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Beetle-Inspired Gradient Slant Structures for Capacitive
Pressure Sensor with a Broad Linear Response Range

Lei Wu, Xuan Li, Jungrak Choi, Zhi-jun Zhao, Linmao Qian, Bingjun Yu,* and Inkyu Park*

Flexible pressure sensors with broad linearity range and excellent
sensor-to-sensor uniformity have attracted unprecedented attention in the
electronic skins, human—machine interfaces, and environmental monitoring.
However, challenges including poor sensor-to-sensor uniformity owing to the
randomness of the used nanomaterials or porous structures and saturated
response that leads to a restricted linearity range because of structural
stiffening have been yet addressed. Herein, a novel dielectric layer based on
beetle-inspired gradient slant structures (GSS) is proposed to endow
capacitive pressure sensors with extensive linearity range and excellent
sensor-to-sensor uniformity. The excellent compressibility of the GSS due to
the bending deformation of the slant pillars significantly enhances sensor
sensitivity. The broad linearity range comes from the compensation of contact
area during sequential contact of the GSS dielectric layer from tall to low slant
pillars with electrodes. The high sensor-to-sensor uniformity is ascribed to the
excellent batch-to-batch consistency of prepared GSS via 3D printing-based
fabrication process. Moreover, the proposed GSS-based pressure sensors
present rapid response/recovery, low detection limit, excellent dynamic
response, negligible hysteresis, and outstanding long-term stability. Finally,
the excellent applicabilities of proposed capacitive pressure sensors in diverse
scenarios including external pressure stimuli detection, a flexible perception

array, and a smart insole system are demonstrated.

1. Introduction

With the flourishing progress of the Internet of Things and
artificial intelligence, flexible pressure sensors have triggered
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unprecedented attention owing to their
promising applications in the electronic
skins, human-machine interfaces, and en-
vironmental monitoring.['*! According to
the working mechanism, the flexible pres-
sure sensors are cataloged into four com-
mon types including piezo-electric, piezore-
sistive, piezo-capacitive, and triboelectric
type.l*® Among them, capacitive-type sen-
sors that converted pressure stimuli into ca-
pacitance signals have attracted increasing
attention because of their simple structure,
low power consumption, temperature in-
sensitivity, and fast response.*!l In gen-
eral, there are different magnitudes of exter-
nal pressure stimuli in diverse application
scenarios. For example, a subtle pressure
(<1 kPa) and medium pressure (>1 kPa)
are generated during the respiration and
gentle touches, respectively!!?); plantar foot
pressure often produces higher pressure
(>10 kPa)."¥) Meanwhile, a linear response
is necessary to simplify data processing and
implement delicate monitoring.'"* In ad-
dition, high sensor-to-sensor reproducibil-
ity and low hysteresis are of significance
to any practical applications.>! To this
end, flexible capacitive pressure sensors are
demanded with a wide linear response range and high
sensor-to-sensor reproducibility to adapt diverse application
scenarios.[16-18]

Microstructured dielectric or electrode layer is an effective
strategy to improve the sensing performance of capacitive-type
pressure sensors.!'?! This is because that these microstructures
not only can reduce the effective Young’s modulus and thereby
enhance the compressibility, but also decrease the viscoelastic-
ity by introducing the air.?%) Bao et al.[?!! first introduced micro-
pyramid arrays in dielectric layer and achieved a high sensitiv-
ity of 0.55 kPa~!, which is 30 times higher than that of capaci-
tive sensor with unstructured dielectric layer, within a pressure
range of 2 kPa. Since then, a wide variety of surface and inter-
nal microstructures including needles, pillars, cones, wrinkles,
and porous structures were designed and developed as dielec-
tric layers.?2-26] However, these pressure sensors based on mi-
crostructured dielectric layer present a restricted linear sensing
range because structural stiffening gives rise to signal satura-
tion. Recently, gradient microstructures have become a promis-
ing dielectric layer to further improve the sensitivity and linear
sensing range.!?”?8] For instance, Bai et al./??! introduced graded
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Figure 1. The structure design and working mechanism of the proposed capacitive pressure sensor. a) The surface topography of adhesive hair of a
dock beetle.[*"] b) Schematic of capacitive pressure sensor based on the beetle-inspired GSS dielectric layer. c) Schematic illustration and optical image
of the GSS dielectric layer. d) Schematic illustration of working mechanism. e) FEA simulation results regarding the deformation behavior of single slant

pillar under the increasing pressure.

