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Abstract: The demand for flexible pressure sensors in wearable devices is dramatically increasing.
However, challenges still exist in making flexible pressure sensors, including complex or costly
fabrication processes and difficulty in mass production. In this paper, a new method is proposed for
preparing the flexible pressure sensors that combines an imprinting technique with blade-coating
of a graphene-silver nanosheet—polymer nanocomposite. The piezo-resistive type flexible pressure
sensor consists of interdigital electrodes and nanocomposite as a sensing layer, as well as a
micropillar array structure. The morphology of the sensitive layer of the sensor is characterized by
scanning electron microscopy (SEM). The response performance, sensitivity, and stability of the
sensor are investigated. The test results show that the initial resistance of the pressure sensor is only
1.6 Q, the sensitivity is 0.04 kPa™, and the response time is about 286 ms. In addition, a highly
hydrophobic wetting property can be observed on the functional structure surface of the sensor.
The contact angle is 137.2 degrees, revealing the self-cleaning property of the sensor. Finally, the
prepared sensor is demonstrated as a wearable device, indicating promising potential in practical
applications.

Keywords: piezo-resistive sensor; flexible sensor; imprinting; blade coating; graphene; silver
nanosheet; polymeric nanocomposite

1. Introduction

With rapid development of soft robots [1], human-computer interactions [2], smart
homes [3,4], and medical health monitoring [5], flexible electronic products such as
electronic skin [6], wearable devices [5], and on-site detection sensors [7,8] have become hot
topics. These flexible electronic devices are highly desirable with accurate sensing abilities.
However, traditional sensors based on metal thin-films or semiconductor materials are
difficult to adapt to the irregular curved surfaces of human bodies or soft robotic
manipulators due to their low deformation. Researchers have tried to improve the flexibility
of these sensors by adopting some serpentine film-like microstructures [9]. Recently, new
flexible or stretchable sensors are emerging, including pressure sensors [10], temperature
sensors [11], humidity sensors [12], and so on. Among them, the flexible pressure sensor has
been particularly attractive for a wide range of application prospects. For example, flexible
pressure sensors can sensitively perceive the human pulse, heartbeat, and motion state for
medical health monitoring [13] and tactile perception [14]. Additionally, the flexible sensors
can be also applied to soft robots [15]. However, it is a great challenge to achieve low-cost,
large-scale, and high-performance flexible pressure sensors. Therefore, it is desirable to
develop new sensor fabrication approaches.

Numerous nanomaterials have been widely used in flexible pressure sensors because
of their excellent electrical properties, such as graphene [16], carbon nanotubes [17,18],
and other carbon-based nanomaterials, metal-based nanowires, nano-sheets, and two-
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dimensional carbides and nitrides (MXenes) [19]. Researchers have tried many different
materials as flexible substrate materials, including paper, silk [20], poly(ethylene
terephthalate) (PET), polyimide (PI), polydimethylsiloxane (PDMS), and so on [21]. The
detection of pressure can be achieved based on the response of resistance [22], capacitance,
piezoelectricity, and triboelectric effect to the pressure [23]. Furthermore, to enhance the
sensitivity and response performance of the flexible pressure sensors, researchers have
proposed many kinds of sensitive materials and structures. For example, helical and
serpentine structures were used to improve the ductility of metal film electrodes or
sensitive materials for flexible sensors [24,25]. Meanwhile, regular array micropillar
structures of cylinders, cones, and replica structures from irregular microstructures such
as sandpaper or plant leaves were employed to improve the sensitivity of flexible sensors
[26]. Importantly, researchers have also developed a great many approaches to achieve
these structures, including lithography, etching, screen printing, electrospinning, inkjet
printing, and so forth. Although great progress has been made in the research on
materials, structures, and fabrication, great challenges remain in sensor fabrication due to
its complex processes.

In recent years, flexible sensors based on polymeric composite materials have become
highly promising in the application of wearable electronics. For instance, highly
stretchable hydrogels have similar mechanical properties as human skin, and in
particular, ionic hydrogels endow flexible sensors with excellent response performance
[27]. Therefore, such hydrogels have attracted wide attention from researchers. Three-
dimensional (3D) printing techniques have been proposed to achieve complex patterns of
hydrogels. However, there exist some disadvantages of hydrogel-based sensors; e.g., the
resulting hydrogel-based materials are of poor conductivity and greatly rely on there
being a humid environment.

Herein, we propose a novel type of polymeric nanocomposite based flexible sensor
that demonstrates good conductivity and response performance. Meanwhile, by adopting
relatively simple and cost-effective processes, such flexible sensors can be achieved and
can reveal high hydrophobicity. Templates of silicone rubber ESSIL 296 are fabricated by
imprinting to prepare a micro-hole array structure and a micro-channel for interdigital
electrodes. Then, interdigital electrodes and a pressure-sensitive functional layer of the
flexible pressure sensor can be achieved by blade-coating. The sensitive functional layer
is made of reduced oxide graphene (RGO), silver nanosheet (AgNS), and PDMS. The
sensing performance and surface wetting properties are investigated. Finally, the flexible
pressure sensor as prepared is demonstrated as a wearable device.

