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recharging system
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ABSTRACT
hancing the sensitivity and working range of flexible pressure
sensors to improve the precise measurement of subtle varia-

Significant efforts have been devoted to en-

tions in pressure over a wide detection spectrum. However,
achieving sensitivities exceeding 1000 kPa "' while maintaining
a pressure working range over 100 kPa is still challenging
because of the limited intrinsic properties of soft matrix ma-
terials. Here, we report a magnetic field-induced porous
elastomer with micropillar arrays (MPAs) as sensing materials
and a well-patterned nickel fabric as an electrode. The devel-
oped sensor exhibits an ultrahigh sensitivity of 10,268 kPa'
(0.6-170 kPa) with a minimum detection pressure of 0.25 Pa
and a fast response time of 3 ms because of the unique
structure of the MPAs and the textured morphology of the
electrode. The porous elastomer provides an extended work-
ing range of up to 500 kPa with long-time durability. The
sophisticated sensor system coupled with an integrated wire-
less recharging system comprising a flexible supercapacitor
and inductive coils for transmission achieves excellent per-
formance. Thus, a diverse range of practical applications re-
quiring a low-to-high pressure range sensing can be
developed. Our strategy, which combines a microstructured
high-performance sensor device with a wireless recharging
system, provides a basis for creating next-generation flexible
electronics.
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INTRODUCTION

A highly sensitive flexible sensor is a basic unit used to
construct wireless sensor networks (WSNs) for building
Internet-of-Things (IoT) devices in health monitoring,
robotic control, and electronic skin [1-10]. However,
significant challenges are posed by the inherent trade-off
between sensitivity and working range and other related
figures of merit, e.g., response time, mechanical flexibility,
and durability, because of the intrinsic “soft” mechanical
property of the matrix materials typically used in flexible
sensors [11,12]. Therefore, sensing structures/materials
should be enhanced to explore other relevant aspects
influencing a sensor’s performance.

Flexible pressure sensors have been widely investigated.
Based on their sensing mechanisms, they can be typically
classified into four types: piezoresistive, piezocapacitive,
piezoelectric and triboelectric [13]. In the case of piezo-
resistive pressure sensors, previous studies primarily fo-
cused on improving their sensitivity via two strategies
[14-16]: (1) modification of the contact area between
facing conductive components (i.e., sensing materials and
electrodes) by building unique structures (e.g., micro-
pillars, microdomes or micropyramids) either on sensing
material surfaces or on electrode patterns; (2) rationally
designing geometric topological structures to enhance the
intrinsic compliance of sensing materials to induce loca-
lized geometrical deformation when they are subjected to
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subtle pressure changes. Despite recent progress on pre-
viously developed methods, achieving ultrahigh sensitiv-
ities of over 1000 kPa ' while simultaneously keeping a
working range of over 100 kPa (high pressure) remains
challenging.

A power source is another material essential for flexible
sensors. Power sources should exhibit high-energy sto-
rage density while accommodating mechanical deforma-
tion with minimal loss in conformability and energy loss
[1,17]. Supercapacitors present an attractive solution be-
cause of their recharging capability with a lower energy
loss than conventional batteries, as demonstrated in
various flexible sensors, including the one described in
our previous work [18-22]. However, previous studies
disregarded the fact that an effective wireless charging
system without a direct physical connection is necessary
to avoid a modulus mismatch between an energy storage
circuitry and a sensing unit and thus achieve the port-
ability of integrated devices [17].

In this study, two key strategies were combined to de-
velop a revolutionary high-performance wireless sensor
with an ultrahigh sensitivity of over 1000 kPa ' and a
broad working range (>100 kPa). A porous architecture
was introduced to bulk elastomers to enhance compres-
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sibility. Micropillar arrays (MPAs) were then grown on a
foam via magnetic field induction to decrease the contact
areas with the sensor electrode. The resulting device ob-
tained a sensitivity of 10,268 kPa ' at 0.6-170 kPa and a
working range of up to 500 kPa. The device was further
assembled with a wireless recharging system, which was
composed of a flexible symmetrical supercapacitor with
an energy density of 0.011 mW hcm > and rationally
designed fast-charging wireless inductive coils for trans-
mission. With this design, a wired external power was no
longer necessary. The developed sensor system was the
smart configuration of wireless-charging energy-storage
sensors with diverse practical applications ranging from
low pressures (0-10 kPa) to moderate (10-100 kPa) and
high pressures (>100 kPa).