intrafillable microstructures duplicated by the sandpaper in the
dielectric layer, and such a strategy can significalty enhance the
sensitivity and sensing range. However, they could feature low
sensor-to-sensor uniformity owing to the poor batch-to-batch
consistency of random structures. Li et al.?"! reported a wide-
range pressure sensor based on a graded inclined-tip cone ar-
ray, but it delivers an unsatisfactory linearity. Therefore, realizing
capacitive pressure sensors with broad linearity range and high
sensor-to-sensor uniformity remains a huge challenge.

In this paper, mimicking the structure of a beetle foot
(Figure 1a),3! a novel dielectric layer based on beetle-inspired
gradient slant structures (GSS) is proposed to endow the capac-
itive pressure sensors with extensive linearity range. Given that
the GSS dielectric layer undergoes the bending deformation in-
stead of compression deformation, the constructed pressure sen-
sors exhibit an excellent compressibility, significantly enhancing
the sensor sensitivity. Moreover, the slant pillars with different
heights can sequentially contact the electrode with the increasing
pressure, which can effectively address the signal saturation be-
cause of structural stiffening, thereby increasing the linear sens-
ing range. The excellent batch-to-batch consistency of fabricated
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GSS dielectric layer endows the high sensor-to-senor uniformity.
Finite element analysis (FEA) simulation for the deformation be-
havior of the GSS was performed to further confirm the work-
ing mechanism. Furthermore, the proposed GSS-based capaci-
tive pressure sensors were demonstrated to exhibit a rapid re-
sponse/recovery, a low detection limit, an excellent dynamic re-
sponse, a negligible hysteresis, and an outstanding long-term sta-
bility. Finally, the pressure sensors were successfully applied in
diverse scenarios including external pressure stimuli detection,
a flexible perception array, and a smart insole system.

2. Results and Discussion

2.1. Structure Design and Working Principle of Proposed
Capacitive Pressure Sensor

Figure 1b schematically displays the proposed capacitive pressure
sensor with sandwich features, which consisits of a GSS dielec-
tric layer and two parallel conductive fabric electrodes (Figure
S1 of Supporting Information). The dielectric layer was designed
as three types of slant pillar pixels with an identical tilted angle
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and different heights (Figure 1c), where the slant pillars with the
tallest, medium, and lowest heights were denoted as pixels A, B,
and C, respectively. The GSS dielectric layer was prepared by 3D
printing and subsequent dissolution in the DI water, as demon-
strated in Figure S2 (Supporting Information) (The details can
be seen from the Experimental Section). The carbon nanotubes
(CNTs) were applied as conductive filters to enhance the dielectric
constant of solid elastomer because they can significantly reduce
the percolation threshold.!*?]

Figure 1d depicts the working mechanism of the GSS-based
capacitive pressure sensor. At low pressure, the relatively low
slant pillars (pixels B and C) are separated from the top elec-
trodes, thus they are connected to the air in series, thereby render-
ing limited contributions for the capacitance value of the pressure
sensor. In this state, the dielectric behavior of the GSS is domi-
nated by the pixels A. It is well known that the capacitance can be
expressed as C = eA/d, where the e denotes the permitivity, d is
the distance between the two parallel electrodes, and A refers to
the contact area of the dielectric layer with the electrode.l?”] For
high-k dielectric layer, the variations in the capacitance of pres-
sure sensor are dominated by the contact area.l?] With the in-
creasing pressure, the two parallel electrodes gradually approach,
resulting in the deformation of the tallest slant pillars. The FEA
method was applied to simulate the deformation behavior of sin-
gle slant pillar. Figure 1le presents the simulation results under
different external pressure of 5, 10, 15, 20, and 25 kPa. As the ap-
plied pressure increases to be 25 kPa, the slant pillar undergoes
bending deformation, and the contact area with top electrode
gradually increases, which could dominate in the increasing ca-
pacitance vaules of the pressure sensor. With further increasing
pressure, the relatively low slant pillars (pixels B and C) sequen-
tially contact the top electrodes, thus they are parallelly connected
with pixels A (Figure 1d). In this state, the capacitance variations
are determined by the pixels B and C, and the contact area of the
GSS dielectric layer with top electrode can be superimposed in se-
quence with the increasing pressure (Figure 1f). The variations
in the contact area play a role in the continuous rise of capaci-
tance values within the pressure sensor based on the GSS. This
contributes significantly to resolving problems of signal satura-
tion that arise from micro/nanostructures with uniform height.
As a result, this technology achieves a capacitive response across
an extensive sensing range.

