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ARTICLE INFO ABSTRACT

Keywords: Flexible pressure sensors have promising applications in wearable electronic devices. However, fabricating
Linear sensitivity flexible pressure sensors with wide linear range and high sensitivity remain a great challenge. Herein, a micro-
Wide range

nano hybrid conductive elastomer film based on carbon materials with arched micro-patterns array on surface
(P-HCF) is developed to show expected sensing properties through a sustainable route. The 1D carbon fibers
(CFs) and OD carbon nanoparticles (CNPs) were incorporated into polydimethylsiloxane (PDMS) matrix to
construct a 3D conductive network consisting of physical contact and tunneling effect among carbon materials to
improve the sensing range and sensitivity. The arched micro-patterns of the P-HCF, which is designed mimicking
the human fingerprints, influences the pressure distribution inside the material, giving rise to a linear sensitivity
over the whole sensing range. Finite element analysis (FEA) method is investigated to simulate and analyze the
compression process. The P-HCF sensor exhibits both a high sensitivity of 26.6 kPa~! and an exceptionally wide
linear range of 20 Pa — 600 kPa. The devices were demonstrated in monitoring artery pulses, assisting in
diagnosing Parkinson’s disease, and analyzing gait for healthcare. Furthermore, the sensors are integrated into
complex devices to realize pressure distribution detection, controlling manipulator, and operating PC games. The
attainment of excellent pressure sensing performance of the P-HCF, potentially initiates vast applications in
health monitoring and human-machine interfaces.

Micro-patterns
Flexible pressure sensor
Human-machine interface

1. Introduction [16].
In the current study, most research carried out on expanding sensing

Rapid advances in materials, flexible sensors, energy storage devices, range and improving sensitivity to satisfy the requirements of practical

and integrated systems are driving great interests in wearable electronic
devices, which enable real-time monitoring and diagnosing of personal
health status [1-4]. Flexible pressure-sensitive devices have drawn
sustainable attention on prosthesis, health monitoring, and robotics
[5-7]. The flexible pressure sensors could be classified into resistive
[8,9], capacitive [10,11], piezoelectric [12,13] and optical [14,15]
types, based on different sensing elements and mechanisms. Among
these types of pressure sensors, resistive-type pressure sensors trans-
ducing mechanical features into resistance changes are extremely
desirable due to their simple read-out mechanisms and cost effectiveness
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applications. Some effective methods were utilized to increase the
sensing pressure or sensitivity including new materials and structural
modifications. For example, our previous work had exhibited an ultra-
wide sensing range up to 800 kPa via synthesizing micro-nano hybrid-
structured conductive elastomer sensing film [17], and Sun et al. re-
ported a conductive graphite/polydimethylsiloxane (G/PDMS) foam
film with hierarchical surface microstructures to obtain an extremely
high sensitivity of 245 kPa~! [18]. Several materials with the
outstanding properties were investigated in pressure sensors, such as
conductive polymers [19], graphite [20], carbon nanotubes (CNTs) [21-
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23], grapheme [24], carbon nanofibers (CFs) [25] and other nano-
materials [26,27]. Another way to improve sensing performance was
through designing surface structures such as shapes of microdomes,
micropyramids and other microstructures on surface or make micro-
pores inside materials at the micro or even nano-scale [28-32]. How-
ever, under high pressure loading, materials’ compressibility reduces,
thus the number of conductive paths in pressure-resistive devices and
the contact area of the contact-type devices become saturated, resulting
in a decreased sensitivity and nonlinear response [33]. Therefore, with
regard to flexible sensors, it is difficult to keep a satisfied sensitivity at
high pressure region.