2. Materials and Methods
2.1. Materials

During the fabrication of the flexible pressure sensor, ESSIL 296 (a mixture of
polymethylsiloxane and silicon dioxide) was used as the sensor substrate, PDMS
(Sylgard184, Dow Corning, Midland, MI, USA) was used as the functional layer polymer
nanocomposite material, silver nanosheet (AgNS) with a sheet diameter of about 5 pm
(XF Nano Co., Ltd., Nanjing, China), and an aqueous dispersion of high-concentration
reduced graphene oxide (RGO) (XF Nano Co., Ltd., Nanjing, China) were used as
purchased.

2.2. Preparation of Sensitive Layer Material

To fabricate the sensitive layer of the flexible sensor, PDMS, AgNS, and RGO
dispersion were mixed uniformly in a mass fraction of 10:10:1. First, high concentration
graphene dispersion was treated in an ultra-sonication bath for 15 min to ensure uniform
dispersion. Then, the RGO dispersion and the AgNS were weighed and mixed thoroughly
with ultra-sonication treatment for 10 min. Next, the PDMS precursor was added to the
mixture, and ultrasonic treatment was continued for 15 min. When the ultrasonic
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treatment was finished, the PDMS curing agent was added to the mixture under rigorous
stirring for about 10 min to produce a viscous state. In this manner, a uniform mixture of
slurry of polymeric nanocomposite could be obtained as the sensitive material.

2.3. Fabrication Process of Flexible Pressure Sensor

Figure 1 shows the fabrication procedure of the flexible pressure sensor proposed.
First, 30 g of ESSIL 296 with a 10:1 ratio of basic components and curing agent was mixed
together by rigorously stirring prior to being degassed in a vacuum chamber (Figure 1a).
Then, the ESSIL 296 mixture was spin-coated onto the interdigital electrode template and
the round-shape hole array template (Figure 1b), respectively. The template was
fabricated according to the scheme of procedure as shown in Figure Al (Appendix A).
Then, the two resulting templates of ESSIL 296 were placed together face-to-face in a
vacuum for further degassing (Figure 1c). After that, the flat surfaces coated with ESSIL
296 on the two templates were closely adhered to each other, and a certain pressing force
was applied from both sides to promote bonding of the two templates (Figure 1d). Finally,
the bonded sample was placed in an 85 °C oven for 30 min; thus, a film sample could be
obtained with microstructures on both sides.

(b)

Sensitive Layer With

RGO-AgNS-PDMS Nanocomposite RGO Interdigital Electrodes Micropillar Array

(9) (f) (€)

Figure 1. Schematic illustration of sensor fabrication procedure. (a) Stirring of ESSIL 296 with curing
agent with a mass fraction of 10:1; (b) Spin coating of ESSIL 296 mixture on interdigital electrode
template (b-I) and the round-shape hole array microstructured template (b-II); (c) Placing together
of the interdigital electrode template and the micropillar array template in a vacuum chamber for 8
min to further degas; (d) Alignment of (c-I) and (c-II) flat surfaces with ESSIL 296, and clamping
both templates together with two pieces of glass slides under a certain pressure, prior to curing in
an oven; (e) Peeling the cured ESSIL 296 from the interdigital electrode template and the round-
shape hole array template; (f) Blade-coating RGO ink into the interdigital electrode channel; (g)
Blade-coating of RGO-AgNS-PDMS nanocomposite to prepare for a sensitive layer on the surface
of the interdigital electrodes. (h) Illustration of the flexible sensor.

The film sample with two sides of microstructures (one side with a micro-channel of
interdigital electrodes and the other side with a micropillar array structure) was peeled
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off the templates (Figure le). Then, about 1 mL of high-concentration RGO ink was
applied to the surface by blade-coating with interdigital electrodes. Upon repeating blade-
coating and drying on a hotplate, interdigital electrodes with an RGO structure were
obtained (Figure 1f). After that, the residual RGO ink on the surface was cleaned with a
dust-free cloth soaked in ethanol to avoid short circuit of the electrode. Then, the RGO-
AgNS-PDMS nanomaterial composite prepared in Section 2.2 in the amount of 1 mL was
used to fabricate the sensation layer. Briefly, the slurry nanocomposite could be deposited
into the template structures by blade-coating over the desired area and cured in an oven
at 90 °C for 2 h (Figure 1g). Thus, a conductive and pressure-sensitive layer about 100 um
in thickness was prepared on the surface of the above prepared interdigital electrodes.
The mixing ratio of the composites could be adjusted to achieve an optimized sensing
performance. Finally, a layer of PDMS was spin-coated on the surface of the sensor device
for packaging (Figure 1h).

2.4. Morphology Characterization and Surface Wettability Test

The structural morphology of RGO, AgNS, and PDMS composites was observed by
field emission scanning electron microscope FE-SEM (SUPRA-55, ZEISS, Oberkochen,
Germany). The microstructures of the sensor and interdigital electrodes were
characterized using a confocal microscope (OLS5000-SFA, Olympus, Tokyo, Japan). Then,
the static and dynamic surface wettability of ESSIL 296 samples were characterized for
surfaces with or without micropillar array structures. At the same time, a high-speed
camera (FASTCAM NOVA S9, PHOTRON Ltd., Tokyo, Japan) was employed to record
the sliding and rolling process of a 10-uL water droplet on the 45° tilting surface with
micropillar array structure. The parameters of the high-speed camera included a shutter
speed of 1/frame sec, and a shooting speed of 1000 fps (frames per second).