RESULTS AND DISCUSSION

Device design and structural characterization

A wearable sensor with high sensitivity needs to capture
physiological signals, such as pulse rate, walking, and
running speed, by building a sensor network to address
the demands of health monitoring systems (Fig. 1a). In
this regard and in consideration of the diverse range of
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Figure 1 Flexible sensor layout and design. (a) Schematic of the pressure sensor’s applications. (b) Exploded view layout of various layers of the
sensor. (c) Optical image of the integrated sensor. (d) Bending state of the device. (e) Conformal wearability of the sensor.
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application requirements, a sensor that can detect an
extensive pressure range from low pressures (0-10 kPa)
to moderate (10-100 kPa) and high pressures (>100 kPa)
is highly desirable. Furthermore, a wireless reader and
recharging system should have user mobility and con-
venience. In this study, an ultrasensitive flexible sensor
integrated with a wireless recharging system (Fig. 1b) is
rationally designed with all the above requirements. The
sensor consists of three parts: a sensing material with
MPAs and micropores, a flexible electrode, and an ul-
trasoft encapsulating silicone elastomer. The wireless
charging system is mainly composed of two parts: a
wireless charging power receiver coupled with an elec-
tromagnetic flux from a primary coil (transmitting coil)
and a quasi-solid supercapacitor. Inside a poly-
dimethylsiloxane (PDMS) elastomer is a receiving copper
coil that allows bending to improve the comfort for
wearers (Fig. S1). Furthermore, a supercapacitor with
high-energy density is employed by directly growing 3D
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carbon electrode materials with a hierarchical porous
structure on a stainless steel wire. The image of the entire
device with a size of 3 cm x 5 cm is shown in Fig. 1c, and
the flexibility and wearable ability of the assembled device
are presented in Fig. 1d, e. The size of the whole device
can be easily controlled, as discussed below.

The proposed sensor working mechanism is illustrated
in Fig. 2a. In our design, sensitivity is defined as S =
(AI/I)/AP, where Al is the relative current change, I, is
the initial current without any applied pressure, and AP is
the corresponding pressure variation. I, should be as low
as possible, and AI should be enhanced to increase sen-
sitivity. Therefore, in the design concept, the sharp edge
of MPAs induces a higher initial resistance because of the
low contact area. Once pressure is applied, MPAs are
easily bent, thereby rapidly increasing conductivity. The
continuous application of pressure also results in an in-
creasing number of contact points between the adjacent
cells inside, further enhancing conductivity because of the
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Figure 2 Structural characterization of the sensing materials and electrode. (a) Illustration of the sensor mechanism. (b) Processing of the porous
elastomer with micropillars. (c) 3D view of the porous elastomer and the corresponding enlarged view of the pores and pillars. (d) Side view of the
sample and (e) its corresponding SEM image. (f) Height distribution of the micropillars. (g) Large-scale fabrication of the sample with various sizes.
(h) Loading-unloading experiments with various compressive strains. (i) Digital optical image of the flexible electrode. (j) Bending deformation of the

flexible electrode and its corresponding resistance change.
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increased contact area. Lastly, the synergistic effect of
MPAs and foams plays a major role in improving con-
ductivity.