The linear sensitivity of sensor is the relationship between the output
signals and the applied loads. In practical applications, the pressure
sensors need to be operated in a linearity sensitive regime, which is
instructive in avoiding additional signal processing for cost effectiveness
and obtaining accurate information [5,33,34]. Besides the flexible
pressure sensors could match existing signal processing systems on the
market directly and show better market prospects in artificial intelli-
gence, health care and other fields. However, few articles have reported
the sensors with linear sensitivity in the whole sensing range. Re-
searchers are continuously taking more efforts to improve the linear
sensing range and sensitivity. For instance, Cho et al. [5] showed a
pressure-sensitive electronic skin based on reduced graphene oxide
(rGO) covering on PDMS microdome structure array with a sensitivity of
8.5 kPa~! between 0 and 12 kPa. The sensing range belonged to the very
low-pressure regime for just monitoring gentle touch. Wong et al. [6]
conversed rigid nonconductive bulk wood trunks into flexible and
conductive carbon/silicon composites as sensing material showing a
sensitivity of 10.7 kPa! in wide pressure region (up to 100 kPa).
Recently, Yang et al. [35] reported a novel pressure sensor with hier-
archical microstructures presenting a higher sensitivity of 15.4 kPa~! in
a broad linearity range over 200 kPa. Although correlational research
has obtained preferable results, it is still difficult to meet the re-
quirements of real applications at high pressure range. In order to
broaden the application scenarios, how to enlarge linear sensing range
continuously while ensuring high sensitivity is a critical challenge.

In this paper, we presented a high-performance P-HCF flexible
pressure sensor with an outstanding linear sensitivity of 26.6 kPa™! over
exceptionally wide pressure range from 20 Pa to 600 kPa, based on a
multistage sensing process. Different from the majority flexible sensors,
which depended on the modification of surface structures to obtain
linear sensitivities, this sensing materials was not only designed to
establish micro-nano hybrid-structure by using multi-dimensional car-
bon materials in the P-HCF in the micro-scale, but also had arched
micro-patterns array mimicking the structure of human fingerprint on
the surface in macro-scale for realizing multistage sensing. The
compression process of sensor was simulated by finite element analysis
(FEA) method. Attributed to the change in contact resistance of micro-
patterns with the synergistic effect of physical contact among conduc-
tive fillers and tunneling effect inside the conductive elastomer, with the
increases in the pressure, the high linear sensitivity maintained through
the whole pressure range. Owing to these excellent properties, the sen-
sors manifested outstanding performances with tremendous applica-
tions potential, such as human physiological signal monitoring, pressure
distribution, and human-machine interfaces including controlling
manipulator and playing games.

2. Experimental section
2.1. Preparation of P-HCF and pressure sensor

The P-HCF was fabricated by molding the liquid mixture of
conductive elastomers on templates. CFs (diameter: 8 pm, length:
10-100 pm) (400 mesh, Haotian Nano Technology Company) and PDMS
(Dow Corning Sylgard 184; the weight ratio of base to curing agent was
10:1) were mixed by a planetary centrifugal mixer (Kurabo, KK-2508S).
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Conductive carbon ink (CCI, JUJO CHEMICAL Co., Ltd) were then
added into CFs/PDMS and stirred by an overhead stirrer (IKA, RW20) at
400 rpm for 3 h. The conductive elastomer was bladed onto patterned
quartz templates, which were engraved by laser flash (Speedy 360, 60
W) based on programmable patterning with different spacings and
depths. The spacings of micro-patterns were 200 pm, 300 pm, and 400
pm; and the depths were 25 pm, 55 pm, 80 pm and 110 pm. Then after
degassing in vacuum oven and fully curing under 100 °C, the micro-
patterned HCFs with a bulk film thickness of ~ 500 pm were peeled
off from templates. The as prepared P-HCF was cut into square size (1 x
1 cm) to be used as a sensing layer of pressure sensor to measure the
sensing performance. The square P-HCF, which was hold the patterned
side up, was fixed on the lower copper-clad laminate electrode by
conductive silver adhesives. And the upper copper electrode was fixed
on the linear motor, which can move along z-axis and ensure that the
pressure sensor starts from off-state.

2.2. Characterization of thin films and pressure sensors

The morphologies of micro-patterned HCFs were characterized by
SEM (10 kV, FEI Quattro S) with a 10.0 kV accelerating voltage and 3D
profile (Sensofor). A mechanical performance testing system (MTS
E43.104) was used to apply the pressure and a digital source meter
(Keysight B2902A) was investigated to record the electrical responses of
the sensors. The applied voltage for measurements of all electrical
properties was 0.05 V DC. The curves of pulse monitoring, pressure
array, gait monitoring, objects grabbing and gesture recognition dem-
onstrations were acquired by source meter and electrochemical work-
station (Metrohm, M204), respectively.