2.2. FEA Simulation and Experimental Characterization of
Capacitive Pressure Sensor

The deformation behavior of the GSS dielectric layer was simu-
lated using the FEA method. At relatively low pressure (0-30 kPa),
only the tallest slant pillars (pixels A) contact the top electrode,
and the contact area is positively correlated with applied pressure
(Figure 2a). With further increasing pressure, the pixels B come
into contact with the electrode, and the contact area gradually in-
creases. When the pressure reaches 70 kPa, the pixels C contact
the top electrode. Such results further demonstrate that the gradi-
ent slant pillars can sequentially contact the top electrode, which
can effectively address the signal saturation of capacitive pres-
sure sensor based on uniform structures with consistent height.
Therefore, the superimposed contact area under different pres-
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sure regions can realize linear response over an extensive sens-
ing range. It is also noted that the GSS mainly undergo bending
deformation instead of compressive deformation. This character-
istic greatly amplifies the sensitivity of pressure sensors due to
their remarkable compressibility.

The capacitive response of the pressure sensors was character-
ized using an experimental setup consisting of a high-precision
universal testing machine, an LCR meter, and a personal com-
puter (Figure 2b). The capacitive sensor sensitivity (S) can be ex-
pressed as S = §(AC/C,)/ AP, where the C, and AC = (C — C)
refer to the initial capacitance and the capacitance change un-
der external pressure stimuli, respectively. Figure 2c compares
the normalized capacitive response of the pressure sensors based
on gradient slant pillars and three types of uniform slant pillars
(the corresponding topographies can be seen in Figure S3, Sup-
porting Information). These results indicate that the GSS-based
capacitive pressure sensor exhibits an extensive linearity range
(130 kPa) with a sensitivity of 0.12 kPa~!, which significantly sur-
passes those of capacitive pressure sensors based on uniform
slant pillars with consistent height, demonstrating the superior-
ity of the proposed GSS-based pressure sensors.

To demonstrate that the contact area of GSS dielectric layer
affected the sensor performance, the normalized capacitive re-
sponse of the pressure sensors based on the graded slant pillars
with a tilted surface or a flat surface at the top was further inves-
tigated. Compared with pressure sensor based on graded slant
pillars with a tilted surface at the top, that with a flat surface at
the top presented an unsatisfactory linearity (Figure S4, Support-
ing Information). Sudden changes in capacitance signals were
observed at two pressure levels, and this could be attributed to
a sharp increase in contact area when the upper electrode con-
tacted with pixel B and pixel C in sequence. It indicated that the
capacitive response of pressure sensor was tightly related with
the geometry of contact area of dielectric layer, and controlling
the contact area can achieve a desired linear response, which is
consistent with the reported literatures.[2833]

Owing to its high viscosity, the PDMS prepolymer solution
with a high CNT concentration is difficult to flow into the printed
molds.3*l Therefore, the CNT concentration selected in this pa-
per is not above 1.0 wt% to ensure fabrication quality of the GSS.
Figure 2d displays the normalized capacitive response of GSS-
based pressure sensor with various weight percentages of CNTs
(0-1.0 wt%). At each CNT concentration, the GSS-based sensors
exhibit an excellent linearity within the pressure range of 130 kPa.
Moreover, the pressure sensor with a 1.0 wt% CNTs presents a
maximum sensitivity (0.12 kPa™!), which is three times higher
than that those without CNT fillters (Figure S5, Supporting In-
formation). These results indicated that increasing or decreasing
CNT concentration only changed the sensor sensitivity, while did
not alter the sensing range. Therefore, the CNT concentration of
1.0 wt% was selected as the GSS dielectric layer for the following
experiments.

