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The emergence of smart technologies is spurring the development of a wider range of applications for stretchable
and conformable sensors, as the design flexibility offered by additive manufacturing may enable the production
of sensors that are superior to those produced by conventional manufacturing techniques. In this work, a multi-
material 3D printing system with three extrusion heads was developed to fabricate a stretchable, soft pressure
sensor built using an ionic liquid (IL)-based pressure-sensitive layer that was sandwiched between carbon na-
notube (CNT)-based stretchable electrodes and encapsulated within stretchable top and bottom insulating

layers. The sensor materials were modified in order to achieve 3D printable characteristics. The capability of the
system was tested by printing structures made from three materials and a multilayer sensor via an extrusion-
based direct-print process. Multi-material 3D printing of the sensor was successfully realized, as the sensing
material retained its functionality once the printing process was complete.

1. Introduction

Smart technologies are now on the rise, and many smart devices
require flexibility and stretchability [1-3]. Robotics [4], prosthetics
[5,6], wearable electronics [7,8], and energy harvesting devices [9] are
examples of technologies where soft and stretchable electronics would
play an important role. In particular, flexible and stretchable sensors
are gaining more attention because of their applications in shape-con-
forming systems or systems that have moveable parts [10,11]. One
major area of such applications is wearable electronics for recreational
use [12], medical/healthcare devices [13], and personal protection
[14,15]. Along with mechanical flexibility, wearable devices that are in
contact with the human body must also be designed to minimize dis-
comfort and absorb some impact [16]. In addition to wearable devices,
stretchable sensors might be used in other soft smart systems whose
concepts are being explored such as tires [17], mattresses [18],
packaging [19], automobile accessories [20], and non-wearable med-
ical devices [21]. In many cases, rigid sensors are incompatible with
deformable and free-form objects, generating the interest for sensors
that are mechanically pliable.

Numerous studies on flexible and stretchable sensors have been
conducted in the past decade. One common strategy to achieve

stretchability in sensors is to use a stretchable polymer with conductive
fillers. Carbon nanotube (CNT)-based piezoresistive sensors are among
the more widely studied ones [22,23]; however, their reliability and
controllability are limited [24,25]. The recent introduction of ionic li-
quids (ILs) to the area of pressure sensors opened a new avenue of
exploration for stretchable sensors [26,27]. ILs, which are composed of
liquid salt at ambient temperature and contain ions, have highly
sought-after characteristics such as high ionic conductivity, non-
volatility, nonflammability, and most importantly electrochemical sta-
bility [28,29]. While ILs have been utilized to fabricate various devices
for sensing, those that are in a liquid state have very limited application
[30,31]. Some studies have been published on solid-state IL-based
sensors, but they generally lack manufacturing and design flexibility
[27,32]. In a prior work, the authors incorporated ILs into a prepolymer
matrix to fabricate a solid-state pressure-sensitive film through poly-
merization [26,33] to obtain an IL/polymer network with high elec-
trical resistance that changes under mechanical strain. This system was
utilized as the sensing principle in the pressure sensor. A CNT/polymer
composite was used as the conductive electrode for fabricating the
stretchable pressure sensor. Incorporating ILs into the pressure sensor
provides more control over the sensing performance.

Along with research on functional materials, the fabrication process
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for soft sensors has garnered more attention in recent years. The various
manufacturing techniques that have been suggested for fabricating soft
sensors include injection molding [34], coating [35], the fill and la-
mination process [36], and screen printing [37]. Although these
methods are appropriate for building sensors with simple geometries,
they are unsuitable for fabricating sensors with complex geometries or
for sensors on free-form surfaces. 3D printing overcomes the limitations
of conventional manufacturing processes, offering design flexibility,
customizability, and manufacturing scalability [38,39]. In many cases,
especially those where sensors are not required to be mass-produced,
3D printing reduces costs, as the printing of different designs does not
involve changing the manufacturing setup for each product. In addi-
tion, 3D printing is preferred over traditional methods for the manu-
facturing of objects/parts that contain internal features or that need to
be built using multiple materials. Moreover, for an application that
employs tactile sensors on human-machine interfaces and for prosthe-
tics or robotics, free-form surfaces are involved; 3D printing could be a
possible solution for fabricating electronics on a free-form, non-flat
substrate [40].