2.3. FEA numerical modeling

ABAQUS FEA software package was used to study the uniaxial
compression behavior of the P-HCF. In order to save computing re-
sources, the 3 x 3 array models were established. The composite ma-
terial was treated as hyperelastic material depicted by the Marlow
model, and parameters were decided by uniaxial test data. The com-
posite material was modeled by the hexahedron element (C3D8R).
Displacement boundary conditions were applied in load module.

2.4. Fabrication of stretchable pressure sensor array

The 4 x 4 array of stretchable pressure sensor was fabricated starting
from the lower circuit board that was made from single-side Cu-clad
laminate consisting of 18 pm thick Cu sheet and 75 pm thick supporting
PL The fabrication began with patterning 300 pm wide Cu meanders and
island-like electrodes of sensors (size: 1.4 x 1.4 cm) by photolithography
and wet etching along with the design. A 12.5 pm thick protect layer was
coated on the upside of Cu meanders. The island bridge-like outline was
structured by laser cutting, and then the flexible printed circuit board
(FPCB) residues were removed. The 4 “islands” were connected in series
as a column. The upper circuit board was fabricated by the same process,
with 4 “islands” connected in series as a row. The square P55-HCF (size:
1.2 x 1.2 cm) was fixed on each “island” of the lower circuit board by
coating the precursor of HCF between the square Pss-HCF and the
electrode and curing at 100 °C. Then, the upper circuit board covered on
the square Ps5-HCF according to the outlines of the lower circuit board.
The sides of the square Pss-HCF coated silicon glue for adhering the
island-like electrode of the upper circuit board to be sandwich config-
uration of upper electrode/Pss-HCF/lower electrode as sensing unit.
Meanwhile, the Cu meanders of the upper and lower of circuit boards
were adhered by the silicon glue on the overlapping sections. The 4 x 4
array of stretchable pressure sensor with island bridge-like outline was
fabricated. The “island” was the sensing unit, and the “bridge” acted as a
wire to transmit signals while make the device stretchable.” The signals
were processed by the external processing module.
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2.5. Fabrication of flexible smart insole

The flexible smart insole was designed to lay out 16 sensing units
placed at toes (#1-3), fore-foot (34-8), lateral (#9), and rear-foot
(#10-16). The fabrication started from the lower circuit board printed
the conductive silver paste on the PET film by screen printing technique.
These rectangular (length: 23 mm, width: 11.5 mm) areas were used as
the lower electrode of the sensing units, and connected by silver wires
(width: 500 pym) in series as a row. The as-prepared Ps5-HCF was fixed on
each lower electrode by coating the precursor of HCF between the Pss-
HCF and the electrode and curing at 100 °C. Then, the upper circuit
board was printed the silver-based circuit by screen printing technique,
including rectangular areas as the upper electrodes of the sensing units
and connecting wires in series as a column. The upper and lower circuit
boards overlapped face to face, and were adhered by silicon tape to be
the flexible smart insole. The transmitting signals were collected and
processed by an external processing module.

2.6. Fabrication of smart glove

The smart glove consists of commercial gloves and sensing device
which was fixed on the back of the glove by covering thermoplastic tape.
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Five pressure sensors of the sensing device were set on the knuckles,
respectively, and the signals were transmitted by Cu meanders to the
signal processing module installed on the wrist. The substrate circuit
that included electrodes of sensors and Cu meanders was made from
flexible double-sided Cu-clad laminate consisting of 18 pm thick Cu
sheet and 75 pm thick supporting PI. The 200 pm wide Cu meanders and
the electrodes of sensor (length:22 mm, width:10 mm) were prepared by
photolithography and wet etching along with the standard design. A
12.5 pm thick protect layer was coated on the upside of Cu meanders.
The details of circuit configuration for each sensor and associated wire
were descripted in the Fig. S8, showing that the upper and lower Cu
meanders overlapped to reduce the width of wire. The upper electrode
of sensor which connected to the end of lower Cu meander. The lower
electrode of sensor that was prepared by FPCB process was welded to the
bonding pad which was reserved at the end of upper Cu meander by
drilling process. The as-prepared Pss-HCFs (length: 17 mm, width: 5
mm) were fixed on the lower electrodes by coating the precursor of HCF
between the sensor material and the electrode and curing at 100 °C. A
rectangular hollow double-sided tape was put on the sides of the Pss-
HCF to adhere the upper and lower electrodes while maintained sensor
off-state.

