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A flexible sensor with excellent pressure, temperature, and bending sensitivity is fabricated based on the
conductive skeleton material with hierarchical porous structure. The conductive skeleton material is composed of
carbon fibres (CFs) and multiwalled carbon nanotubes (MWCNTs), in which lay perpendicular to each other CFs
are used as conductive frames, while MWCNTs are served as bridges to connect the CFs and increase the
conductive network formation. Owing to the unique structure and the conductive materials, the as-prepared

sensor exhibits a high-pressure sensing performance of 42.7 kPa (0-1kPa), fast response, relaxation times
of<100 ms, wide working range of 0-60 kPa, and high stability over more than 6000 cycles. Furthermore, the
fabricated sensor presents a high thermal sensitivity of 2.46 °C™! between 30 and 40°C, excellent bending
sensitivity of 95.5%rad ™! in the working range of 0-180°, and great flexibility (over 1000 cycles), demon-
strating its potential applications in multifunctional wearable electronics.

1. Introduction

Traditional electronic devices are usually composed of hard mate-
rials with poor flexibility and deformability, which limit their further
application in deformable environments [1-2]. These drawbacks can be
overcome by flexible, soft, and deformable electronic devices, which
have attracted great interest with their potential applications in
emerging fields such as wearable health devices [3], soft robots [4], and
artificial intelligence [5-7]. Particularly the branch of flexible elec-
tronics dealing with electronic skins [7], flexible sensors [8], and human
motion detection devices [9-11] is an attractive research area. Diverse
flexible sensors have been developed to detect human motions,
including heart or pulse beating [12-13], smiling [14], limb bending
[15], etc., and play an important role in identifying substances in the
environment and expanding human sensing behaviour. These sensors
detect a specific physical change and collect signals to further help
people control the physical changes in turn, thereby realizing human-
-machine interactions.

Many types of flexible sensors are derived from conductive materials,
such as metal nanowires [16], carbon nanotubes (CNTs) [17], graphene
[18-20], MXene [21,22], and porous foams [23]. The working mecha-
nisms of wearable functional electronics are mainly based on changes in
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the resistance [24], piezoelectric properties [25], and capacitance [26].
In particular, due to their high aspect ratio, excellent conductivity, and
high strength, carbon nanotubes (CNTs) can easily form a sensing
conductive network with low weight ratio, which has attracted wide-
spread attention [27]. Furthermore, CNTs have been commercialized
and are relatively cheap compared to other conductive nanomaterials
like metal nanowires, graphene and MXene [18-22]. For example, Jian
et al. [28] developed a high-stability pressure sensor with superior
sensing performance based on an aligned CNT/graphene mixed layer
film and micro-structured polydimethylsiloxane (PDMS). Liu et al. [29]
coated single CNTs onto braided cotton fabric by a dip-coating process to
fabricate a pressure sensor with superior sensing performance and a
wide working range. However, the above sensors usually work as a
single mechanism. Hence, their detection range and sensitivity do not
well meet the requirements of future multifunctional temperature,
pressure and deformation sensing applications.

In this study, CFs and MWCNTs were selected as conductive mate-
rials due to their prices are lower than those of conductive materials
such as commercial graphene-based nanocomposites and silver nano-
materials. The CFs-MWCNTs hierarchical porous network were con-
structed by the freezing casting method, and then encapsulated with the
flexible matrix PDMS to prepare the multifunctional flexible sensor. The
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prepared sensor can independently recognize pressure, temperature,
and bending physical changes. Also successfully detected human
movements, including hand gestures, elbow bending, wrist bending,
knee bending and heel pressure. Moreover, the 4 x5 CFs-MWCNT
flexible sensor array exhibits excellent pressure and temperature
sensing capabilities. We believe that the proposed sensor can potentially
be used in multifunctional integrated wearable electronic devices.

2. Experimental section
2.1. Materials

The carbon fibre (CF) tow was purchased from Weihai Guangwei
Composite Material Co., Ltd., China (TZ700S-12K, Unsized). Multi-
walled carbon nanotubes (MWCNTs) were received from Nanjing
XFNANO Materials Tech (Nanjing, China). Chitosan (C804726,
Shanghai Macklin Biochemical Company) was selected as the solvent.
Polydimethylsiloxane (PDMS) was used as the elastic substrate polymer
matrix and was provided by Dow Chemical Shanghai Co., Ltd.

