the sensitivity of the sensor and the force
exerted by users to deform it.

b) Sensors with dielectric foam based on polyfoam infill: The
results are shown in Figs. 5 (d), (e) and (f). The related stress-
strain curve is shown in Fig. 5 (d). The presented stress-strain
curve shows that an increase in material volume reduces sensor
flexibility. This behavior is similar to that observed in sensors
with a dielectric foam based on phasor infill.

Fig. 5 (f), shows that the sensitivity of the sensors based
on polyfoam infill decreases as the volume V,, increases.
Furthermore, increasing sensor stiffness reduces sensitivity
variations, resulting in a near-constant sensitivity value.

¢) Sensors with dielectric foam based on gyroid infill: The
results are depicted in Figs. 5 (g), (h) and (i). Fig. 5 (g)
indicates that the sensors based on gyroid infill exhibit the
same mechanical behavior as the other groups of sensors.
As the dielectric foam density of the sensor increases, its
flexibility decreases. In Fig. 5 (h), it can be seen that the
shape of the pressure response curves is similar to that of
the stress-strain curves. In addition, in Fig. 5 (i), it can be
observed that the shape of the sensitivity curves is similar to
that of sensors with dielectric foams based on phasor infill.
The maximum sensitivity value increases when the dielectric
volume material decreases. Nevertheless, compared to the
sensors using phasor infill, the maximum sensitivity value
is reached at higher pressures. This further demonstrates the
influence of the dielectric foam’s geometrical structure on
sensor sensitivity.

C. Dielectric foam anisotropy percentage influence

This section examines the impact of varying dielectric foam
anisotropy on sensor behavior. To prevent the volume of non-
conductive material from influencing the sensor response, all
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Dielectric foam anisotropy percentage influence on sensor behavior. (a) Stress-strain curves for the sensors based on phasor infill
with different anisotropy percentages and the one with isotropic properties (0% anisotropy). (b) Corresponding pressure-response curves. (c)

Corresponding sensitivity curves.

the sensors are printed at the same volume of non-conductive
material, i.e. Vj,, = 1.02 cm?. Five sensors with anisotropy
percentages equal to 0%, 25%, 50%, 75% and 100% are tested.

Thanks to the stress-strain curve depicted in Figs. 6 (a),
it can be seen that sensors with anisotropy percentages equal
to 75% and 100% have similar stress-strain behavior. Indeed,
at high anisotropy levels, there are only minor differences
in the geometric features of the sensor. Nevertheless, it can
also be seen that increasing the anisotropy percentage will
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increase the sensor flexibility. The pressure response and
sensitivity curves are shown in Figs. 6 (b) and (c¢). It can
be observed that while the anisotropy percentage impacts
capacitance and sensitivity, this impact is much smaller than
that of a change in density (Section III-B). In particular, it can
be seen that after 50 kPa, the anisotropy percentage no longer
influences the sensor sensitivity, which remains approximately
the same. This indicates that anisotropy can be controlled
without significantly changing the sensor response.
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Fig. 7. Strain rate influence on sensor behavior.(a) Relative capacitance
change as a function of pressure. (b) Corresponding stress—strain
curves.

D. Strain rate effect on sensor behavior

To evaluate the effect of the strain rate applied to the sensor,
two loading-unloading tests were conducted: one at a strain
rate of 6 mm/s and another at 3 mm/s. The sensor to be tested
had a dielectric foam based on phasor infill, isotropic, and
with a volume of non-conductive material equal to 1.20 cm?.

Fig. 7 shows the pressure response curves and the stress-
strain curves at different strain rates. It can be seen that the
unloading part of the curves from different strain rates are
very similar. In the case of the loading part of the curves,
an increase in strain rate will result in an increase in stress,
as shown in [46]. Regarding the pressure response curve, it
can be observed that an increase in the strain rate leads to a
decrease in the relative capacitance change.

E. Durability and stability

The sensor performance was evaluated over 7200 loading-
unloading cycles, corresponding to ten hours, while applying
a pressure of approximately 82 kPa. The sensor used for the
test had a dielectric foam based on phasor infill, isotropic, and
with a volume of non-conductive material equal to 1.20 cm?>.