2.5. Performance Test of the Flexible Sensor

To investigate the performance of the prepared sensor, a High Current Interactive
Source Meter Model 2460 (Keithley Instruments, Solon, OH, USA) was used with data
acquisition frequency of 12 points per second. A digital display push—pull meter (HP-50,
Edberg Instruments Co., Ltd., Yueqing, China) was employed to apply load to the sensor,
and the data were obtained with a sample frequency of 12 points per second. The
experimental set-up for testing the sensor performance can be seen in Figure A2
(Appendix A). To investigate the response, stability, and sensitivity of the flexible
pressure sensor, we applied loads to the flexible pressure sensor from 0 to 15 kPa with
different loading rates with data recorded. In total, four groups of data were analyzed,
and the response time was obtained for different loading rates.

Furthermore, three modes of pressure loading approaches were implemented to
figure out the comparable response of the sensors. In the first approach, pressure loading
was applied continuously from 0 to 40 kPa until a stable pressure was reached for each
single 5 kPa step; this experiment was repeated 5 times. For the second approach, pressure
loading was applied from 0 to 5 kPa and unloaded to 0, then the pressure was increased
again until it reached 40 kPa, and this process was also repeated 5 times. Then, for the
third approach, pressure was applied from 0 to 40 kPa and started to unload after
stabilization, down to 35 kPa and to 5 kPa successively. This process was also repeated
five times. The aim of the different loading modes was to test whether the resistance
changed consistently with the pressure loading under different modes. Finally, the
sensitivity and stability characteristics were analyzed by recording data.
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3. Results
3.1. Working Mechanism of the Sensor

The working principle of the prepared sensor is based on the permeation theory and
the tunneling current effect [28,29], as the conductive nanocomposite material was
prepared by adding conductive nanomaterials into the silicone rubber, where a
conductive network path would be generated in the nanocomposite. The generation of a
conductive network path is sensitive to application of pressure and has a low resistance.
By increasing the loading pressure, the internal conductive path will become shorter and
thus lead to a decrease in resistance. The deformation and corresponding output of the
sensor before and after pressure are shown in Figure A3 (Appendix A). The corresponding
mechanism can be described as in the following equations [28]:

J = Jo{@e P — ( + ev,)e-reve
e
Jo= 21mh(As)? M

_ 4ntAs \/Z_me

where | represents the tunnel current density, e and m. represent the charge and number
of electrons, 1 is Planck’s constant, V. is the applied voltage across the thin polymer layer,
and ¢ is the average energy gap, which has two roots at two positions of s1 and sz with a
distance of As=s2- s1.

A

3.2. Dispersion of the Functional Layer

To obtain an optimized sensitive layer, six groups of nanomaterial application were
explored, as listed in Table 1. The results show that PDMS has good flowability in the liquid
state and that the PDMS mixture with precursor and curing agent will not cure at room
temperature. However, the toughness of PDMS after curing was worse than ESSIL 296, so
it was easy to tear. On the contrary, ESSIL 296 has poor flowability and has higher viscosity
in the liquid state. Being mixed with the curing agent, ESSIL 296 mixture would be solidified
at room temperature after a relatively long time, but it retained good toughness and was not
easy to tear.

Table 1. Comparison of different groups of composition for functional layer materials.

Number Composition of Materials Performance
1 RGO, PDMS Good dispersion, poor conductivity
2 RGO, ESSIL 296 Poor dispersion, poor conductivity
3 AgNS, PDMS Unstable and poor dispersion, good conductivity
4 AgNS, ESSIL 296 Poor dispersion, poor conductivity
5* RGO, AgNS, PDMS Stable and good conductivity, good dispersion
6 RGO, AgNS, ESSIL 296 Poor dispersion, poor conductivity

* Selected composition for our study.

Since ESSIL 296 was selected as the substrate material, ESSIL 296 was thought to be
applicable as a matrix polymer for the sensitive nanocomposite layer. On the one hand, it
was found that the nanocomposites were not conductive when a small amount of RGO
dispersion was added to PDMS or ESSIL 296. On the other hand, if the amount of RGO
was increased, then the RGO and PDMS or ESSIL 296 could not be effectively bonded
together. In that case, it was not suitable to use the RGO and ESSIL nanocomposite as the
sensation material. It is notable that RGO is a material of low density, and therefore its
mass is far less than that of silicone rubber, leading to a large volume. Alternatively, AgNS
was applied with both PDMS and ESSIL 296. As a result, RGO could be well dispersed
with PDMS or ESSIL 296, but the electrical conductivity was poor and unstable, and AgNS
was not uniformly dispersed in silicone rubber, especially for ESSIL 296.
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Therefore, by combining the advantages of different matrix polymers and nano-
fillers, RGO, AgNS, and PDMS were eventually chosen for preparing the nanocomposite.
By adjusting the ratio of these components, polymeric nanocomposites with low
resistance, good viscosity, and stable performance could be obtained. Figure 2 shows the
morphology of a sensitive layer of the RGO, AgNS, and PDMS nanocomposite observed
at different levels of magnification. As can be seen, RGO and AgNS are well dispersed
without obvious aggregates. In addition, AgNS is wrapped by PDMS, indicating that
AgNS would be more robust and embedded in the polymer matrix. Therefore, we can also
verify that the nanocomposite in PDMS could have good stability. By adjusting the
proportion of nanofillers in PDMS, the resistance of the nanocomposite could vary from
several tens of ohms to hundreds of ohms. Such resistance is smaller than those polymers
with resistance of thousands or even tens of thousands of ohms [30-32].