a ’\‘?Ps/CFs/PDMS
—_—
Patterned template
Ed
P-HCF Cu
C
Cu Pressure
PDMS .
® CNPs : '7:,/;.}' 3
m— CFs . .'\ /.'o
o txiast

Conductive paths

Fig. 1. A micro-nano hybrid carbon materials conductive elastomer film with arched micro-patterns array (P-HCF). (a) Schematic of the fabrication procedure of the
P-HCF. (b) The configuration of flexible pressure sensor and the photo and SEM image of the P-HCF. (c) Schematic showing the basic working principle of the

pressure sensor.
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3. Results and discussion

The micro-nano hybrid carbon materials conductive elastomer film
with arched micro-patterns array (P-HCF) is developed using a facile and
sustainable route, the fabrication process of P-HCF is illustrated in
Fig. la. The P-HCF was prepared by molding the liquid blending of
conductive elastomers, which was synthesized by 1D CFs, 0D CNPs
coming from conductive carbon ink and PDMS with the method reported
in previous work [17], the details were listed in experimental section.
The liquid blending of conductive elastomer was doctor bladed onto the
patterned quartz templates, which were engraved by laser flash based on
programmable patterning with different spacing and depths. The laser
engraving method is superior to traditional lithography technique that is
expensive and time-consuming. After degassing in vacuum oven and
fully curing under 100 °C, the P-HCF with a bulk film thickness around
500 um was peeled off from templates.

Fig. 1b presents the configuration of the flexible pressure sensor
device. The P-HCF was sandwiched between two copper electrodes
made of copper-clad laminates. Fig. 1c¢ schematically shows the basic
working principle of the pressure sensors. The external pressure changed
the contact area between the micro-patterns array on the surface and the
upper electrode, leading to the decrease in contact resistance.
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Meanwhile, the distance between CFs and CNPs inside P-HCF reduced,
resulting on a sharp increase in conductive paths consisting of the
physical contact and tunneling effect. Correspondingly, the total current
of P-HCF sensor rose with the increase in applied pressure. The combi-
nation of the micro-nano hybrid structure film composed of internal
multi-dimensional carbon materials and the arched micro-patterns array
conducted a multistage sensing mechanism in the high-performance
pressure Sensors.

To demonstrate the effect of the height of the arched microstructure
on the sensitivity and linear range of the flexible pressure sensor, four P-
HCFs with different pattern heights (25 ym, 55 pm, 80 um, and 110 um)
were prepared while keeping the pattern spacing and size at 200 pm,
named as Py5-HCF, Ps5-HCF, Pgo-HCF, and P11¢-HCF (Fig. 2a). Fig. 2b
displays the 3D surface profiles of the P-HCFs, confirming that the sur-
face micro-patterns array obtained by the laser engraved templates have
uniform height and ordered distribution. Fig. 2c presents the sensing
performance of flexible pressure sensors under applied pressures. The
sensitivity (S) of the pressure sensors is defined as S= (AI/Ip)/AP, where
Al 'and AP are the measured change in current and pressure, Iy represents
the initial current without loading. As a result, with the height of the
surface pattern increasing, the normalized change in current (Al/Ip) was
gradually approached linear to applied pressure over entire 20 Pa — 600
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Fig. 2. Characterizations of the P-HCF sensors with different heights of micro-patterns. (a) SEM cross-section images (scale: 200 um). (b) 3D surface profiles of HCFs
(i: Pos-HCF, ii: P55-HCEF, iii: Pgo-HCF, iv: P119-HCF). (c) Current responses of the sensor to continuous pressure from 20 Pa to 600 kPa. (d) The stress distribution of the
cross-section model obtained by FEA with the increase of applied pressure. (e) Circuit diagram of the P-HCF sensor. Change of contact area (f), total deformation (g)
and deformation of bulk films (h) of P-HCFs in response to the applied pressure in FEA modeling.
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kPa. At the same time, the sensitivity decreased from 29.27 to 14.18
kPa~l, the highest linear sensitivity of 26.6 kPa~! was achieved as the
pattern height was 55 pm. The statistical data with errors was exhibited
in the Fig. S1, and the standard deviation were all less than 5%.