The compressive modulus of dielectric layer dominates in
the sensor performance including sensing range and sensitiv-
ity, and it is determined by and microstructure geometry and
layout.*] The effect of structural parameters of slant pillars, such
as tilted angle and the thickness, on the sensor response was
studied. Figure 2e displays the normalized capacitive response of
the pressure sensors based on the GSS with identical thickness
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Figure 2. FEA simulation and experimental characterization of the capacitive pressure sensors. a) FEA simulation results regarding the deformation
behavior of the GSS dielectric layer under the increasing pressure. b) Experimental setup for characterizing the capacitive response. c) The normalized
capacitive response of the pressure sensors based on the gradient slant pillars or three types of uniform slant pillars with consistent height. The tilted
angle and the thickness of slant pillars are fixed as 70° and 1.25 mm, respectively. Here, the CNT content of 0.8 wt% was applied. d) The normalized
capacitive response of the GSS-based pressure sensors with different weight percentages of CNTs (0, 0.4, 0.6, 0.8, and 1.0 wt%). e, f) The relative
capacitance changes versus the pressure for GSS-based pressure sensors with different tilting angles and thickness. g) Comparison of linear sensing
range of the GSS-based pressure sensors with the reported capacitive pressure sensors. h) Relative capacitance changes of five fabricated GSS-based

pressure sensors.

(1.25 mm) and different tilted angles of 50°, 60°, 70°, and 80° (the
surface topographies are shown in Figure S6, Supporting Infor-
mation). As the tilted angle increases from 50° to 80°, the linear
sensing range gradually increases from 22 to 170 kPa, while the
sensitivity degrades from 0.81 to 0.13 kPa~!. Figure 2f displays
the normalized capacitive response of the pressure sensors based
on the GSS with identical tilted angle (70°) and different thick-
ness of 1.00, 1.25, and 1.50 mm (the surface topographies are
shown in Figure S7, Supporting Information). With the increas-
ing thickness from 1.0 to 1.5 mm, the sensing range increases
from 48 to 180 kPa, while the sensitivity gradually degrades from
0.43t00.12 kPa~'. Further analysis deduced that when increasing
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tilted angle or thickness, the bending deformation of slant pillars
were more difficult, thus the dielectric layer exhibited larger com-
pressive modulus, thereby increasing the sensing range. Further-
more, effects of inter-pillar spacing including X and Y directions
(The definition can be seen in Figure S8, Supporting Informa-
tion) on the sensitivity and linearity of the pressure sensor were
further investigated. As the inter-pillar spacing in the X direc-
tion increased, the sensitivity significantly increased, while lin-
ear sensing range degraded, as shown in Figure S9a (Support-
ing Information). With the increase of inter-pillar spacing in the
Y direction from 3.5 to 5.5 mm, the linear sensing range de-
creased from 130 to 40 kPa, and the sensitivity increased from
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0.164 to 0.296 kPa~! (Figure S9b, Supporting Information). It in-
dicated that the sensor linearity did not relate with the interpillar
spacing, while sensor sensitivity gradually increased with the in-
crease of the interpillar spacing, which can be ascribed as the in-
creasing compressibility. The above results indicate that the pro-
posed pressure sensors exhibit an extensive linear sensing range
with moderate sensitivity compared with previously reported ca-
pacitive pressure sensors (Figure 2g and Table S1, Supporting
Information).[21-2432:36-45]

Considering that the service environment of the sensor is com-
plex, it is necessary to investigate the effects of environmen-
tal temperature and humidity on sensor response. Figure S10
(Supporting Information) displays the normalized capacitive re-
sponse of the GSS-based pressure sensor under 60 kPa at dif-
ferent temperature and relative humidity. As the environmen-
tal temperature changes from 20 °C to 60 °C, the capacitance
variation is less than 5% (Figure S10a, Supporting Information).
When the relative humidity ranges from 30% to 90%, the rel-
ative capacitance changes remain stable (Figure S10b, Support-
ing Information). Therefore, the proposed GSS-based capacitive
sensors have advantages of temperature and humidity inertness,
thereby ensuring effective and accurate sensing in complex en-
vironments. In addition, the normalized capacitive response for
five fabricated GSS-based sensors was investigated to confirm
the high sensor-to-sensor uniformity. The sensitivity and linear
sensing range of the pressure sensors exhibit a remarkable re-
producibility with the RSD of 3.0% (Figure 2h), which can be as-
cribed as the excellent batch-to-batch consistency of the prepared
GSS dielectric layer through 3D printing-based process.