EHT = 10.00 k¥ Signal A = SE2 Date ;14 Dec 2022
WD =11.2mm Mag= 500X Time -18:41:30 WD =11.2mm Mag= 3.00KX Time -18:42:26

EHT = 10.00 kv Signal A =SE2 Date ;14 Dec 2022

(a) (b)

Figure 2. Morphology of RGO-AgNS-PDMS nanocomposites. (a) SEM images of RGO-AgNS-
PDMS nanocomposites at a magnification of 500x; (b) SEM images of RGO-AgNS-PDMS
composites at a magnification of 3000x.

3.3. Morphology of the Sensor Substrate

Figure 3 shows the morphology of the sensor observed by confocal microscope.
Figure 3a shows the surface morphology of the micropillar array structure. It can be seen
that the molded structure of the micropillars is complete, with a height of 200 um and a
diameter of 100 pm. These micropillar array structures resulted from replicating the
round-hole microstructure as shown in Figure 3b. Figure 3c shows the channel
morphology of the interdigital electrodes resulting from imprinting. The width of the
interdigital electrode was about 100 um, while the gap was 20 pm, and the channel depth
was about 8 um. As can be seen in Figure 3, the surface microstructure could be
successfully replicated by imprinting technology in a high throughput manner.
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Figure 3. Confocal microscope images of surface topography of the sensor. (a) Microscope image of
micropillar array structure; (b) Microscope image of micro-hole array structure as a template for
replicating the micropillar array structure in (a); (¢) Microscope image showing the channel
structures for template fabrication of the RGO interdigital electrodes; (d) Photographs of ESSIL 296
thin films with channels for templating fabrication of interdigital electrodes, with the circle
indicating the channel structure, and micropillar array structures on other surface of the film.

3.4. Response Behavior of the Flexible Sensor

Figure 4a depicts four pressure loading modes for multiple time points; they finally
reached a stabilized response at 15 kPa, and four resistance curves of R1-R4 were
correspondingly obtained. It can be seen that as the load increases at different speeds, it
gradually stabilized at 15 kPa, and the resistance gradually decreased to a similar value of
about 1.2 ), indicating the stability of the sensor with the pressure change. Meanwhile, the
resistance change decreased as the pressure was increasing, which was not affected by the
loading speed. Notably, the sensor was tested repeatedly more than 60 times, and the final
output values of resistive response almost approached the same, revealing good repetition
characteristics. Figure 4b shows that when a certain pressure was applied to the sensor and
unloaded within a very short duration, the response time of the sensor was 282 ms and the
recovery time was found to be 386 ms, indicating that the sensor has a fast response.
However, the recovery time was slightly longer than the response time, because the RGO-
AgNS-PDMS polymer nanocomposite was a kind of elastic material with mechanical
hysteresis. Therefore, it would take some time for the internal conductive path to relax.
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Figure 4. Correlation of resistance response with time of sensor during pressure loading. (a)
Pressure loading application to 15 kPa by four loading modes, indicating the variation of resistance
with increasing the pressure; (b) Curves show the response time and the recovery time of sensor
during loading and unloading processes, respectively.

3.5. Sensitivity and Stability Test of the Sensor

The sensitivity of the prepared piezo-resistive pressure sensor can be described as
Ri—Ry AR

Rolp ~ Robp

)

where S is sensitivity (kPa™); Ro the initial resistance of the sensor (€2); R: the resistance
value in applying the pressure (Q); Ap the applied load (Pa).