To elucidate the effect of surface micro-patterns on sensor perfor-
mances, FEA based on the model with different pattern heights was
constructed to simulate the stress distribution and deformation process
of the P-HCFs (Fig. S2 and S3). In the initial status, only the top surfaces
of the patterns contacted with the upper electrode. Since the modulus of
micro-patterns was lower than bulk film, the compression deformation
of the micro-patterns was more than the bulk film. With the increase of
the pressure, the micro-patterns were gradually flattened, at the same
time, different heights of patterns required different pressures for flat-
tening (P25-HCF: 149 kPa, Ps5-HCF: 314 kPa, Pgo-HCF: 380 kPa, Pq10-
HCF: 392 kPa) (Fig. 2d). The pressure sensing mechanism of the P-HCF
sensor consists of two parts of resistance changes (Fig. 2e): the contact
resistance (R) and the film resistance (Ry). As shown in Fig. 2f, the
contact area of the sensor gradually increased with increasing pressure.
The sensing performance of the sensor started form the change in R,
caused by the increase in contact area at lower pressure, the greater the
change in contact area, the higher the sensitivity of sensor [35-37]. As
the pressure load is continuously applied, the change of Ry, which came
from the tunneling and contact effects between inner conductive fillers
resulting from the deformation of the pattern and bulk, gradually
increased and synergized the R, to act on the sensitivity of sensor
[17,38,39]. Until patterns flattening, the change in resistance mainly
depend on the Ry caused by the compression deformation of the bulk
film. Take the P55-HCF as an example, the compression process of cross
section was shown in Movie S1, illustrating that the mises stress plot
contours was constantly changing with the pressure increase. Fig. 2g
shows the compression of different height sensors with pressure
changes. Along the increase in height of micro-patterns, the procedure of
micro-patterns flatting lasted longer and the deformation in bulk film
declined (Fig. 2h). Therefore, the sensitivity of Py5-HCF sensor
decreased and tended to saturation at high pressure, and the sensors
with other heights of micro-patterns exhibited approximate linear
sensitivity at the whole sensing range, as shown in Fig. 2c. Meanwhile, it
can be seen that the P55-HCF sensor showed higher linear sensitivity at
the range of 20 Pa — 600 kPa. It could be summarized that the
conductive materials can compensate for the saturation effect of the
contact when the pressure becomes higher under reasonable design of
micro-patterns to obtain a wide linear sensing range [33]. The under-
lying mechanism may be that the combination of contact resistance and
film resistance promotes the sensor to show an excellent sensing per-
formance with wide-linear and high sensitivity over the board sensing
range.