After the durability test, no evidence of material fatigue
was identified. Indeed, the maximum values of deformation
remained approximately equal to 5 mm, and the maximum
values of relative capacitance change remained approximately
equal to 0.30. In fact, our approach avoids deforming fragile
conductive structures: the dielectric foam that absorbs the de-
formation is fabricated with a non-conductive flexible filament.
This method avoids durability issues classically associated
with deformable sensors manufactured with flexible conduc-
tive filaments, such as resistive sensors, where resistance
decreases by deformation rates over time [35].

F. Consistency test

An experiment was conducted to evaluate consistency across
prints. Five sensors were printed using the same G-code,
and then tested to compare their mechanical and electrical
responses. The sensors had an isotropic dielectric foam based
on phasor infill with a volume of non-conductive material
equal to 1.20 cm?. It was identified that neither the stress-strain
behavior nor the pressure response of the sensors exhibited any
significant alterations across the prints.
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G. Temperature and humidity influence on sensor
behavior

This section examines the impact of temperature and humid-
ity on the sensor’s response. The temperature and humidity
tests were conducted using an environmental test chamber
(CTC256, Memmert) and the capacitance measurement system
described in Section II-C. Three capacitive sensors, each with
an isotropic phasor infill and a volume of non-conductive
material of 1.10 cm3, 1.20 cm® and 1.46 cm?®, respectively
were used for the tests. For the humidity test, the sensors
were subjected to a linear increase and decrease in humidity
ranging from 20% RH to 90% RH over sixteen hours at a
constant temperature of 23°C. In the temperature test, the
sensors were exposed to a linear increase and decrease in
temperature, ranging from 20°C to 50°C over eight hours at
a constant relative humidity of 30% RH.

Fig. 8 (a) shows the results of the humidity test. It can be
observed that as the relative humidity increases, the relative ca-
pacitance change increases. Conversely, a decrease in humidity
results in a decrease in the relative capacitance change. In ad-
dition, the relative capacitance change-relative humidity curve
exhibits a hysteresis effect. This could be attributed to the
hygroscopic properties of TPU [48], the moisture absorption in
the dielectric foam’s air gaps, and an increase in the dielectric
permittivity of the TPU as humidity increases, which has also
been observed in other elastomers [49]. In addition, sensor
density was found to affect the relative capacitance change-
humidity behavior: as sensor density increases, the sensor is
less sensitive to humidity changes and exhibits fewer relative
capacitance changes than lower density sensors.

Regarding the effect of temperature on sensor performance,
it was identified that density does not affect the relative
capacitance change-temperature relationship. Fig. 8 (b) shows
the results for the sensor with a volume of non-conductive
material equal to 1.10 cm3. It can be seen that the relative
capacitance change decreases as the temperature increases.
Conversely, a decrease in temperature results in an increase in
the relative capacitance change. At the maximum temperature
of 50°C, the relative capacitance change is equal to —0.00145.
This phenomenon can be attributed to a decrease in the
dielectric permittivity of the TPU as temperature increases;
it has also been observed in other elastomers [50].
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H. Sensor design guidelines

The analyses of the experimental results lead us to propose
sensor design guidelines, with the aim of successfully embed-
ding capacitive sensors into complex devices.

At a given sensor thickness, the capacitive response is
mainly influenced by the foam density, while the foam
anisotropy has a much lower impact. Hence, a low foam
density will provide a wide range of capacitance values with
high sensitivity, and is recommended for precise interactions.
Conversely, a high-density sensor is recommended for larger
deformations inducing higher stresses, e.g. when an external
mechanical device applies a significant effort on the sensor.
Given its minimal impact on the capacitive response, the
anisotropy can be freely controlled to influence the device’s
flexibility at near-constant sensitivity.

When selecting a capacitive sensor, the choice of param-
eters will depend on the specific application. Based on the
stress—strain curves, it can be concluded that sensors with
dielectric foams based on anisotropic phasor infill exhibit
higher flexibility than the other sensors. Furthermore, sensors
with dielectric foams based on phasor infill demonstrated
higher sensitivity than those with dielectric foam based on
polyfoam or gyroid infill.