The two main structures (i.e., MPAs and foams) are
carefully integrated to achieve this goal. Sugar as a sa-
crificial template and a magnetic field was used to grow
Fe-loaded MPAs directly on the surface of foams
(Fig. 2b). The three-dimensional (3D), side, and top views
of the obtained sample are shown in Fig. 2¢, d and Fig. S2,
respectively. As clearly observed in these digital optical
images, uniform and ordered cone-shaped MPAs are
directly grown on the porous matrix by inducing the Fe
microparticles under a magnetic field (Fig. S3). This re-
sult is further revealed by microstructural characteriza-
tion (Fig. 2e). The MPAs exhibit a broad height
distribution ranging from 0.2 to 1.4 mm (Fig. 2f), which
can be exploited to enhance the sensor’s sensitivity and
working range. Additionally, the open-cell PDMS matrix
has a hierarchically porous architecture with a size ran-
ging from several micrometers to millimeters. The unique
structures of the hierarchical MPAs and the porous
PDMS matrix significantly enhance the sensor’s perfor-
mance. For example, Song et al. [23,24] used the bulk
porous PDMS to develop an all-in-one self-powered
sensor with a high performance. In another study, the
obtained flexible architecture was coated with a hybrid
film composed of graphite flakes and a pulp cellulose
nanofiber (GF/PCN) film to achieve the desired con-
ductivity. The PCN film was added to a solution con-
taining GFs to prepare a more stable colloidal dispersion
than a pure solution containing GFs (Fig. S4). The PCN
anchored on GFs improves not only the dispersion but
also the mechanical strength of the composite via the
formation of hydrogen bonds between GFs and PCN
[25].

Transmission electron microscopy (TEM) imaging
(Fig. S4) further revealed the homogeneous dispersion of
the PCN on the GFs. Therefore, the GF/PCN could be
uniformly coated on the PDMS matrix (Fig. S5). The Fe
content is necessary to grow MPAs with uniformity and
control the height of micropillars (Figs S6 and S7). An
insufficient Fe content (0.2 and 0.4) could lead to non-
uniform sparsely grown MPAs that resulted in an un-
stable performance of the sensor. Excessive Fe content
(0.8) led to highly dense and compacted MPAs with a
large diameter, thereby decreasing the initial contact re-
sistance and consequently reducing the sensor sensitivity.
Moreover, the viscosity of the composite matrix would
increase as the concentration of the Fe microparticles
increased; this phenomenon could cause an incomplete

penetration of the template (Fig. S8). In this regard, a
weight ratio of 0.6 was identified to be optimal and em-
ployed in this study. This method could be easily ex-
tended to large-scale applications, and the thickness of
the film could be easily tuned to make the whole device
more flexible and portable. This finding was illustrated by
various dimensional structures manufactured with
thickness dimensions ranging from 3 to 15 mm and ar-
chitectures with dimensions of 40 mm x 40 mm (Fig. 2g).

The as-prepared sample was mechanically robust, de-
monstrating excellent durability when it was subjected to
tensile, bending, squeezing, and twisting tests (Fig. S9).
This observation was verified through the quantitative
analysis of the loading-unloading cycling compression
test (Fig. 2h). Successive loading curves followed the
trend of the initial loading curve, thereby maintaining the
maximum stress point over the entire range. This result
indicates a perfect strain memory effect and an excellent
recoverability. Interestingly, sensing materials showed
strong magnetic attraction even at a considerable distance
from a magnet (Fig. S10).

In addition to sensing materials, a flexible electrode is
an important part of the system that plays an equally
significant role in enhancing the sensitivity and working
pressure range of the sensor, which was already demon-
strated in our previous study [26]. In our investigation,
the flexible electrode (nickel fabrics) was manufactured in
accordance with a novel “subtracting and transferring”
protocol, with designed patterns on a polyimide (PI) or
polyethylene terephthalate PET film (thickness =
100 pm), which served as the working electrode similar to
our previous sensor embodiment [26] (Fig. 2i and
Figs S11, S12). The detailed manufacturing method can
be found in Supplementary information. We found that
the uniformly textured structure could help further en-
hance the sensitivity of the sensor. Moreover, the elec-
trode exhibits a high flexibility and a superior
electromechanical stability (>98% retention) even after
90° bending for 500 times (Fig. 2j). Overall, these findings
imply that flexible porous sensing materials with MPAs
and well-patterned and integrated electrode materials
exhibit a reliable electrochemical performance and
therefore show significant potential for application in
flexible electronics.