2.2. Preparation of hierarchical porous structure CFs-MWCNT conductive
skeleton

First, chitosan (CS) solutions of multiwalled carbon nanotubes
(MWCNTSs) were prepared with different mass fractions. Therefore, 1 g
of CS powder was dissolved in 50 mL of 2% (v/v) acetic acid aqueous
solution to prepare a 2wt% CS solution. Then, MWCNTs of different
mass ratios were added, followed by ultrasonic stirring for two hours
until a uniform dispersion without agglomeration was formed. Finally,
MWCNT solutions with different mass fractions (2.5, 5, 7.5, 10, and
12wt%) were obtained. Second, CF tows (12K) were uniformly
dispersed and thinned via tow-spreading technology [30], and then two
CF layers were laid alternately and perpendicular to each other to form a
CF network with a thickness of no more than 40 um. Then, the MWCNTSs
solution was uniformly sprayed onto the CF network via a spray process
(Figure S1; nozzle diameter: 0.5 mm; spray air pressure: 4 bar), fol-
lowed by freeze-drying (Figure S2). Finally, the samples were annealed
to obtain porous CFs-MWCNTs conductive skeletons with different
thicknesses (0.02-0.1 mm; interval: 0.02 mm). Conductive copper tape
was pasted and fixed to the conductive skeleton to ensure a good elec-
trical connection between the electrode and the sensing layer.

2.3. Fabrication of hierarchical porous structure CFs-MWCNT
multifunctional sensor

The composite sensor was prepared by mixing the silicone elastomer
PDMS (part A) and the crosslinking agent (part B) in a weight ratio of
10:1. Then, the CFs-MWCNT skeleton was soaked in the mixture while
degassing in a vacuum oven for 20 min to remove bubbles. The PDMS-
impregnated sample was placed in an aluminum mold with the di-
mensions of 30 x 30 x 1.5mm (length x width x depth), and silicone
elastomer was added to the mold. Then, the aluminum sheet was
covered, and excess PDMS was pressed and extruded to ensure an equal
senor thickness of 1.5 mm for all sensors. The obtained samples were
cured at room temperature for 12h and placed in a vacuum oven at
80 °C for 2 h. Based on the calculated weight difference before and after
fabrication, the CF volume content of the sensor was approximately
2.7 vol%.

2.4. Fabrication of the multifunctional sensing array

Soft and transparent polyethylene terephthalate (PET) was used as
the substrate, and the copper circuit was evaporated onto this substrate
to form a 4 x 5 sensor pixel array. Then, 20 rectangular parallelepiped
samples of the porous CFs-MWCNT skeleton were pasted on the circuit
board using conductive tape, encapsulated in the flexible resin PDMS,
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and cured at room temperature for 72 h.

2.5. Characterization of the architecture

Sample morphologies were characterized by using a field emission
scanning electron micro analyzer (TESCAN LYRA3, Bruker Nano, Berlin,
Germany).

2.6. Performance test of sensor devices

The sensor was installed on a general material testing machine,
which was connected to a digital multimeter (VC8246B, Voctor) for real-
time monitoring of electrical changes for the pressure and bending test.
A semiconductor heating device was used to apply different tempera-
tures, and the electrical response of the sensor was detected by a digital
multimeter (VC8246B, Voctor). To monitor human activity, sensor and
tape were combined and installed on the active part of the human body,
and changes in the electrical signal were recorded by the digital multi-
meter. The signal output of the flexible sensor array generated by
different temperatures and loads was measured by the digital
multimeter.

3. Results and discussion
3.1. Fabrication of the CFs-MWCNT composite sensor

The overall schematic illustration of the multifunctional carbon fibre
(CF) sensor is presented in Fig. 1. The manufacturing process of the CF
sensor (3 x 3 cm) can be divided into three parts (Fig. 1a). The detailed
fabrication process is described in the experimental section. The two
optical images shown in (Fig. 1c, d) exhibit the bending and twisting
flexibility of the sensor. Cross-sectional scanning electron microscopy
(SEM) images of the CFs-MWCNT scaffold (Fig. le, f) reveal that the
MWCNTs acts as a bridge to connect neighboring CFs and form a porous
network (Figure S3 and Figure S4). (Fig. 1g) shows the cross-sectional
SEM images of the composite sensor, indicating that the thickness of the
active sensing layer is about 40 pm. Furthermore, these images show
that the elastic resin PDMS completely enveloped and filled the CFs-
MWCNT scaffold, constituting a protective barrier to prevent external
damage. Therefore, the CFs-MWCNT scaffold can serve as an effective
insulation and safe substrate for skin contact applications.