If an application needs the sensor to be more flexible
or sensitive, designers may want to decrease sensor density.
However, as indicated by equation (3), a substantial reduction
in the density of the material will result in an increase in
the volume ratio of air 6. Consequently, this would induce a
significant reduction in the dielectric permittivity of the non-
homogeneous foam and, as a result, a substantial decrease
in the capacitance of the sensor. In this case, designers may
preferably consider decreasing the anisotropy percentage of
the dielectric foam instead of the density.

When a designer requires a rigid sensor, it is advantageous
to use a sensor with a polyfoam infill structure, as it exhibits
less flexibility compared to sensors based on gyroid or phasor
structures. In addition, the polyfoam sensor exhibits less vari-
ation in sensitivity compared to sensors using gyroid patterns,
with less variation in the stress-strain behavior.

IV. APPLICATIONS

This section highlights the fundamental principle of inte-
grating foam-like capacitive sensors into 3D structures. In
order to demonstrate the effectiveness of our approach, a force-
sensitive push-button, a gamepad, and a full analog joystick
are created. All embedded sensors are analog and measure
continuous pressure information. In each case, the key point
lies in the cost-effective and efficient fabrication of these
devices within a single manufacturing process: each device
is operational right out of the printer without any further
assembly process. A program created in IceSL software was
used to design a push button and a gamepad. The program
enables users to interactively set the number of buttons (from
one to five), the dimensions of the buttons, the density, and
the anisotropy percentage of the sensor’s dielectric foam can
be selected through sliding bars. The joystick was designed
using Fusion 360 software. IceSL software was also used to

Sensor electrodes Button

case

Sensor deformable
part

Conductive
trace

Conductive

shield

Fig. 9. Longitudinal section of the push-button design, in the manufac-
tured version, with notations. The push-button is fabricated in a single
3D print and consists of a capacitive foam sensor, conductive traces,
conductive shields, and a case.

establish the printing characteristics, infill patterns of the parts
comprising the devices, and generate the G-code.

Each device consists of three functional structures: the
foam sensors, the conductive shields and traces, and other
mechanical structures as shown on Fig. 9. The conductive
traces are used to connect the sensors’ electrodes to conductive
pads located on the surface of the device. The shield structures
are added to reduce environmental electromagnetic noise. The
conductive shields and traces are printed using conductive
filament. The conductive shields are electrically isolated from
the conductive traces and the sensor electrodes thanks to an in-
sulating structure printed with a thermoplastic elastomer (TPE)
insulating filament (Ice9 E-Insulating Flex TPE, TCPoly).

The devices are fabricated using the E3D ToolChanger 3D
printer. Once printed, the device sensors are connected to the
capacitance measurement system using shield wires that are
connected to the device’s conductive traces. The shield wires
are connected to the device by heating them with a soldering
iron and forcefully inserting them into the conductive pads.
Once connected to the capacitance measurement system, the
device is ready to be used. The power consumption while mea-
suring the capacitance change of the button (single capacitive
sensor) was 1.8 Wh. This consumption could be lowered by
using another microcontroller with short start-up times and
lower power consumption. As with most analog devices, a
calibration step is required for the devices before use.

A. Button and gamepad

The button has dimensions of 55 mm x 32 mm x 15
mm. The button case is fabricated using Red TPU 95A
(Filaflex 95A, ‘Medium-Flex’, RECREUS). The button sensor
is cylindrical with a diameter of 20 mm, and the dielectric
foam has a thickness of 8 mm. The pattern for the dielectric
foam is a phasor infill with an anisotropy percentage equal to
50%. To create a “spring” behavior when pressing the button,
four lamellae made of conductive filament are added to the
top electrode as depicted on Fig. 9.

The capacitance measure is sent from the microcontroller to
a PC terminal by serial communication. In the PC terminal, the
color of a circle changes, using the viridis color map scale to
indicate the relative capacitance change value. Fig. 10 shows
the 3D printed button and three operational states:

o the off state, where the button remains untouched, the
relative capacitance change is equal to 0,

Authorized licensed use Iimitedﬂnivcersiéde RennesTDownﬁad on Decemberﬁom at 09:&:3i}10 from1_EEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2024.3510138

AGUILAR-SEGOVIA et al.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS (MAY2024) 9

Fig. 10. The 3D printed button being pressed by a finger, showing
three different states: off state when the relative capacitance change is
equal to 0 (a), partially pressed when the relative capacitance change is
equal to 0.17, (b) and completely pressed when the relative capacitance
change is approximately equal to 0.39 (c).

o the partially pressed state, where the relative capacitance
change is equal to 0.17,

o the completely pressed state where the relative capaci-
tance change is approximately equal to 0.39.