Sensor characterization

The sensor performance was characterized in terms of
sensitivity, working range, and response time (Fig. 3 and
Figs S13, S14. The sensor displays three well-defined re-
gions with sensitivities of 2010.5 kPa ' (0.00025-0.6 kPa),
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Figure 3 Characterization of the sensor. (a) Normalized current variation versus pressure change. (b) Comparison of the created sensor with other
flexible sensors. (c) I-V plots of the sensor under various applied pressures. (d) Sensor response and relaxation time curves. (e) Current signatures
under increasing pressures. (f) Long-time sensor response under 2.5 and 5 kPa.

10,268 kPa ~ (0.6-170 kPa), and 2943 kPa (170-500 kPa)
and a remarkably broader linear working range than that
of bare foam or micropillars (Fig. 3a). This high sensi-
tivity is primarily derived from the low contact area (high
contact resistance) induced by the MPAs. This ultrahigh
initial resistance could improve sensitivity and reduce
power consumption in a standby mode. This balanced
combination of the ultrahigh sensitivity and wide linear
working range outperforms previously developed sensors
[11,27-37], as illustrated in Fig. 3b. This finding was
further confirmed by the stable performance exhibited by
the sensor at various applied voltages (V) (Fig. 3c).
Response time is crucial because it determines the

sensor’s ability to provide rapid feedback to external sti-
muli. The sensor not only showed a fast response time of
3 ms but also exhibited a relaxation time of 4 ms, de-
monstrating its great potential for practical application. A
dynamic test was further conducted on the sensor under
various applied pressures ranging from 2.5 to 120 kPa.
The linear response (Fig. 3a) between AI/I, and AP im-
plied stable sensitivity, which was further verified in
current-time (I-f) measurements at various pressures
(Fig. 3e). Long-term durability is another essential feature
relevant to the practical applications of the sensor.
Therefore, the sensor’s cycling performance was assessed
under various pressures of 2.5 and 5kPa for 12,000 s
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(5000 cycles) and 28,000 s (15,000 cycles), respectively
(Fig. 3f). These results show a negligible decay in the
sensor’s performance during the whole testing process. In
Fig. S15, the conductivity increased rapidly when a
magnetic field ranging from 0 to 100 mT was applied
because of the magnetic property of the sensor. Then, the
conductivity gradually changed from 100 to 400 mT be-
cause the magnetic field would initially cause the MPAs
to bend, inducing a rapid contact change. Conversely, the
deformation of the PDMS foam was mainly responsible
for the change in conductivity in the subsequent part (i.e.,
100-400 mT).

Sensor applications

The performance of the sensor was carefully investigated
when it was employed in the detection of pulse rate,
finger tapping, foot pressure, and human-machine in-
teraction (HMI) to demonstrate the sensor’s applicability
to a wide range of pressures (ie., from low to high
pressure). When the sensor was placed on the wrist of a
subject, it successfully monitored the percussion wave (P),
tidal wave (T), and dicrotic wave (D) while revealing a
pulse rate of 68 min ' (Fig. 4a). In another demonstra-
tion, tapping pressure was employed to continuously
adjust the intensity of a lamplight (Fig. 4b and Movie S1).
Conversely, almost no energy was consumed in the
standby mode.

Wireless communication is essential for IoT applica-
tions. Therefore, the sensor with a Bluetooth device that
could successfully transmit the force information was
configured directly into a smartphone (Fig. 4c and Movie
S2). With the long-distance transmission feature of the
Bluetooth device, the sensor could serve as an optimal
terminal unit device in WSNs. Another application of
interest is foot pressure mapping that has been widely
used for medical diagnostics and sports training [38]. The
developed sensor was successfully used to quantify foot
pressure and monitor a standing subject. Therefore, the
sensor could be used for foot pressure mapping (Fig. 4d).
Additionally, the sensor arrays could be easily fabricated
(Fig. S16).

HMI is an important part of the modern IoT. Hence,
the sensor’s applicability to HMI scenarios was explored.
The performance of the flexible sensors under finger
bending was quantitatively tested (Fig. 4e). During the
bending of the finger from 0° to 90°, the sensor displayed
ultrahigh sensitivity and flexibility because of the en-
hanced contact area. Our sensor was assembled with a
robot hand through a microcontroller (Fig. 4f), and the
robot hand was successfully manipulated by synchroniz-

ing its movement with the subject’s movement via the
developed sensor. In conclusion, these demonstrations
confirm that the created flexible sensor could address a
number of applications ranging from low pressures to
high pressures.