Figure 5 shows a diagram of the recorded data during three experiments with
different loading approaches. As can be seen, the resistance change has a similar trend as
the pressure loading for three loading approaches, and the error of resistance change for
each loading approach will reach a stable value of 0.015 Q. Additionally, the maximum
sensitivity is 0.04 kPa™, indicating that the sensitive layer of the RGO-AgNS-PDMS
nanocomposite has rather good interfacial interactions with the substrate and the
interdigital electrodes. Furthermore, the sensor reveals strong stability, and little
fluctuation of resistance was observed when sudden loading was applied. By increasing
the loading pressure, the resistance will be gradually decreased, because the conductive
nanocomposite will be subjected to squeezing, thus leading to more internal conductive
paths. By increasing the loading pressure to 40 kPa, the change in resistance tends to be
saturated, indicating that an equilibrium of internal conductive paths can be established
under compression. It is noteworthy that the sensitivity of the sensor is relatively small
because of the low initial resistance. Moreover, resistance is negatively correlated with
pressure, and the interval of relative change in resistance is also low. According to
Equation (2), the sensitivity of the sensor is not very high, but it has good stability with
high accuracy. Thus, the performance of the sensor can be applicable as a flexible wearable
device.
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Figure 5. Change in resistance and sensitivity under different loading modes. (a) Resistance
response performance with loading pressure from 0-40 kPa, maintaining loading after stabilization
every 5 kPa without unloading each time; (b) Resistance response performance with loading
pressure from 40 kPa down to 0, with data recorded until each stage of decrease of 5 kPa reaching
stabilization, and with re-loading after each complete unloading; (c) Resistance response
performance with loading pressure from 0 to 40 kPa at an interval of 5 kPa, and re-loading after
each unload. (d) Schematic diagram illustration of different loading modes.

3.6. Application

The influence of environmental factors should be avoided as much as possible in the
application of sensors. The micropillar array structure of the prepared sensor surface not
only has good sensing capability, but also endows its surface with hydrophobic
performance. Figure 6 shows the contact angle measurement results with or without the
micropillar array structure. From Figure 64, it is clearly shown that ESSIL 296 has a certain
hydrophobicity, but its hydrophobicity was not quite good, as water droplets with a
contact angle of about 90° could still adhere to the surface without falling off. When a
droplet of 10 uL was placed on the surface of the ESSIL 296 substrate with a micropillar
array structure, the contact angle of water droplets could reach a contact angle of 137.2°.
In essence, the micropillar array structure greatly enhanced the surface wetting property.
Therefore, this microstructure presents wettability similar to the water striders, whose feet
are covered with tiny hairs, enabling a super-hydrophobic wetting property [33]. When
the surface is gradually tilted to about 45°, water droplets could roll off quickly. This
process was successfully recorded with a high-speed microscopic camera. As shown in
Figure 6c, the distance of a rapidly sliding water droplet on the surface of the micropillar



Nanomaterials 2023, 13, 4

10 of 15

array structure was 10 mm, and the duration was 62 ms, indicating that the surface of the
sensor has good hydrophobic properties and can ensure good dustproof and self-cleaning
effects in a long-run application.

CA=89.0° CA=137.2°

100 pm

Figure 6. Characterization of hydrophobic wetting property of the microstructure surface of the
sensor. (a) Contact angle measurement on the surface of ESSIL 296 without microstructure, scale bar
= 300 um; (b) Contact angle measurement on the surface of ESSIL 296 with micropillar array
structure, scale bar = 300 um; (c) Captured frames of a water droplet sliding on the tilting
microstructure surface using a high-speed camera, scale bar = 2 mm; (d) Magnification of
microstructure observation by the high-speed camera.

The flexible piezo-resistive pressure sensor proposed is based on the polymeric
nanocomposite of RGO, AgNS, and PDMS, thus endowing the sensor with good
biocompatibility, flexibility, and tensile properties. Therefore, it can be worn as a kind of
electronic skin on the irregular shape of joints of the human body or robots, to achieve the
sensing of motion. Figure 7 demonstrates the performance of the sensor as mounted on a
pointing finger of a glove to click the left key of the mouse or to hold on to a glass beaker.
As shown in Figure 7a, the flexible pressure sensor was mounted to the finger by sticky
tape, with the finger clicking the mouse naturally. During the repeated clicking process of
the finger, the resistance of the sensor shows a change up and down, as is shown in Figure
7b. In addition, another demonstration was conducted for grasping the glass beaker using
a hand to which the sensor was also applied (as shown in Figure 7c). As the quantity of
water supplied to the glass beaker rose from zero to one-half to 4/5, the sensor resistance
would gradually decrease with the increasing amount of water (Figure 7d). The above
demonstration reveals the promising application potential of the presented flexible
pressure sensors in wearable devices.
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Figure 7. Demonstration and performance of the presented flexible pressure sensor mounted on a
gloved finger. (a) Procedure of finger clicking the mouse, with I-III denoting the three stages of
finger motions on the mouse; (b) Tested resistance of the sensor as the finger was clicking; b-I
denoting the initial state of the finger, b-II denoting the finger lifting, and b-III denoting the finger
clicking on the mouse, respectively; (c) Procedure of grasping a glass beaker, with I-III denoting
varying amounts of water; (d) Result of resistance of the sensor indicating the stages of grasping the
beaker with different amounts of water; d-I denoting holding of an empty beaker, d-II denoting
holding of a beaker with 1/2 water in it, and d-III denoting holding of a beaker with 4/5 water in it.