Different 3D printing technologies, such as thermoplastic extrusion
[41], stereolithography [42], material or binder jetting [43], and
powder bed fusion [44] support fabrication using a broad selection of
materials. Recent developments in additive manufacturing have en-
abled the 3D printing of soft electronics with functional materials [45].
Extrusion-based direct-print (also referred to as direct write) is a suitable
technique to use for 3D printing functional materials [46,47]. Ther-
mosetting prepolymers are commonly functionalized and modified for
printing in cases where heat or light are used for subsequent poly-
merization, and viscoelastic elastomers could be used for printing in
cases where there is a need to build flexible and stretchable parts.
Despite the work conducted in the area of 3D printing of functional
materials, there is still a need for additional work in order to achieve a
printing process that uses multiple materials in a single print, to facil-
itate the introduction of ILs for functionalizing, and to optimize soft/
stretchable polymers for printing.

In this study, we developed a multi-material direct-print system to
3D print a soft pressure sensor. A prepolymer paste was used in the
system for a layer-by-layer extrusion-based printing. Next, the 3D
printed prepolymer part was polymerized through a combination of
photo and thermal curing processes. The multi-layer sensor in-
corporates three different materials for the insulation, the conductive
electrodes, and the pressure-sensitive layer. For the pressure-sensitive
layer, ILs were mixed with a prepolymer to induce pressure sensitivity.
The inclusion of IL into the sensor gives more flexibility in controlling
sensor performance. By varying the IL ratio, the sensitivity of the sensor
can be adjusted to achieve different dynamic ranges. The sensor design
and geometry can also be varied to modulate the sensing performance.
The multi-material direct-print system provides a solution to tailor
material compositions and geometry for the development of a subject/
application-specific sensor.

2. Materials and method
2.1. Sensor design

The proposed sensor is a multi-layer IL-based pressure sensor with
five stretchable layers, as shown in Fig. 1. The top and bottom layers are
insulation layers fabricated using a soft polymer. The innermost layer is
an intermediate pressure-sensitive layer that is based on a soft IL/
polymer network film. Between the intermediate layer and the top and
bottom insulating layers are electrodes that are based on a multi-walled
carbon nanotube (MWCNT)/polymer composite and act as stretchable
conductive wires. A sensing unit called a taxel (i.e., tactile pixel) is
created at each point where the electrodes cross, as indicated by the
areas circled in red in Fig. 1(a). The particular sensor shown in this
figure contains four taxels in a 2 X 2 electrode configuration, but other
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sensing array configurations having a different number of taxels can be
designed by varying the number of electrodes that are sandwiched
between the pressure-sensitive layer and the two insulation layers.

The incorporation of ILs into the intermediate layer of the sensor
enhances ionic conductivity. An external power supply is used to create
a potential difference between the electrodes of a taxel, which is the
pressure-sensitive zone in the sensor. When a compressive force is ap-
plied on the taxel, the electrical resistance of the intermediate layer
decreases due to deformation. As the output voltage from the sensor
system depends on the resistance of the taxel, the response of the sensor
under force is measured in terms of output voltage.

Since it is possible for a MWCNT-based electrode to have a piezo-
resistive effect, which is not desirable for the proposed sensor, the in-
termediate layer was designed such that its resistance would be much
higher than that of the electrode, compelling the intermediate layer to
become the dominant factor under force. In order to realize this con-
dition, a high loading ratio of MWCNT (5 wt.%) is used in the fabri-
cation of the electrode material, which is a higher than the electrical
percolation threshold of the MWCNT/polymer composites [48]. Thus,
the IL-based intermediate layer will define and govern the sensing
performance.