As a second, more elaborate example, a gamepad with
four buttons is fabricated. The dimensions of the gamepad
are 114 mm x 114 mm X 26 mm. The gamepad case is
fabricated using Yellow TPU 82A (Filaflex 82A, ‘Original’,
RECREUS). To demonstrate how the system works, a ping-
pong game was created. Two buttons are used for one player
and the other two for another player (Fig. 11 (a)). The buttons
are used to control the direction and the speed of the plates
in the game (Fig. 11 (b)). In this case, capacitance values are
used to detect the direction and the speed.

B. Analog joystick

To illustrate the potential of the foam-like capacitive sensors
for the fabrication of complex electronic devices, a complete
analog joystick created in a single manufacturing process is
proposed. The dimensions are 106.55 mm x 106.55 mm
x 102.84 mm. The joystick case, the joystick handle and
the button cover are made from yellow TPU 82A (TPU
Filament Filaflex 82A, *Original’, RECREUS). Fig. 12 (a) and
Fig. 12 (b) illustrate respectively a longitudinal cut of the 3D
model and the bottom view. This integrated design combines
the case, five sensors, conductive traces, conductive shields,
electrical insulators, a joystick handle, a button cover and a
TPU joystick boot. The design is printed using four different
materials. Fig. 12 (¢) shows the sensors, the conductive traces,
the conductive shields and the electrical insulators between
them. To connect the joystick to the sensor measurement
circuit, shielded wires are connected to its bottom.

Fig. 12 (d) shows the manufactured version of the joystick.
Four sensors, one in each direction (up, down, left, right),
are used to detect the direction indicated by the joystick
position. The joystick can also be pressed following the
negative z-axis; in this case, the four sensors are pressed at
the same time. An additional sensor is used to create a button,
following the principle presented in the previous section. An
8-channel I12C bus switch (PCA9548A) is used to control
two capacitance measurement circuits on the same I2C bus.

(b)

Fig. 11. Gamepad used in a PONG game. (a) The two left buttons
control the green pad and the two right buttons control the red pad. (b)
The gamepad is used to sense the pressure applied on the buttons in
order to control the direction and speed of the pads on the game.

The microcontroller interprets the capacitance values from the
sensors into signals that describe the stick’s movement.

Fig. 12 (e) illustrates the use of the joystick to move a digital
circle on the ESP32 Basic Core screen. Fig. 12 (f) shows that
the radius of the circle increases when the joystick shaft is
pressed. Note that when the joystick button is pressed, the
color of the circle changes to red.

V. LIMITATIONS AND FUTURE WORK

a) Mechanical characteristics of the structures: The devices
presented in this paper have embedded sensors that measure
deformation applied externally, e.g., by a user’s hand or finger
or by an external mechanism. Extensive analysis of the sensors
is provided in isolation to determine design guidelines (Sec-
tion III-H). However, it should be noted that the surrounding
structures influence the sensor stress-strain behavior when
embedded in complete designs. To limit this effect, an empty
space is left around the sensors and connected with conductive
lamellae to the traces within the design (Fig. 9, top lamellae).

b) Geometric sizing requirements: In the preceding sections,
it was demonstrated that foam-like sensors can be printed
simultaneously with a 3D design using a multi-material 3D
printer. The minimal size of the sensors is constrained by the
resolution and the nozzle diameter of the current commercial
multi-material 3D printers. Using our setup, the minimal thick-
ness of the electrodes is 0.8 mm, i.e. four 0.2 mm layers. Using
four layers ensures that the top electrode of the sensor is fully
formed and filled. In addition, the maximum size of sensor
electrodes is limited by the low conductivity of the material.
Conductor lengths of up to 23.6 cm and electrodes with
an area of up to 400 mm? were successfully tested without
observing any effect on sensing performance. However, it is
recommended that designers construct conductive structures as
large as necessary for their intended use. Future research will
determine a range of sizes of conductive structures.