On the basis of the above, the effect of spacing between micro-
patterns was evaluated working on sensing performances (Fig. S4).
The statistical data with errors was exhibited in the Fig. S5, and the
standard deviation were all less than 5%. The sensitivity increased with
the increase spacing, but the linearity of sensitivity was declining in the
sensing range. It is obvious that the spacing of the micro-patterns
determined the pressure sensing performance when the size and
height of micro-patterns are same. As the spacing increases, the
compressibility of the pressure sensor increases due to the decrease of
the effective Young’s modulus of the micro-patterns under the same
pressure. The micro-patterns deform more and result in a larger contact
area, resulting in higher sensitivity [37]. However, the micro-patterns
with relatively wide spacing was earlier flattened, and the sensitivity
of sensor reduced at high pressure to loss the linearity in the whole
sensing range. While the sensor with higher density micro-patterns
exhibited linear sensitivity at the broad sensing range as the synergis-
tic effect of the contact resistance and film resistance generated during
the sensing process. Therefore, the P55-HCF with spacing and size of 200
um was finally determined as the optimal pressure sensing materials.
Moreover, the design of arched micro-patterns on the Pss-HCF
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mimicking the papillary lines on the fingerprint surface. It is well known
that the height and width of the papillary lines are 0.1-0.4 mm and
0.2-0.5 mm, respectively, and it could be inferred from the literature
that the width and spacing of papillary lines are roughly same [40]. It
follows that the ratio of height and spacing of the papillary lines on the
fingerprint surface is in the range of 1/5-2/1. For P55-HCF, the pro-
portion between height and spacing of arched micro-patterns is about 1/
4, which is within the ratio of papillary lines. Therefore, the Pss-HCF
sensor obtains outstanding sensing performance.

The current-voltage (I-V) curves of the P55-HCF sensor from —3 to 3
V investigated at various pressure levels showed an obvious linear
relationship and steady responses, demonstrating stable Ohmic charac-
teristics (Fig. 3a). As the increasing of the applied load, the resistance
(slope of the curves) decreased correspondingly. Aiming to investigate
the limit of detection of the sensor (LOD), the current response to
pressure was measured by loading/unloading 0.2 g of weight, as
depicted in Fig. 3b and Fig. S6, indicating that the sensor could detect
subtle pressure variations as low as 20 Pa. The instant sensing response
time (40 ms) and recovery time (20 ms) could be observed in the inset,
confirming the sensor has a timely manner under an external pressure
and is comparable to that of human skin [41]. Fig. 3c and Table S1 shows
a comparison of the sensing performance of the Pss-HCF sensor with
other linear pressure sensors reported in the previous literature,
demonstrating the higher sensitivity and broad sensing range for the Pss-
HCF sensor simultaneously. Currently, most resistive-type sensors
exhibited a linear range below 100 kPa [5,31,33,36,42,43]. Only a few
sensors show a wider linear range, but the sensitivity is below 16 kPa™!
[35,44,45]. Therefore, this resistive-type sensor with a linear sensing
range of 20 Pa to 600 kPa and sensitivity of 26.6 kPa~! has rarely re-
ported. To investigate the real-time pressure sensing performance of the
P55-HCF sensor under different pressures, the relative current change of
the sensor was measured under incremental pressure. Fig. 3d demon-
strates that the sensor could realize a rapid and linearly current changes
at the middle-pressure range. It is notable that the well linear correlation
between responding signals and pressure levels when the pressure
continues to increase into the high pressure range (100-600 kPa), as
shown in the Fig. 3e. Fig. 3f exhibits that the current responses of the
Ps5-HCF sensor to constant pressure loading of 200 kPa with different
compression frequencies of 0.355 Hz, 0.712 Hz, 1.413 Hz and 2.769 Hz
had been conducted. Observably, the pressure sensor always responded
repeatedly during different compression frequencies. In order to confirm
the durability and stability of the actual application, the Ps5-HCF sensor
performed 5000 compressive loading/unloading tests at 200 kPa, and
obtained the corresponding sensing response of the pressure sensor in
real time. As shown in Fig. 3g, it is found that the sensing response had
no significant degradation in current amplitude over 5000 cycles, which
indicated the stability and repeatability of the Ps5-HCF sensor in long-
term use. Besides, the performance of sensors under high temperature
was explored. Fig. S7 exhibits the current responses of the sensors from
20 °C to 100 °C. Through the sensitivity performance reduced by 16.5%
in 100 °GC, it still has better sensing performance. Therefore, the sensor
solves the problem that most commercial flexible sensors (operating
temperature is below 60 °C) could not bear high temperatures and ex-
pands the application scenarios of flexible sensors.