2.2. Materials

The base material used to fabricate the sensor is the photopolymer
TangoPlus FLX930 (Stratasys, Eden Prairie, Minn., USA), which has
been utilized in commercial multi-jet 3D printers. Once TangoPlus is
polymerized through the use of ultra-violet (UV) light, it creates a
flexible and stretchable film. However, for the extrusion-based direct-
print system proposed in this study, TangoPlus was modified in order to
obtain the desired shear thinning property. Fig. 2 shows TangoPlus
before and after modification with 10 wt.% CAB-O-SIL" M5 fumed silica
(Cabot Corporation, Billerica, Mass., USA) that has a higher viscosity
[49]. To achieve the modification, fumed silica was mixed with Tan-
goPlus using a DAC 150.1 FVZ-K high-speed mixer (FlackTek, Inc.,
Landrum, S.C., USA) at 2500 rpm for five minutes. Fig. 2(c) demon-
strates the extrusion of modified TangoPlus through the printing nozzle,
where the modified prepolymer has a shear thinning property that
enables it to hold the filament shape following extrusion. The modified
TangoPlus was used for both the top and bottom insulation layers of the
sensor. For the pressure-sensitive intermediate layer, an ionic liquid, 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4; obtained from
Sigma-Aldrich) was mixed with TangoPlus in the high-speed mixer,
where IL ratio was 4 wt.% [50]. Again, in order to achieve the proper
viscosity and shear thinning, 10 wt.% fumed silica was added to the IL/
prepolymer blend.

The conductive electrode material was prepared by dispersing 5 wt.
% MWCNTs (having a length of 5-20 um, a diameter of 10-30 nm, and
a purity greater than 85%) into TangoPlus. This was accomplished by
first dissolving Triton X100 surfactant (Sigma-Aldrich, Milwaukee,
Wisc., USA) into dimethylformamide (DMF; Sigma-Aldrich) before
adding MWCNTs to the solution; a ratio of 1.0:3.5 MWCNTs to Triton
X100 was used. The solution was sonicated using a Qsonica Q700 so-
nicator (Newtown, Ct., USA) to obtain global dispersion. Following
sonication, TangoPlus was added to the DMF/MWCNT solution, which
was mixed using a VWR 10 x 10-in. (25.4 X 25.4-cm) aluminum hot
plate magnetic stirrer (VWR, Chicago, Ill., USA). After evaporation of
the solvent, the paste was mixed again using a high-speed mixer at
2500 rpm. In order to induce the material to become thermally curable,
2 wt.% of a thermal initiator (Trigonox 125-C75, AkzoNobel Functional
Chemicals LLC, Chicago, Ill., USA) was added to the paste to facilitate
screen printing of the MWCNT/prepolymer electrode [50]; however,
when used for 3D printing/direct-print, the use of this paste resulted in
inconsistent printing. The addition of fumed silica to the paste im-
proved its performance for 3D printing. As can be noticed from
Fig. 3(a), using a CNT/prepolymer without fumed silica for 3D printing
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Fig. 1. Design for a 4-taxel sensor: (a) 3D model of the sensor; (b) schematic diagram showing a side view of the sensor; (c) exploded view of the sensor showing the

individual layers.

results in inconsistent line widths and printed lines that are unable to
retain their shape.

Although the addition of fumed silica improved the printability of
the electrode, it degraded the electrical conductivity of the CNT/
polymer electrode material. To investigate the effect of fumed silica on
electrical conductivity, CNT/polymer lines (1 mm X 40 mm) were
screen-printed with different wt.% of fumed silica. From Fig. 3(c), it can
be noticed that the incorporation of fumed silica increased the re-
sistance of the CNT/polymer line, which is an undesirable outcome.
Moreover, beyond 8 wt.% of fumed silica, the printed CNT/polymer
line was noticed to crack upon curing. The use of 4-5 wt.% fumed silica
in the CNT/polymer yielded a material with reasonable conductivity
that was able to produce a consistent print, as shown in Fig. 3(b). Thus,
5 wt.% fumed silica was added to the CNT/prepolymer composite used
for printing the electrodes in the stretchable sensor developed in this
study.

2.3. Multi-material direct-print

A multi-material extrusion-based direct-print system was developed
to 3D print the soft pressure sensor. Since the sensor is composed of
three different materials, a printing system was developed with three
extrusion heads capable of printing three different materials in a single
print. A high- precision motorized XYZ linear stage system (PRO115,

(b)

Aerotech Inc., Pittsburgh, Pa., USA) was used for the movement of the
axis, as shown in Fig. 4. Three extruders/syringes with three XR25C/M
manual translation stages (Thorlabs Inc., Newton, N.J., USA) were in-
stalled on the Z-stage to enable fine adjustment during the extruder
calibration. Each extruder was connected to an air-based Ultimus I
pressure controller (Nordson EFD, East Providence, R.I., USA); the
pressure controllers were interfaced with LabVIEW, where the stage
movement and material dispensing processes were coordinated using G-
code instructions in the Aerotech software environment. Extrusion
nozzles with sizes ranging from 50 pm to 1 mm can be attached to the
syringe to obtain prints with different resolutions.