2.3. Sensing Performances of GSS-Based Capacitive Pressure
Sensor

The sensing performances of the proposed GSS-based sensor
with a sensitivity of 0.12 kPa~! and a linear range of 130 kPa were
studied. Figure 3a,b demonstrates the detection of capacitance
response when the sensor is subjected to the pre-loading pres-
sure of 1, 10, and 100 kPa. In general, when a small preload pres-
sure of 1 kPa was applied to the GSS-based sensor, a tiny capac-
itance change (0.1 kPa) can be clearly distinguished (Figure 3b).
Meanwhile, even though the proposed GSS-based sensor was
subjected to a large pre-load pressure of 100 kPa, it can still ac-
curately detect relatively small capacitance changes (1 kPa), as
evident in Figure 3a. These results indicated that the proposed
GSS-based pressure sensor can preserve high resolution over
entire pressure range, thereby ensuring effective detection over
a wide range. To investigate the dynamic response character-
istic of the pressure sensors, the relative capacitance changes
under the pressure of 1, 25, 60, and 120 kPa were character-
ized by five loading/unloading cycles. The results reveal a sta-
ble and reversible response at each applied pressure, as evident
in Figure 3c. Moreover, the GSS-based sensor exhibits a short
response-relaxation time (<46 ms) to external pressure stimuli
(1 kPa), as evident in Figure 3d, further confirming an excel-
lent dynamic response performance. The detection limit is the
key parameter for detecting tiny pressure stimuli, such as air
flow. A tiny pressure stimuli (<3 Pa) can be clearly identified
by the pressure sensor (Figure 3e), indicating a low detection
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limit. The capacitive response of the GSS-based sensor during
the loading/unloading process reveals a low hysteresis (<8%)[*!
(Figure 3f). Furthermore, the pressure sensor was demonstrated
to exhibit a stable capacitive response under 30 kPa at different
vibration frequencies of 0.05, 0.2, 0.4, 1, and 4 Hz, as shown
in Figure 3g. In addition, the sensor stability was investigated
by 3000 loading/unloading cycles under 120 kPa. No obvious
drift and degradation can be observed (Figure 3h), demonstrat-
ing an excellent long-term stability of the GSS-based pressure
Sensor.

2.4. Demonstrations of Practical Applications of GSS-Based
Capacitive Pressure Sensor

Considering its excellent sensing performance, the proposed
GSS-based pressure sensor was further applied in various scenar-
ios including external pressure stimuli detection, a flexible per-
ception array, and a smart insole system. Benefiting by its low de-
tection limit, the GSS-based pressure sensor can detect the sub-
tle air flow produced by a rubber suction bulb (Figure 4a). Sim-
ilarily, the sensor can measure the mouth breathing-induced air
movements, thereby applying for the real-time detection of hu-
man respiration state (Figure 4b and Video S1, Supporting In-
formation). Figure 4c displays capacitive response of the pres-
sure sensor fixed on the mouse under the condition of successive
clicks. The single click and double click can be precisely recog-
nized, demonstrating an exellent ability of the pressure sensor
for detecting the external stimuli featured with extremely short
time intervals. Furthermore, the applications of the GSS-based
sensors in the field of wearable electronics were conducted. The
pressure sensors were respectively fixed on the finger, wrist, and
elbow, and a stretchable tape was covered on the surface of the
GSS-based pressure sensor. Bending of the finger, wrist, and el-
bow caused the slant pillars to experience deformation due to the
compression of the tape vertically. This compression resulted in
altering the capacitance values of the pressure sensor. Video S2
(Supporting Information) demonstrates the application in real-
time monitoring of the finger bending. Figure 4d further shows
the capacitive response of the pressure sensor with respect to dif-
ferent bending angles. It indicates that the increase in the capac-
itance value can reflect the degree of finger bending. Similarily,
the GSS-based sensors can detect the bending of the wrist and
elbow, as shown in Figure 4e,f. To certify its application in elec-
tronic skins, the GSS-based pressure sensor was worn on the
finger to compress the soft objects. As evident in Figure 4g—i,
the pressure sensor can accurately and stably identify the gentle,
medium, and high pressure touch.