To evaluate the potential applications of the pressure sensor in the
diagnosis of cardiovascular diseases, the sensor was attached onto the
wrist to detect the arterial pulse in real time (Fig. 4a). Here, a pulse
frequency of 70 beats/min was recorded, corresponding to the value of
healthy adults. Due to the excellent sensitivity and high signal-noise
ratio of the sensor, is below the representative arterial waveforms
without any signal amplification and post-processing were clearly
visible: percussion wave (P;), tidal wave (P2) and diastolic wave (P3).
Parkinson’s disease (PD) is a common neurodegenerative disease in the
middle-aged and elderly people, and muscle rigidity is one of the typical
symptoms of Parkinson’s patients. The usual manifestation is the resis-
tance to passive movement that occurs in both flexors and extensors
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500, and 600 kPa. (f) Cyclic current responses of the sensor to 200 kPa at different frequencies. (g) Stability and durability of the sensor over 5000 loading/unloading

cycles at a pressure of 200 kPa.

throughout the whole range of motion. Clinically, muscle rigidity is
detected by passively moving an extremity at a joint [46]. Fig. 4b shows
the sensor was attached onto the biceps to simulate the patient’s muscle
resistance during passive movement, and the corresponding current
changes is shown in Fig. 4c, presenting that the Ps5-HCF sensor could be
well used for the diagnosis of Parkinson’s disease. Besides, the flexible
pressure sensors are integrated into sensing array to display the capa-
bility of intuitively perceiving the spatial distribution and value of
pressure. Fig. 4d illustrates a 4 x 4 array of stretchable pressure sensor
consisting of Ps5-HCF sensors and stretchable circuit, which is conformal
to the hemispherical mold due to its stretchability, manifesting that the
stretchable sensing array could be conformal to complex surface in real
applications. The value and location of the applied pressure from fingers
and palm could be visualized by the height and position of 3D columnar
mapping image (Fig. 4e - g), according to that, the distribution of
pressure, or even rough outline of objects could be detected and
recognized by the sensor array.

Monitoring of plantar pressure is of great significance to footwear
design, injury prevention, sport biomechanicals and diagnosistic of foot
diseases [47,48]. Practical plantar pressure monitoring requires wide-
range linear sensing capability up to several hundreds of kPa and high
sensitivity in order to achieve accurate information [49]. Here, a flexible
smart insole consists of 16 sensing units placed at toes (#1-3), fore-foot
(#4-8), lateral (#9) and rear-foot (#10-16) was developed to record
foot pressure signals (Fig. 4h). Fig. 4i presents the pressure distribution

of standing posture by a person with 50 kg mass. Benefit from the wide
linear and high sensitivity of flexible sensors, pressure of each point
could be collected accurately. Furthermore, the evolution of pressure
mapping during dynamic walking was reconstructed from acquired data
continuously received by 16 sensors. Plantar pressure distribution dur-
ing walking process usually contains heel strike, foot flat, midstance,
heel off and tiptoe strike, as shown in Fig. 4j. The intelligent insole could
accurately record foot pressure distribution in real-time, where red parts
indicated high pressure and blue parts represented relatively low pres-
sure, and the pressure changed following the locomotion of emphasis.
The evolution of plantar pressure experienced a highest stress in rear
foot regime and nearly no stress in fore foot and toes for heel strike,
transferred to stress localized in anterior region of fore foot and toes for
tiptoe strike, which was in line with the real plantar pressure distribu-
tion during walking. The flexible smart sole is expected to be performed
for early diagnosis Parkinson’s disease or diabetic foot ulcers disease
[50,51], resulted from excessive foot pressure and characteristic pres-
sure distribution, providing abundant information for gait analysis,
further giving suggestions in walking postures and foot health.
Human-machine interfaces enable the effective information in-
teractions between people and machines, which play a crucial role in
artificial intelligence, have been realized in various ways [52-54], such
as wearable or implantable platforms integrated in watches, clothes,
wrist bands, keyboards, and microphones, etc. Herein, a human-
—machine interface based on the flexible pressure sensors was
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Fig. 4. Applications of the pressure sensors for health monitoring. (a) Flexible pressure sensor attached on the wrist for pulse signals monitoring. (b) and (c) attached
on the biceps for simulating the patient’s muscle resistance during exercise. (d) Schematic of the stretchable pressure sensor array assembled from the Pss-HCFs with
4 x 4 pixels. (e-g) Schematics of the fingers and palm touching on the pressure sensor array and corresponding pressure maps. (h) Schematic of the intelligent insole
consisting of 16 pixels’ sensors. (i) Plantar pressure distribution of left foot in standing posture. (j) Plantar pressure distribution during walking process measured by

the intelligent insole.