4. Conclusions

In summary, we present a novel type of flexible piezo-resistive pressure sensor with
low resistance, stable sensing, and hydrophobic properties. The sensor was achieved by
using a pressure-sensitive nanocomposite of RGO and AgNS in PDMS, thus leading to a
uniform mixture and stable conductivity. The substrate of the sensor could be produced
in batches by means of template imprinting and replication. Additionally, the flexible
interdigital electrodes and sensitive functional layer can be prepared by blade-coating. As
a result, the resistance of the pressure sensor was 1.6 (2, the maximum sensitivity was 0.04
kPa™!, and the response performance of the sensor was stable even after 60 repeated
experiments. The dynamic response time of the sensor was about 280 ms, and the recovery
time was about 386 ms. Moreover, the micropillar array structure surface of the sensor has
a good self-cleaning property. The prepared flexible pressure sensors are promising for
potential applications in wearable electronics.
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Appendix A

In order to meet the needs of repeated production, the imprint molding method was
used to fabricate the micropillar array structure and the interdigital electrode structure.
ESSIL 296 was chosen as the template material because it has excellent toughness and
resilience in harsh environments. The prepared template can be used to create the
micropillar array structure and interdigital electrodes by repeatedly imprinting.

Briefly, the microstructure parameters of the micropillars was designed with a
diameter of 100 pm and a height of 200 um. The fabrication process is as follows. Figure
Ala: a 3-inch silicon wafer was cleaned thoroughly, and photoresist AZ4620 was spin-
coated on the wafer. Figure Alb: Prebaking of silicon wafer with photoresist on a 95 °C
hot-plate for 10 min, prior to mask-aligned ultraviolet exposure of 365 nm wavelength for
33 s, post-baking for 5 min on a 100 °C hot plate, and developing by dipping into the
sodium hydroxide (NaOH) aqueous solution with a mass fraction of 5%o. By this means,
photoresist patterns can be obtained by rinsing in deionized water and blown dry with a
nitrogen gun. Figure Alc: A round-hole array structure with a depth of 200 um was etched
on the developed silicon wafer by using an inductive coupling plasma (ICP)/reactive ion
etching (RIE) process. Figure Ald: The excess photoresist on the silicon wafer was cleaned
to obtain a round-hole array structure template on the silicon wafer. Figure Ale: The
silicon wafer with etched structures was placed into an ICP180 etcher for hydrophobic
process treatment by fluorocarbon polymer coating (CsFs). Figure Alf: Replicating with
the etched silicon wafer as template by imprinting: ESSIL 296 precursor and curing agent
with a ratio of 10:1 were mixed by stirring and degassed in a vacuum chamber, and then
the prepared ESSIL 296 was supplied on the etched silicon wafer and placed again in a
vacuum chamber for degassing, with a piece of glass covering and pressed, and placed in
an 85 °C oven; Figure Alg: After curing for two hours, the sample of cured ESSIL 296 with
micropillar array stuctures was peeled off the silicon template with microhole array
structures. Figure Alh: The micropillar array structure of ESSIL 296 template was used to
replicate the micro-hole array structure of ESSIL 296 and then cured in an 85 °C oven.
Figure Ali: Hydrophobic treatment with CaFs, prior to peeling of ESSIL 296 microhole
array template. The interdigital electrode mold can be fabricated using a similar
procedure as mentioned above.

(a)

(d)

nnnns - .

(h)

J
(i)

(8) (f) (e)

Photoresist silicon chip ESSIL 296 CA4F8

Figure A1l. Schematic illustration of fabricating the ESSIL296 microhole array template. (a) Spin-
coating of photoresist AZ4620 on cleaned silicon wafer; (b) Photoresist patterning by UV exposure
and development; (c) ICP/RIE etching of microhole array structures on silicon wafer; (d) Removal
of photoresist on silicon structures; (e¢) Hydrophobic treatment with C4Fs; (f) Spin-coating of ESSIL
296 on microhole array structure of silicon wafer, template imprinting and curing; (g) Peeling of
cured micropillar array structures of ESSIL 296, as well as hydrophobic treatment with CsFs; (h)
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Spin-coating of ESSIL 296 on the hydrophobic-treated ESSIL 296 template and curing; (i) Peeling
of ESSIL 296 microhole array structures and another hydrophobic treatment.

Model 2460
SourceMeter

Pressure measuring
instrument

— Computer

Figure A2. Photos of experimental set-up for testing the flexible pressure sensor.

NGERRE, () e ()

Figure A3. Schematic illustration of the piezo-resistive flexible sensor before and after loading
pressure. By applying pressure loading F on the conductive polymer, more conductive paths can be
generated, thus leading to a decrease in resistance.

References

1.  Pinskier, J.; Howard, D. From Bioinspiration to Computer Generation: Developments in Autonomous Soft Robot Design. Adv.
Intell. Syst. 2022, 4, 2100086. https://doi.org/10.1002/aisy.202100086.

2. Deng, W, Yang, T.; Jin, L.; Yan, C.; Huang, H.; Chu, X;; Wang, Z.; Xiong, D.; Tian, G.; Gao, Y.; et al. Cowpea-structured
PVDF/ZnO Nanofibers Based Flexible Self-powered Piezoelectric Bending Motion Sensor Towards Remote Control of Gestures.
Nano Energy 2019, 55, 516-525. https://doi.org/10.1016/j.nanoen.2018.10.049.

3. Han, D, Lim, J. Design and Implementation of Smart Home Energy Management Systems Based on Zigbee. IEEE Trans. Consum.
Electr. 2010, 56, 1417-1425. https://doi.org/10.1109/TCE.2010.5606278.