Furthermore, a flexible perception array based on the GSS-
based capacitive sensors was established to detect the spatial dis-
tribution of external pressure stimuli. Figure 5a and Figure S11
(Supporting Information) show the schematic of the designed
measurement system of capacitive sensor array, which consisted
of two analog multiplexers, a capacitance-to-digital converter, and
an Arduino. The two 8-channel analog multiplexers were con-
nected row channels and column channels in the sensor array,
and they periodically selected channels. Accordingly, each capac-
itive pressure sensor in the flexible perception array can be cycli-
cally scanned. The capacitance-to-digital converter was utilized

© 2024 Wiley-VCH GmbH

858017 SUOWILLIOD 8A TR0 3(edl|dde aus Aq pausenob ae ssjoie YO ‘85N JO S9INJ Joj Akeid8ulUO A8]IA UO (SUONIPUOO-PUB-SWBI W00 A8 |IM AeIq 1 U1|UO//SdNL) SUORIPUOD PUe SWiB | 8L 88S *[7202/E0/7T] Uo AriqiTaulluO AB|IM *JO 8IniIsu| peouRAPY €10 AQ 0LEZTEZ0Z WIPR/Z00T OT/I0P/W0 A8 | 1M ARIq | BU1UO//:SANY WOy pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

b c
(@) ) oy 22 (©) —— 1 kPa—25 kPa
121 100 kPa O 044 4 ypa 01 ' —— 60 kPa —— 120 kPa
13 9 201
s 8 - Unit: kPa 0 20 40 60 80
2 . i 9]
< 180 210 240 Time (s) S 10l
44 Time (s) 1 +2 <
- 10 kPa 7 2,04 10kpa +1
0—. . 1 a . . 2 | . . 0-
0 50 100 150 200 250 100 120 140 160 0 10 20 30 40 50 80
Time (s) Time (s) Time (s)
(d) (e) (f
51 2 2 —
46 ms 44 ms i 3Pa 20
4171 f o°1‘—\i’ 0.010 ' Unloading
@) O J
3{70 0 - 1 e
S 198 2.04 360 3.66| U 0054 J 40,
Q24 Time(s) _ Time(s) g 3 / Loading
i ! 5
14 Response |f! il Recovery
time i i time 0.0004 0.
0.
0 1 2 3 4 5 0 5 10 15 20 25 0 30 60 90 120
Time(s) Time (s) Pressure (kPa)
(9) (h)
84 0.05Hz 02Hz 04Hz 1 Hz 4Hz 501 20 20 20
I 404 w10 o 10 g 10
6 3 9 Q
< < <1
- -309 © 0 0
QO 41 © 16 24 2520 5020
O S 20
2] 3
10+
0+ 0l | ‘ . . . .
0 20 40 60 80 0 1000 2000 3000 4000 5000
Time (s) Time (s)

Figure 3. Sensing performance of the GSS-based capacitive pressure sensor. a,b) Detection of tiny pressure change when the sensor is subjected to
preloading pressure of 1, 10, and 100 kPa. c) The normalized capacitive response under 1, 25, 60, and 120 kPa. d) The response-relaxation time of
the pressure sensor. e) The relative capacitance change under a tiny pressure (3 Pa). f) The capacitive response of the GSS-based sensor during the
loading/unloading process under 130 kPa. g) The sensor response at different vibration frequencies of 0.05, 0.2, 0.4, 1, and 4 Hz. h) Long-term stability

tests of the sensor over 3000 loading/unloading cycles under 120 kPa.

to measure the capacitance values of pressure sensors, and an
Arduino board was applied to data processing for monitoring
capacitive signals in real time on a PC. Figure 5b displays a di-
agram of constructed flexible perception array with 5 X 5 ma-
trix elements, which was composed of the GSS dielectric layer
and two CNT-Ecoflex nanocomposite films as flexible electrode
pads (Figure S12, Supporting Information). Even though the
CNT network was embedded in the Ecoflex layer, the excellent
current—voltage characteristics were detected (Figure S13, Sup-
porting Information). When two objects with the weights of 0.5
and 6.0 g were placed on the perception array (Figure 5c¢), the
size, position, and weight of the two objects could be accurately
identified by the relative capacitance changes (Figure 5d). Fur-
thermore, four 3D-printed letter blocks (“2”, “H”, “K”, and “E”)
were placed on the perception array (Figures 5e and S14, Sup-
porting Information), and the corresponding pressure distribu-
tion maps were presented in Figure 5f. The results further indi-
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cate that the perception array can precisely detect the contours of
letter blocks with negligible influence between adjacent cells.
The monitoring of plantar pressure distribution plays a
key role in early disease diagnosis and correcting unhealthy
postures.I'**’] A smart insole system consisting of seven capaci-
tive pressure sensors on the sole, two CNT-Ecoflex nanocompos-
ite films as flexible electrode pads (Figure S15, Supporting Infor-
mation), two 4-channel capacitance-to-digital converters, and an
Arduino was constructed. To comprehensively detect the plantar
pressure distribution, the seven pressure sensors were mounted
sequentially from the heel to toe, as shown in Figure 6a. Us-
ing the smart insole system, the static plantar pressure distri-
bution under three different standing gaits (neutral, supination,
and pronation) was investigated to provide guidelines for re-
dressing unhealthy posture. As shown in Figure 6b, the normal-
ized capacitive response of the seven pressure sensors in case
of neutral gait are basically consistent, demonstrating a uniform