Furthermore, it was determined that the spacing between
the conductive parts and the shield has to be around 1 mm
for horizontal layers and 2 mm for vertical layers. This avoids
unwanted electrical connections between traces/electrodes and
the shield. Specialized deposition methods could improve this
in the future. Finally, designers are discouraged from increas-
ing the sensor thickness since C' x —=—, see Section II-B. The
experiments show that pressure Varlatlons can be successfully
detected within a sensor thickness of < 10 mm.
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Fig. 12. Details of the 3D printed analog joystick. (a) 3D model of the joystick with a longitudinal cut, (b) joystick bottom view, (c) sensors with their
respective conductive traces and (d) manufactured version of the joystick. (e) When the joystick shaft is manipulated, the circle on the screen is
moved correspondingly, e.g., to the left or right. (f) The circle’s radius increases when the joystick is pressed. The circle’s color changes when the

button of the joystick is pressed.

¢) Grounding conditions: As any capacitive measurement
systems, the performance of the sensors may be influenced
by grounding conditions, particularly when the devices are
connected to larger ground planes. This was not found to be
an issue in practice. Additional conductive structures could be
added to the 3D structure to further mitigate disturbances.

d) Effects of external electric fields on sensor behavior: The
electrical response of the capacitive sensors can be affected
by external electric fields, which can result from external
electrical devices operating nearby or by human movement due
to static charging [51]. In the case of our devices (Section IV),
environmental electromagnetic noise did not influence their
response, as the sensors’ electrodes and the conductive traces
embedded in the devices are shielded and covered with an
insulating material. Nevertheless, as future work, further re-
search will be conducted to test the shielding efficiency.

e) Effects of temperature and humidity on sensor behavior: As
previously identified in Section III-G, variations in the sensor’s
temperature will slightly change its response. In contrast,
variations in the sensor’s humidity significantly impact the
sensor response. Therefore, when implementing the sensors
in an application where humidity or temperature may vary
significantly, the impact of these parameters on the sensor per-
formance should be considered. In the future, a more in-depth
analysis will be conducted to characterize the hysteresis effect
in the humidity-relative capacitance change relationship and to
study the sensor behavior over a wide range of temperatures.

f) Dynamic operating range of the sensor: In Section III-D,
the influence of variations in sensor strain rate is explored.
It was shown that an increase in the strain rate leads to
an increase in stress in the loading part of the hysteresis
curve. Furthermore, it was noted that the relative capacitance
change increases with an increase in strain rate. Therefore, if
the sensor is considered for applications where the dynamic
behavior cannot be considered “quasi-static”, it is advisable to

determine the maximum strain rate to which the sensor will be
subjected and analyze its potential impact on its performance.
In applications where the force is to be measured through
the capacitance values of the sensor, two components of the
force applied to the sensor should be considered: a dynamic
component and a “quasi-static” component.

g) Mechanical and electrical response design guideline: In
section III-H, guidelines are established to assist designers in
understanding the parameters that impact the sensor perfor-
mance. These guidelines aim to facilitate the seamless integra-
tion of the sensor into the device envisioned by the designer.
Nevertheless, using only these guidelines, it is difficult to
predict the characteristics of the sensors with precision because
of the non-linear response of the sensor. In the future, the
development of a more precise model of the sensor is planned.

VI. CONCLUSIONS

In this research, we presented 3D-printed capacitive sensors
using dielectric foam. The sensors can be manufactured using
low-cost materials on multi-material extrusion 3D printers.

The sensors are parametric, and the analysis demonstrates
that variations in density, infill, and dielectric foam anisotropy
percentage change their sensitivity. Our approach allows for
the creation of sensors with variable stiffnesses and thick-
nesses, catering to a wide range of application needs. Future
work will focus on estimating sensor sensitivity considering
the influence of foam parameters.

Furthermore, the integration of the proposed sensors into
electronic devices within a single manufacturing process is
demonstrated, including the use of conductive shields to
mitigate the impact of capacitance disturbances. This lets
us fabricate robust 3D-printed sensing devices with complex
structures while maintaining control over their mechanical and
electrical characteristics.
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