4.  Huimin, L; Yujie, L.;Yun, L, Seiichi, S.; Hyoungseop, K. Highly Accurate Energy-Conserving Flexible Touch Sensors. Sens.
Mater. 2017, 29, 611-617. https://doi.org/10.18494/SAM.2017.1458.

5. Zhao, Y.; Wang, J.; Zhang, Y.; Liu, H.; Chen, Z,; Lu, Y.; Dai, Y.; Xu, L.; Gao, S. Flexible and Wearable EMG and PSD Sensors
Enabled Locomotion Mode Recognition for IoHT-Based In-Home Rehabilitation. IEEE Sens. |. 2021, 21, 26311-26319.
https://doi.org/10.1109/JSEN.2021.3058429.

6.  Pierre Claver, U.; Zhao, G. Recent Progress in Flexible Pressure Sensors Based Electronic Skin. Adv. Eng. Mater. 2021, 23, 2001187.
https://doi.org/10.1002/adem.202001187.

7. Umapathi, R;; Venkateswara Raju, C.; Majid Ghoreishian, S.; Mohana Rani, G.; Kumar, K.; Oh, M,; Pil Park, J.; Suk Huh, Y.
Recent advances in the use of graphitic carbon nitride-based composites for the electrochemical detection of hazardous
contaminants. Coord. Chem. Rev. 2022, 470, 214708. https://doi.org/10.1016/j.ccr.2022.214708.



Nanomaterials 2023, 13, 4 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Gokana, M.R.; Wu, C.; Motora, K.G.; Qi, ].Y.; Yen, W. Effects of patterned electrode on near infrared light-triggered cesium
tungsten bronze/poly(vinylidene)fluoride nanocomposite-based pyroelectric nanogenerator for energy harvesting. J. Power
Sources 2022, 536, 231524. https://doi.org/10.1016/j.jpowsour.2022.231524.

Kim, ].; Lee, M.; Shim, H.J.; Ghaffari, R.; Cho, H.R.; Son, D.; Jung, Y.H.; Soh, M.; Choi, C.; Jung, S.; et al. Stretchable silicon
nanoribbon electronics for skin prosthesis. Nat. Commun. 2014, 5, 5747. https://doi.org/10.1038/ncomms6747.

Liu, X.; Wei, Y.; Qiu, Y. Advanced Flexible Skin-Like Pressure and Strain Sensors for Human Health Monitoring. Micromachines
2021, 12, 695. https://doi.org/10.3390/mil12060695.

Liu, G.; Tan, Q.; Kou, H,; Zhang, L.; Wang, J.; Lv, W.; Dong, H.; Xiong, J. A Flexible Temperature Sensor Based on Reduced
Graphene Oxide for Robot Skin Used in Internet of Things. Sensors 2018, 18, 1400. https://doi.org/10.3390/s18051400.

Liang, R.; Luo, A,; Zhang, Z.; Li, Z.; Han, C.; Wu, W. Research Progress of Graphene-Based Flexible Humidity Sensor. Sensors
2020, 20, 5601. https://doi.org/10.3390/s20195601.

Heo, ].S.; Hossain, ML.F.; Kim, I. Challenges in Design and Fabrication of Flexible/Stretchable Carbon- and Textile-Based
Wearable Sensors for Health Monitoring: A Critical Review. Sensors 2020, 20, 3927. https://doi.org/10.3390/s20143927.

Zeng, X.; Hu, Y. Sensation and Perception of a Bioinspired Flexible Smart Sensor System. ACS Nano 2021, 15, 9238-9243.
https://doi.org/10.1021/acsnano.1c03408.

Liu, F,; Dai, S.; Cao, J.; Zhang, Z.; Cheng, G.; Ding, ]. CNTs based capacitive stretchable pressure sensor with stable performance.
Sens. Actuators A: Phys. 2022, 343, 113672. https://doi.org/10.1016/j.sna.2022.113672.

Yang, H.; Xue, T.; Li, F.; Liu, W.; Song, Y. Graphene: Diversified Flexible 2D Material for Wearable Vital Signs Monitoring. Adv.
Mater. Technol. 2018, 4, 1800574. https://doi.org/10.1002/admt.201800574.

Xu, M.; Gao, Y.; Yu, G,; Ly, C; Tan, J.; Xuan, F. Flexible Pressure Sensor Using Carbon Nanotube-wrapped Polydimethylsiloxane
Microspheres for Tactile sensing. Sens. Actuators A: Phys. 2018, 284, 260-265. https://doi.org/10.1016/j.sna.2018.10.040.
Aguilar-Bolados, H.; Yazdani-Pedram, M.; Contreras-Cid, A.; Lopez-Manchado, M.A.; May-Pat, A.; Avilés, F. Influence of the
Morphology of Carbon Nanostructures on the Piezoresistivity of Hybrid Natural Rubber Nanocomposites. Compos. Part B: Eng.
2017, 109, 147-154. https://doi.org/10.1016/j.compositesb.2016.10.057.