© 2024 Wiley-VCH GmbH
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flow, respiration, and mouse click. d—f) Relative capacitance changes with respect to finger, wrist, and elbow flexion. g—i) Detection of the different

compression for soft object.

distribution of plantar pressure. In comparison, for the two other
standing gaits, distinct pressure distributions were clearly ob-
served. In case of pronation gait, the relative capacitance changes
of S3-S5 were lower than those of S1-S2 and S6-S8 (Figure 6c¢),
which can be attributed that the pressure distributions of inside
part were higher than those of outside part. For supination gait,
the relative capacitance changes of S1-S4 were higher than those
of S5-S7 (Figure 6d), which was ascribed to the higher-pressure
distributions of the outside part compared to the inside part.
These results demonstrate that static standing gaits can be dis-
tinguished by the constructed smart insole system.

In addition, the dynamic response of the smart insole system
in continuous motion was investigated to demonstrate its appli-
cability in sports activity monitoring. Video S3 (Supporting Infor-
mation) demonstrates the application in real-time monitoring of
the plantar pressure using the proposed GSS-based pressure sen-
sor. Figure 6e illusrates a walking straight gait consisting of heel
strike, mid stance, heel off, and toe off, and the corresponding
plantar pressure distribution is displayed in Figure 6f. Figure 6g
further displays the capacitive response of the seven pressure
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sensors during a gait cycle. The results reveal that the gravity cen-
ter of the foot gradually changes from the heel to toe during a gait
cycle. Furthermore, the established smart insole system was ap-
plied to monitor the evolution of plantar pressure distribution
during the standing long jump consisting of pre-swing, jump-
ing, take-off, heel strike, and standing. The histograms of relative
capacitance changes indicate that the gravity center of the foot
gradually changes from the toe to heel, and maximum pressure
was obtained in the stage of heel strike (Figure 6h). Therefore,
the smart insole system can be applied to precisely monitor the
human motions.

3. Conclusions

In this paper, a novel dielectric layer based on the GSS was pro-
posed to endow the capacitive pressure sensors with extensive lin-
earity range and excellent sensor-to-sensor uniformity. The broad
linearity range can be preserved from the compensation of con-
tact area owing to sequential contact of the GSS from tall to low
slant pillars with electrodes. Due to the excellent batch-to-batch

© 2024 Wiley-VCH GmbH
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Figure 5. Demonstrations of the GSS-based capacitive pressure sensors in flexible perception array. a) Measurement system for pressure sensor array.
b) The diagram of constructed flexible perception array. c) Sensor array pad placed with insulated objects featuring different weights (0.5 g and 6.0 g)
and d) corresponding pressure distribution. e) The perception array placed with different letter blocks (“Z,” “H,” “K,” and “E”) and f) corresponding

pressure distribution maps.

consistency of the fabricated GSS dielectric layer via 3D printing-
based process, the capacitive pressure sensors exhibit a high
sensor-to-sensor uniformity. Moreover, the experimental results
indicate that the proposed GSS-based sensors present a high
resolution over entire pressure range, an excellent dynamic re-
sponse, a short response-relaxation time, a low hysteresis (<8%),
a low detection limit (<3 Pa), and an outstanding long-term sta-
bility. Considering their superior performances, the GSS-based
capacitive pressure sensors were applied in diverse application
scenarios including external pressure stimuli detection, flexible
perception array, and smart insole system. Therefore, we believe
that this research offers a new strategy to endow flexible pres-
sure sensors with extensive linearity range and excellent sensor-
to-sensor uniformity. The novel design of the GSS dielectric layer
can be promising for flexible pressure sensors in various appli-
cations, such as wearable electronics, environmental monitoring,
and human-machine interfaces.
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4. Experimental Section