2.4. Experimental setup

Various 3D structures composed of three materials were 3D printed
using the direct-print system to demonstrate the capability of the de-
veloped system. A single taxel sensor was fabricated via the multi-
material direct-print system and was subsequently evaluated. The ex-
perimental setup to test the sensor consisted of an M5-5 force gauge
(Mark-10 Corporation, Copiague, N.Y., USA) with a resolution of
0.005N, a BNC-2090A data acquisition system (DAQ) from National
Instruments (Austin, Texas, USA), an E3630A external power supply
(Keysight Technologies, Santa Rosa, Calif., USA), and an A-LSQO075A-
EO1 motorized linear stage (Zaber Technologies, Vancouver, B.C.,

Fig. 2. The photopolymer TangoPlus (a) before modification and (b) mixed with 10 wt.% fumed silica; (c) TangoPlus with 10 wt.% fumed silica when extruded

through a printer nozzle.
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Fig. 3. Lines that were 3D printed using (a) CNT/prepolymer
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Fig. 4. Multi-material direct-print system.

Canada) having a resolution of 0.1 um. As shown in Fig. 5(b), the force
gauge was attached to the motorized stage and was used to apply
compressive force on the taxel. The system was interfaced with MA-
TLAB for collection of sensor data from the DAQ and collection of force
data from the force gauge. Fig. 5(a) shows the wiring diagram for the
circuit. The sensor was connected to an external resistor (20 MQ) in
series when a 10-V input voltage was supplied through a DC power
source. Voltage output across the external resistor was measured as the
output signal of the sensor system. The single taxel sensor was ex-
amined for different conditions. A 4-taxel (2 X 2) sensor was also fab-
ricated and tested.
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3. Results

3.1. Printing of 3D structures

In order to demonstrate the capability of multi-material printing,
several 3D structures were printed that involve the use of three ex-
truders in each print. The 3D models were first designed as separate
parts for each material in SolidWorks. Next, the 3D models were im-
ported into a G-code generator software (Repetier-Host and Slic3r) to
create the tool movement and extrusion instructions for 3D printing.
The printing material used for the 3D structures was TangoPlus pho-
topolymer with 10 wt.% fumed silica, and a different color dye was
added to the photopolymer for materials loaded into each extruder to
distinguish the output from the three extruders. The nozzles/tips used



M.O.F. Emon, et al.

Force

Additive Manufacturing 28 (2019) 629-638

Sensor

External resistor

(a)

(b)

Motorized stage

Force gauge

Power supply

Sensor

Circuit board

Fig. 5. Sensor evaluation: (a) wiring diagram and; (b) experimental setup.

for all three extruders had an inner diameter of 335 um, and the layer
height was set at 300 pm with 100% infill for printing. The travel speed
was set at 15 mm/s with a dispensing pressure of approximately 16 psi.
Fig. 6 shows three 3D parts that were printed with three materials,
where each model was built in a single print that involved all three
extruders in the printing process.

3.2. Sensor printing

For any 3D printing project, a number of parameters such as nozzle
diameter, layer height, travel speed, dispensing pressure, and material
composition are involved, and each of these parameters can be varied
to adjust the geometry of the printed line. In order to uniformly print a
stretchable sensor, the print parameters must be adjusted for each
material used in building the sensor to obtain a constant line width
throughout the printing process. In this study, an experiment was
conducted to determine the appropriate parameters to use for the three
printing materials by varying the dispensing pressure while keeping all
other parameters fixed. A nozzle/tip with a 335-um inner diameter was
used, the layer height was set at 335 pm, and the travel speed was set at
15mm/s. Next, lines were printed using different pressures for each
material. The line width of the printed lines increased with the increase
of pressure, as evident from the images shown in Fig. 7(a). The graph in
Fig. 7(b) shows the relationship between line width and pressure for
prints made using CNT/prepolymer without fumed silica (FS), CNT/
prepolymer with 5wt.% FS, IL/TangoPlus with 10 wt.% FS, and Tan-
goPlus with 10 wt.% FS. In order to obtain line widths of 335 um for
CNT/prepolymer with FS, IL/TangoPlus with FS, and TangoPlus with
FS, the pressures were calculated from the graph to obtain values of
9.1 psi, 15.3 psi, and 16.2 psi, respectively. For the 3D printing process
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used to print the stretchable sensor, the pressures for the three materials
were set around these values so that the linewidths for different ma-
terials could be maintained fairly close.