established by affixing the sensing device to a textile glove at knuckle
regions, as shown in Fig. 5a. The sensing device was fabricated by the
upper and lower flexible circuits and the Ps5-HCFs. The sensors were set
to the knuckles with the sandwich configuration of Cu/ Ps5-HCF/Cu.
The Fig. S8 illustrates a sequential schematic diagram of the fabrication
process. The upper and lower electrodes of sensors were from upper and
lower flexible circuits, and the signals were transmitted by the Cu me-
anders. Moreover, the Cu meanders give the wires stretchability to avoid
damage when the hand is moving. Details appear in the Experimental
Section. Combined the on/off and amplitudes of five signals generated
by fingers, the output curves could represent different gestures (Fig. 5b).
In addition, the duration and frequency of signals might be defined as
Morse code, which were controlled by the endurance and frequency of
finger bending (Fig. 5¢). Furthermore, the smart glove system recorded
and processed the bending signals from each joint to operate the
manipulator, such as gesture imitation (Fig. 5d, Movie S2) and grabbing
object (Fig. 5e, Movie S3). And the current responses of different ges-
tures were exhibited in Fig. S9. Apart from that, the smart glove also

worked as a controller to build an intelligent rehabilitation training
platform for patients (Fig. 5f). The functional commands of “running”,
“left”, “jumping”, “right”, “boxing” were realized by bending thumb,
index finger, middle finger, fourth finger and little finger, respectively
(Fig. S10, Movie S4). The current responses of different command ac-
tions were shown in the Fig. S11. The intelligent rehabilitation training
platform integrating data visualization, accurate training and enter-
taining could help patients to train and improve their finger joints skills
though an interesting and challenging manner [55,56]. In view of the
above, the flexible pressure sensor exhibited sufficient potential in
human-machine interfaces and displayed potential application pros-
pects in rehabilitation medical, as well as exoskeleton manipulator, or
even industrial manufacturing.

4. Conclusion

In summary, we presented a flexible pressure sensor, which is from
material synthesis to structure design. A high linear sensitivity at a wide
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Fig. 5. Applications of the pressure sensors for human-machine interfaces and rehabilitation treatment. (a) Photography of the smart glove and schematic diagram of
the control system. (b-c) Current responses of different gestures and Morse code for “BGI” produced by fingers bending. Images of controlling manipulator to (d)
imitate gestures and (e) grab object. (f) The smart glove used in intelligent rehabilitation training through playing PC games.

sensing range through multistage sensing process could be realized. The
sensing material P-HCF is fabricated by a simple and efficient approach
to obtain the micro-nano hybrid-structured conductive film with arched
micro-patterns array. 1D CFs and 0D CNPs as conductive fillers estab-
lished 3D conductive networks in PDMS to become multistage sensing
structure on micro-scale, greatly improved the sensing range and
sensitivity of filler-matrix elastomer material. The micro-pattern array is
designed on the surface mimicking the papillary lines on fingerprint
surface to change pressure distribution to obtain linear sensitivity in
whole sensing range. In addition, the sensors showed good sensing
performance at 100 °C, in contrast most commercial flexible sensors
could not withstand high temperatures, thus, it expands the application
scenarios. The sensor is demonstrated in the detection of real-time
arterial pulse signals, aided diagnosing Parkinson’s disease, analyzing
gait, perceiving pressure distribution, controlling manipulators, and
operating PC games. These results reveal the significance of combining

micro-patterns array of pressure-sensing materials with device design to
realize flexible electronics for ubiquitous wearable applications, such as
health monitoring, robot sensing and human-machine interfaces.
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