Fabrication Process of GSS Dielectric Layer:  Figure S2 (Supporting In-
formation) schematically displays the fabrcation process of the GSS dielec-
tric layer. First, master molds with sunken slant pillars were designed us-
ing Solidworks software, and then were sliced by Ultimaker Cura software.
Next, the molds were fabricated by a fused deposition modeling-based
3D printer (Ulitmaker3, USA), and polyvinyl alcohol (PVA) was chosen as
a printing material. Then, PDMS (Sylgard 184, Dow Corning Corporation,
USA) with a 10:1 mass ratio of base to cross-linker and multiwalled carbon
nanotubes (MWNTs; Carbon Nano-material Technology Co., Ltd., Korea)
with an average diameter of ~#20 nm and average length of ~5 um were
mixed using a planetary mixer, and the prepared prepolymer solution was
poured into the printed molds. After removing the bubbles in a vacuum
chamber for 2 h, the molds filled with PDMS-MWNTs prepolymer solu-
tions were cured for 6 h at 60 °C. Afterwards, they were immersed in the
DI water to dissolve the solidified PVA molds to obtain the GSS.

Preparation of CNT—Ecoflex Nanocomposite Film: First, the MWNTs
were dispersed in isopropyl alcohol (IPA) solution through sonicating fol-
lowed by stirring, and then the prepared CNT solution was spray-coated

© 2024 Wiley-VCH GmbH
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onto a substrate with a specific coating mask. After drying the CNT solu-
tion, the coating mask was removed. Subsequently, Ecoflex (Ecoflex Shore
hardness 00-20, Smooth-On, Inc., USA) prepolymer solution (The mass
ratio of part A and part B is 1:1) was poured onto the substrate with CNT
patterns. Given that the Ecoflex prepolymer solution can penetrate the
CNT network to generate a robust CNT—Ecoflex nanocomposite film, all
CNT materials were located at the bottom of Ecoflex.[*3] After curing it at
60 °C for 1 h, the Ecoflex film embedded with the CNT pattern was peeled
off from the donor substrate. Next, the copper wires were connected to the
end of CNT patterns using silver paste. Finally, the prepolymer solutions
were poured again onto the CNT film surface and then curing it at 60 °C
for 1 h, forming a CNT-Ecoflex nanocomposite film featuring a sandwich
structure.

Finite Element Analysis Simulation: The deformation behavior of the
GSS was simulated using Abaqus software. The simulation model was
constructed by the actual size of fabriacted GSS dielectric layer. The mate-
rial of the GSS dielectric layer was set as Mooney-Rivlin model with hyper-
elastic properties.[*°]

Characterizations: A high-precision universal testing machine (AGS-X,
SHIMADZU, Japan) was employed for compressing the pressure sensors,
and the compression speed was fixed as 0.05 mm s~'. The capacitance
values of the pressure sensors were measured by an LCR meter (E4980A,
Agilent, USA) under a frequency of 100 kHz. A capacitance-to-digital-
converter board (EVAL-AD7746, Analog Devices Inc., USA) (Figure S16,
Supporting Information) was utilized to measure the response-relaxation
time of the GSS-based sensor.

Multisensor Measurement: The measurement system of the flexible
perception array consists of a 5 X 5 capacitive sensor array, two analog
multiplexers (CD405 1BE, Texas Instrument, USA), a capacitance-to-digital
converter (CDC, FDC1004, Texas Instruments, USA) (Figure S17, Support-
ing Information), and an Arduino Uno. The single eight-channel analog
multiplexers were employed for cyclically scanning all sensors. The CDC
instead of LCR meter was utilized to measure the capacitance values of
the GSS-based sensors. For the smart insole system, the measurement
system includes seven pressure sensors, two CDC boards, and an Arduino
Uno. All experiments involving human subjects were conducted with the
requisite approval from the Institutional Review Board (IRB) of the Ko-
rea Advanced Institute of Science and Technology (KAIST), under the ref-
erence number KH2023-001. Furthermore, informed written consent was
obtained from all participants in these studies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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