Fig. 8 shows the process for printing the stretchable sensor. Syringes
1, 2, and 3 were loaded with IL/TangoPlus, TangoPlus, and CNT/pre-
polymer (all modified with FS), respectively. Fig. 8(a) shows bottom
layer being printed with TangoPlus using Syringe 2, while Fig. 8(b) and
(c) show the intermediate layer and CNT/prepolymer electrode being
printed using Syringe 1 and Syringe 3, respectively. A constant tip
diameter (335 um), layer height (335 pm), and travel speed (15 mm/s)
were maintained for all three extruders/materials, while the pressure
was varied for each material to achieve a constant linewidth. A 30-mm
X 30-mm single-taxel sensor was 3D printed with a height of 2.7 mm.
The CNT/polymer electrodes were 20 mm X 1.5 mm, which created a
1.5mm X 1.5 mm taxel. The CNT-based electrodes consist of one print-
layer with a height of "335um when the IL-based intermediate layer
consists of three print-layers resulting in a height of "1 mm. Fig. 8(d)
shows the 3D printed sensor before curing, fabricated using the multi-
material direct-print system. The printed prepolymer part was primarily
polymerized using UV light curing system (OmniCure” $2000, Excelitas
Technologies Co., Wheeling, IL). As the CNT/prepolymer is partially
photocurable because CNTs prohibit the light penetration (i.e., similar
effects of using black dyes), the sensor was also maintained at 100 °C for
10 min to cure the CNT-based electrodes thermally. Fig. 8(e) and (f)
show the flexible and stretchable sensor after curing. A 4-taxel (2 X 2)
sensor was also 3D printed, as will be described in the following section.

3.3. Sensor evaluation

To verify the mechanical characteristics of the stretchable sensor, a



M.O.F. Emon, et al.

Additive Manufacturing 28 (2019) 629-638

Fig. 6. Examples of 3D structures printed with three materials using the multi-material direct-print system.

dog bone-shaped sensor was 3D printed according to the dimensions
given in ASTM D638 for a Type V tensile test specimen, as shown in
Fig. 9(a). An Instron 5582 (Instron, Norwood, MA) universal testing
machine was used for a tension test and a compression test at a cross-
head speeds of 100 mm/min and 1 mm/min, respectively. Fig. 9(b) and
(c) show the behavior of the sensor under tension and compression,

respectively. Next, the printed single-taxel sensor described in Section
3.2 was evaluated under different compressive forces. A probe having a
diameter of 3 mm was attached to the force gauge to apply force on the
taxel. First, the sensor was subjected to a fixed strain of 38% for mul-
tiple cycles at a probe speed of 0.5 mm/s. Fig. 10(a) shows the applied
force and the change in voltage output (AV,,,) of the sensor system that

CNT/Polyn}e_r 1250 ICNT/Polymer
with fumed silica {.I” without FS
]
1000 ¢ CNT/Polymer
2 3 with FS
2 d IL/TangoP f
S 750 ! ' 5
= I} with ES 7,
I ; 3 ‘7
Ir}l,creasmg 2 ! i {!' /TangoP
ressure g ! t ’ i
| ; with FS
— 500 2 ; Rz
I ! '}'/ d
335 * > 2
# re
250+ {,/ p p 4: ’
Tt =
F--
500 : ‘
IL/TangoP with 0 45 9.1 12 15.316.24g
fumed silica :
Pressure (psi)
(a) (b)

Fig. 7. (a) Microscope image of lines printed with CNT/prepolymer with fumed silica (FS) and those printed with IL/TangoPlus with FS for increasing pressure; (b)
line width vs. pressure for different materials, where all other printing parameters were fixed.
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Syringe3

Fig. 8. Multi-material direct-print process for a single-taxel sensor: (a) bottom layer printed using modified TangoPlus; (b) intermediate layer printed using modified
IL/TangoPlus; (c) Conductive electrode printing using modified CNT/prepolymer; (d) printed sensor before curing; (e-f) Cured flexible and stretchable sensor.
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Fig. 9. Mechanical characteristics of the sensor: (a) Dog-bone shaped 3D printed sensor specimen used for tensile test; (b) tensile test of the printed sensor; (c)
compression test with the printed sensor.