Flexible supercapacitor device

The energy storage module of a device determines the
long-term durability of a sensor and its downtime, i.e.,
how fast it can be charged to drive the sensor. In our
study, a hierarchically porous graphene/carbon nanotube
(CNT) hybrid structure was built onto a stainless steel
mesh to construct electrode materials. In Fig. 5a-d, the
electrode has a uniform interconnected set of open macro
and micropores with sizes ranging from 10 to 800 pm
across the whole structure. This characteristic facilitates
electrolyte penetration into the inner part to fully exploit
the potential of the graphene electrode. Given the high
conductivity of the homogeneously distributed CNTs
anchored by the graphene substrate (Fig. 5d) and fully
reduced graphene [22] (Fig. S17), the energy storage ca-
pacity and rate capability were greatly enhanced. As a
demonstration, the assembled quasi-solid symmetrical
device (Fig. S18) exhibited a typical electric double layer
capacitor behavior at various scan rates and current
densities (Fig. 5e, f). The 3D porous structure was nearly
vertical to the real axis in the low-frequency portion of
the Nyquist plot, demonstrating the fast transport of ions
into the electrode (Fig. 5g). The areal capacitance of the
assembled device held 75% (from 76.5 to 60.6 mF cm )
retention when the current density increased by 20-fold
from 2 to 40 mA cm ~. This result suggests that the device
could be fully charged even under a large charging cur-
rent (Fig. 5h). Furthermore, the device’s exceptional ca-
pacitive  performance could readily drive a
hygrothermograph (Fig. S18) and outperform other re-
ported graphene-based micro-supercapacitors, such as
functionalized holey graphene (6.41 mF cmfz) [39], ver-
tical  graphene (9 mF cm ) [40], N-graphene
(63 uF cm ) [41], reduced grapheme oxide (rGO)/single
wall CNTs (SWCNTs) (30.76 mF cm °) [42], vertically
aligned graphene (7.3 mF cm ’)  [43], laser rGO
(0.5-2.5 mF cm °) [44], graphene paper (22.3 mF cm )
[45], printed graphene (0.7 mF cm °) [46], 3D cellular
graphene (~6 mF cm °) [47], and MXene (23.6 mF cm °)
[48] (Fig. 5i). The maximum energy density of
0.011 mW h cm ~ with a corresponding power density of
0.00994 mW cm ~ was achieved, and these values were
significantly superior to many previous findings (Fig.5j)
[49-53]. The device could successfully power the elec-
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Figure 4 Practical applications of the sensor ranging from low pressure to high pressure. (a) Pulse rate monitoring. (b) Luminance control by finger
tapping. (c) Wireless signal transmission to a cell phone. (d) Foot pressure mapping characterized by the pressure sensor. (e) Current variations under

different bending degrees. (f) HMI application of the sensor.

tronics without having short circuits even when it was
subjected to bending from 30° to 180°. Therefore, it has
excellent mechanical robustness and flexibility with neg-
ligible deterioration in performance (Fig. 5k and
Fig. S17). The supercapacitor device retained 94.64% ca-
pacitance even after 3000 long-term cycling tests
(Fig. S18). When two devices were connected in parallel
(2P) or series (2S), performance reproducibility was
confirmed (Fig. S19). The superior energy density of the
flexible energy storage device serves as a solid foundation
for driving the sensor, and the stable electromechanical

performance guarantees its wearable capability.

Flexible sensor integration with wireless recharging
systems

For practical applications, wireless power transmission is
preferred, and the demand for this transmission is higher
than that for wired connections because it not only pro-
vides convenience but also prevents damage to flexible
sensors because of its flexible features [17]. In many
practical cases, for instance, implanted pressure sensors
driven by a supercapacitor equipped with a wireless
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Figure 5 Characterization of the supercapacitor. (a-d) Image of the hybrid graphene/CNT supercapacitor hierarchically porous structure. (e) I-V
curves at scan rates varying from 5 to 500 mV s . (f) Galvanostatic charge-discharge (GCD) curves of the device at various current densities of
2-40 mA cm . (g) Device Nyquist plot. (h) Areal capacity of the device as a function of current density. (i) Comparison of the device’s areal capacity
with other values reported in previous studies. (j) Ragone plot of the energy—power density of various devices reported in the literature. (k) Successful
energizing of a digital watch by the supercapacitor even under bending deformation.