Liao, H.; Guo, X.; Wan, P.; Yu, G. Conductive MXene Nanocomposite Organohydrogel for Flexible, Healable, Low-Temperature
Tolerant Strain Sensors. Adv. Funct. Mater. 2019, 29, 1904507. https://doi.org/10.1002/adfm.201904507.

Zhao, Y.; Liu, L.; Li, Z.; Wang, F.; Chen, X,; Liu, J.; Song, C.; Yao, J. Facile Fabrication of Highly Sensitive and Durable Cotton
Fabric-based Pressure Sensors for Motion and Pulse Monitoring. J. Mater. Chem. C 2021, 9, 12605-12614.
https://doi.org/10.1039/d1tc02251b.

Qipei He, W.Z,; Tianyu, S.; Zheng, G.; Zihao, D.D.Z.; Yonggang, ]J. Flexible Conductivity-temperature-depth-strain (CTDS)
Sensor Based on a CNT/PDMS Bottom Electrode for Underwater sensing. Flex. Print. Electron. 2022, 7, 045002.
https://doi.org/10.1088/2058-8585/ac94df.

Wang, X.; Yu, J; Cui, Y.; Li, W. Research Progress of Flexible Wearable Pressure Sensors. Sens. Actuators A: Phys. 2021, 330,
112838. https://doi.org/10.1016/j.sna.2021.112838.

Chen, W.; Yan, X. Progress in achieving high-performance piezoresistive and capacitive flexible pressure sensors: A review. J.
Mater. Sci. Technol. 2020, 43, 175-188. https://doi.org/10.1016/j.jmst.2019.11.010.

Zhang, S.; Wang, B.; Jiang, J.; Wu, K.; Guo, C.F.; Wu, Z. High-Fidelity Conformal Printing of 3D Liquid Alloy Circuits for Soft
Electronics. ACS Appl. Mater. Interfaces 2019, 11, 7148-7156. https://doi.org/10.1021/acsami.8b20595.

Yan, Z; Pan, T.; Wang, D.; Li, ].; Jin, L.; Huang, L; Jiang, J.; Qi, Z.; Zhang, H.; Gao, M.; et al. Stretchable Micromotion Sensor
with Enhanced Sensitivity Using Serpentine Layout. ACS Appl. Mater. Interfaces 2019, 11, 12261-12271.
https://doi.org/10.1021/acsami.8b22613.

Gao, Y,; Xiao, T; Li, Q.; Chen, Y.; Qiu, X,; Liu, ].; Bian, Y.; Xuan, F. Flexible Microstructured Pressure Sensors: Design, Fabrication
and Applications. Nanotechnology 2022, 33, 32202. https://doi.org/10.1088/1361-6528/ac6812.

Ge, G;; Wang, Q.; Zhang, Y.Z.; Alshareef, H.N.; Dong, X. 3D Printing of Hydrogels for Stretchable Ionotronic Devices. Adv.
Funct. Mater. 2021, 31, 2107437. https://doi.org/10.1002/adfm.202107437.

Yang, H.; Yuan, L,; Yao, X.; Fang, D. Piezoresistive Response of Graphene Rubber Composites Considering the Tunneling Effect.
J. Mech. Phys. Solids 2020, 139, 103943. https://doi.org/10.1016/j.jmps.2020.103943.

Zhao, D.; Cui, J.; Dai, X;; Liu, S.; Dong, L. Magneto-piezoresistive Characteristics of Graphene/room Temperature Vulcanized
Silicon Rubber-silicon Rubber Magnetorheological Elastomer. [ Appl. Polym. Sci. 2021, 138, 50051.
https://doi.org/10.1002/app.50051.

Tran, M.T.; Tung, T.T.; Sachan, A ; Losic, D.; Castro, M.; Feller, ].F. 3D Sprayed Polyurethane Functionalized Graphene / carbon
Nanotubes Hybrid Architectures to Enhance the Piezo-resistive Response of Quantum Resistive Pressure Sensors. Carbon 2020,
168, 564-579. https://doi.org/10.1016/j.carbon.2020.05.086.

Li, Z.; Chen, X.; Chen, X,; Guo, J.; Liu, L.; Zhu, G.; Militky, J.; Yao, J. Interfacial-Modified Graphene/Cotton Fabric for Durable Pressure
Sensor via Electrostatic Self-Assembly. ACS Appl. Polym. Mater. 2022, 4, 8604-8612. https://doi.org/10.1021/acsapm.2c01530.



Nanomaterials 2023, 13, 4 15 of 15

32. Jing, Z.; Zhang, Q. Cheng, Y. Ji, C; Zhao, D.; Liu, Y.; Jia, W,; Pan, S.; Sang, S. Highly Sensitive, Reliable and Flexible
Piezoresistive Pressure Sensors Based on Graphene-PDMS @ sponge. |. Micromech. Microeng. 2020, 30, 85012.
https://doi.org/10.1088/1361-6439/ab948f.

33. Xue, Y.; Yuan, H.; Su, W.; Shi, Y.; Duan, H. Enhanced Load-carrying Capacity of Hairy Surfaces Floating on Water. Proc. Math.
Phys. Eng. Sci. 2014, 470, 20130832. https://doi.org/10.1098/rspa.2013.0832.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