M.O.F. Emon, et al.

Additive Manufacturing 28 (2019) 629-638

a (b) (© 1
(a) 6 1o 035" ___ 0.01 mm/s i
0.30 g — 0.05 mm/s g
¢ - 05 0.3 0.1 mm/s
— — 0.5 mm/s
6 Ras <0 025/ _ 1.0mmss
= —~ o 8 ~ — 2.0 mm/s
3 5 0.20?1 Z 6 2 027 __50mmss
a 3 o 4 ]
g 4 015> S 5 >0.15
) < ) <
3 = o0
5 0.10 03 0.1
g 0.0 ?: 0.2 0.05
201
>o
0 3 0 < omed ) : 0
15 20 25 30 35 50 100 150 200 0 02 04 06 08 1
Time (s) Time (s) Pressure (MPa)
@ , © ®
4
0.2 0.2
0.3 0.15 0.15
= Unloading S e
[ f o <
>§ 0.2 zg 0.1 >§ 01
< Loading <
0 0.05 0.05
0
0 0
0 2 4 6 8 200 300 400 500 357 358 359
Force (N) Time (s) Time (s)

Fig. 10. Sensor evaluation: (a) applied force and sensor output (AV,,,) for a fixed strain loop; (b) probe displacement (AL) from the point of contact (in blue), force (in
red), and AV, (in green) at the same timestamp; (c) AV,,, vs. pressure for different probe speeds, showing the strain rate dependence; and (d) hysteresis curve for 10
loops. (e) Sensor subjected to 1000 pressing cycles of a constant strain and (f) a subset of (e) that shows several cycles with a consistent output. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

were recorded at the same timestamp. As can be noticed from this
figure, while the loading curves for force and AV, are similar, a dif-
ference in the unloading curve can be observed. This difference in un-
loading may occur due to the viscoelastic properties of the soft sensor,
which will be discussed in the following section. Also, time delay be-
tween the applied force and AV,,, is less than ten milliseconds.

Fig. 10(b) shows the result from an additional experiment, where a
strain at a certain level was maintained on the sensor over a period of
time. In the top graph of Fig. 10(b), AL indicates the probe/stage dis-
placement from the point of contact with the sensor. This figure shows
multiple loops where a 1-mm probe displacement was applied on the
sensor for 20 s, and the applied force and AV, are also shown for the
same timestamp. The force does not remain constant over time because
of the stress relaxation in the viscoelastic TangoPlus elastomer, where
the sensor output AV, is driven by the strain in the sensor.

The strain rate/deformation rate-dependence of the sensor response
is shown in Fig. 10(c). Compressive forces were applied on the sensor at
different probe speeds, and AV, vs. pressure curves were constructed.
The viscoelastic polymers show strain rate-dependent stress—strain
characteristics [51]. For the same stress, a lower deformation rate re-
quires a higher strain. As a result, a lower probe speed results in a
higher AV,,,,, as illustrated in Fig. 10(c). The difference between loading
and unloading behavior can be seen in in Fig. 10(d), which presents a
hysteresis curve for 10 loops. A 35% strain was applied on the sensor at
a probe speed of 0.1 mm/s. The sensor also exhibited consistent re-
sponses when it was subjected to more than 1000 pressing cycles.
Fig. 10(e) shows a segment of the sensor response when the sensor was
under a 38% strain cycle at a probe speed of 5 mm/s for more than 1000
cycles. Fig. 10(f) shows a portion of the response in Fig. 10(e) and il-
lustrates the consistency of the sensor output over time.
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When there is a need for pressure profiling of a larger area and/or a
need to locate the point of pressure application, a multi-taxel sensor
could be employed, and the configuration of the electrode arrays in the
sensor could be customized in order to generate a different number and
density of taxels. To verify that the proposed sensor could also be 3D
printed with multiple taxels, a 4-taxel (2 X 2) sensor was 3D printed via
the multi-material direct-print system, as shown in Fig. 11(a). The
sensor was connected to external circuitry so that data could be col-
lected from all four taxels simultaneously. Force was applied manually
on one taxel, as shown in Fig. 11(b), and the resulting sensor response
in all the taxels in terms of AV, is shown in Fig. 11(c). The taxel that
underwent deformation showed a peak in AV,, at the time of force
application.