charging system can be directly charged without a direct
physical connection to an external power source. There-
fore, a wireless power transmission system coupled with a
rechargeable supercapacitor was prepared to achieve this
wireless function. The input and output direct current
(DC) voltages were set to 5 and 1V, respectively, con-
sidering that the configuration used in most portable
power sources in our daily life is 5 V. The power effi-
ciency is highly dependent on two main factors, namely,
the working distance between primary and secondary
coils and the bending degree of the secondary coils
(Fig. 6a). The tested working distances ranged from 0 to
15 mm, with glass sheets used as spacers. As the working
distance increased, the voltage decreased slowly, even-
tually dropping to 50% voltage retention when the dis-
tance was set to 7 mm. The voltage retention followed a
similar trend when the secondary coil was bent from 0° to
180° along its center. Even as the device was subjected to
90° bending deformation, the sensor still possessed 80%

retention, demonstrating its applicability under bending
deformation.

The wireless power transmission was further connected
to the supercapacitor to test its operational potential. The
charging and discharging curves with the sensor as the
working load are shown in Fig. 6b. The sensor exhibited
an ultrafast charging ability (inset in Fig. 6b) when the
planar distance was set to 5 mm because of the combined
benefits of superior and efficient wireless power trans-
mission, the high rate capability of the supercapacitor,
and the ultra-low energy consumption of the sensor.
Additionally, the voltage of the supercapacitor was re-
corded to test its self-discharging property and long-term
durability. The energy storage device could retain 50% of
its voltage even after 5000 s (more than 1h), demon-
strating its long-term operating ability. The practical ap-
plication of successfully driving a digital watch is shown
in Fig. 6c and Movie S3. The wireless transmission system
effectively sent the energy to the supercapacitor and

8 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021
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Figure 6 Wireless charging system to drive the sensor. (a) Voltage retention of the inductor coil with various bending degrees and transmission
distances. (b) Charging and discharging curves of the wireless system with a working distance of 5 mm. (c) Successful demonstration of energizing a
digital watch via the wireless charging system. (d) Successful wireless powering of the sensor system for periods of interest in applications.

successfully retained the power as a reservoir for further
use. In this case, the watch was continuously working
even when it was removed from the charging source.
Lastly, when the sensor was powered by the wireless
transmission system, mechanical pressure fluctuations
were successfully monitored (Fig. 6d and Movie S4).

Specifically, the sensor initially monitored the variations
in finger pressure when the supercapacitor was charging
(inset of Fig. 6d). After wireless charging for 45 s, the
power was withdrawn from the supercapacitor, but the
sensor could function for a reasonably long time, de-
monstrating its potential for applications of interest.
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CONCLUSIONS

A conductive GF/PCN-coated porous elastomer with
MPAs as sensing materials was successfully fabricated
through magnetic-field induction coupled with a sacrifi-
cial template. The resulting hierarchically structured and
porous flexible sensor not only displayed an ultrahigh
sensitivity of over 10,000 kPa ' but also exhibited a low
detection limit of 0.25 Pa, a broad working range up to
500 kPa, a millisecond fast response time, and long-time
durability. However, the combined high-level perfor-
mance has not been reported. Additionally, the developed
wireless recharging system achieved high-energy storage
and transmission efficiency when it was subjected to
bending deformation, allowing it to be rationally in-
tegrated with the sensor to develop various functional
applications without a direct physical connection. The
wirelessly powered high-performance sensor created and
demonstrated in this work presented a novel strategy to
construct WSNs with a breakthrough performance for
future 5G communication and IoT applications. Fur-
thermore, the concepts explored for sensor optimization
provide a basis for investigating the incorporation of
hierarchical hybrid structures and ultrasensitive flexible
sensors integrated with wireless recharging systems into
other flexible electronics systems. Thus, novel multi-
functional applications may be developed.
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