4. Discussion

The printing parameters for three different materials in the sensor
were investigated for using in the multi-material direct-print system
developed in this study, and the system was successfully implemented
in the fabrication of a soft stretchable sensor as well as other multi-
material structures. While the soft sensor fabricated in this study
showed consistent performance throughout the evaluation process,
there are still some opportunities for improvement of the proposed
printing system. For example, a wiper brush and the corresponding
motion instructions could be added to the system to enable cleaning of
the extruder nozzle after each layer, as this would prevent con-
tamination between materials. A brush could be placed near the print-
bed and G-code commands could be added to have few back-and-forth
movements of the nozzle on the brush. Currently, tips are manually
wiped, if needed. Also, the modification of the IL/polymer and CNT/
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Fig. 11. The 4-taxel sensor: (a) Finished sensor that was 3D printed using the direct-print system. (b) Pressure applied on one of the taxels; and (c) output data

showing AV,,, on that taxel.

polymer composite with fumed silica could have some adverse effect on
sensing performance and mechanical pliability. However, as evident in
Section 3.2, the printed sensor showed reliable sensitivity to external
strain which is the target property in the sensor. It is possible to cali-
brate the printed sensor according to its response. In addition, the
sensor geometry and material composition can be easily varied to fine-
tune the sensing performance.

The unloading behavior is different from the loading behavior for
the stretchable sensor, as can be noticed from Fig. 10(a) and (d). The
hysteresis error for a probe speed of 0.1 mm/s was calculated to be
approximately 30%. This is a common phenomenon for viscoelastic
elastomers due to their time-dependent elastic properties [52,53].
However, there is consistency in the loading and unloading curves over
multiple cycles. Fig. 10(d) shows the results for 10 cycles where all the
loading curves are similar and all unloading curves are similar but
follow a different path. Thus, the sensor is able to provide a predictable
response. Fig. 10(b) shows stress relaxation under a constant strain,
where part of the deformational energy is stored elastically and part of
it is dissipated through viscous mechanisms [52]. This ability of the
sensor to dissipate energy could be useful when there is a need for shock
absorption, such as for smart insoles [12] and smart helmets [54]. The
sensor also shows a deformation rate/strain rate-dependent response,
as shown in Fig. 10(c). The viscoelastic materials cannot rearrange their
molecules quickly enough during a short excitation to accommodate to
the strain. In contrast, during a long excitation, there is sufficient time
for molecular rearrangement to occur [52], which is why the sensors
show deformation rate-dependent behavior. Overall, the sensor showed
a reliable and consistent response over a few thousand pressing cycles.

5. Conclusions

In this work, a multi-material direct-print system was developed
that is capable of printing functional materials. An IL-based soft pres-
sure sensor was 3D printed using the developed system. Materials were
modified for 3D printing but were able to maintain their functionality.
Introducing IL in the fabrication of a soft pressure sensor gives more
control over sensor performance, and this opens new possibilities for
research and application. Multi-material 3D printing can provide un-
paralleled manufacturing and design flexibility, as it enables the use of
a wide variety of materials. The flexibility and stretchability of the
developed soft sensor make it suitable for applications where parts are
moveable or are subjected to bending, flexing, and impact, as the 3D
printing process enables sensors to be fabricated on a freeform surface
with a complex geometry. Future studies will focus on upgrading the
direct-print system, investigating conformal 3D printing of stretchable

sensors, and further optimizing the materials used for printing. The
work presented in this study is believed to enhance the research on 3D
printed soft electronics and to open new avenues in the area of wear-
able devices, smart technologies, human-machine interfaces, and
prosthetics.
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