3.2. Pressure sensing performance of the CFs-MWCNT composite sensor

To analyze the pressure response of the sensor, current measure-
ments are performed at various pressure levels (Fig. 2a). As the pressure
increased, the deformation of the entire conductive structure and the
change of the contact area between CFs and MWCNTSs produced more
conductive paths. More specifically, when the pressure sensor is sub-
jected to high pressure, the bulk resistance played a major role in the
total resistance change. After unloading of the sensor, the conductive
path length decreased, as the sensing layer recovered its original shape.
Fig. 2b shows the current-voltage (IV) curves of the sensor under
different pressures. From 0 to 50 kPa, the slope of the IV curve increases
significantly with increasing pressure, which indicates that the sensor
formed a favorable current response. The pressure sensitivity of the as-
prepared sensor can be expressed by the following equation:

S, = (AI/Io)/AP (@)

where AI is the corresponding current change, Iy is the initial current
without pressure loading, and AP is the pressure change.

Figure S5a and S5b shows a comparison of the output voltage sig-
nals of sensors prepared with different amounts of MWCNTSs. It can be
found that when the mass fraction of MWCNTs is 7.5 wt%, not only the
output voltage signal is stable but also the pressure sensitivity is higher
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Fig. 1. Overall schematic illustration of the sensor. a Fabrication process of the CFs-MWCNT composite sensor; b Optical photograph of the CFs-MWCNT composite
sensor; c-d Photograph of the CFs-MWCNT composite showing the bending and twisting flexibility; e-f Cross-section SEM images of the CFs-MWCNT scaffold; g

Cross-sectional SEM images of the CFs-MWCNT composite sensor.

than that of other mass fraction sensors under the loading pressure of
5kPa. In addition, a comparison of the output voltage signals of sensors
with different sensing layer thicknesses but under the same pressure is
shown in Figure S5c¢, d, demostrating that the pressure sensitivity
increased relatively, as the thickness of the sensing layer increased from
0.02 to 0.08 mm. However, from the perspective of practical applica-
tions (e.g., electronic skin), a thinner thickness results in a higher flex-
ibility in the sensor’s application. However, the sensitivity of the sensing
layer with a thickness of 0.02 mm is slightly lower than that with a
thickness of 0.04 mm. Therefore, the mass fraction of MWCNTs is
adjusted to 7.5 wt% to prepare the CFs-MWCNT composite sensor with a
sensing layer thickness of 0.04 mm.

When pressure is applied to the sensor, the hierarchical porous
structure of the sensing layer deformed, resulting in an increase of the
contact interface and formation of more conductive paths. Furthermore,
the contact area between the carbon fibers also changes with the pres-
sure. The relative variation of the current (AI/Ip) with changing pres-
sure load is shown in (Fig. 2¢). A higher sensitivity of 42.5kPa~! was
measured when the pressure was below 10kPa, which is obviously
better than most reported sensor sensitivities (Fig. 2h) [31-38]. When
the applied pressure is increased, the resistance decreased, and the re-
sults for the sensitivity range of 10-20 kPa are shown in (Fig. 2¢). A
slight change in the bulk resistance is observed due to the deformation of
the bulk matrix under high pressure. The sensitivity dropped to
0.91kPa~! in the high-pressure range (20-60 kPa). The sensor has a
continuous response, the electrical output signal is stable under the
external load (i.e., pressure of 8 kPa), and it also has a fast response time
and recovery time (<100 ms), as shown in (Fig. 2d, e). Dynamic pres-
sures with different values are applied to the sensor to further verify the
reliability of the pressure sensor and its wide detection range. The

results are shown in (Fig. 2f). By increasing the pressure, the current
gradually increasing and shows a stable and continuous wave, which
indicates that the sensor can operate stably in a wide pressure range.
Subsequent research further supported the sensor’s long service life and
high stability. As shown in (Fig. 2g), the sensor exhibites a highly stable
electrical response under a pressure of about 12 kPa during 6000 loading
and unloading tests with negligible changes, indicating excellent
repeatability and durability. The sensor performance of the as-prepared
sensor and those of other recently reported high-performance pressure
sensors are compared in (Fig. 2h) and Table S1 [31-38]. Most pressure
sensors do not achieve high sensitivity and a wide linear range simul-
taneously through material selection and structural design. However,
the as-prepared sensor shows a high sensitivity (42.5kPa™') in a rela-
tively low pressure region (<10 kPa), as well as a relatively high sensi-
tivity (0.7 kPa™?) in a relatively high pressure region (20-60 kPa). It also
has good mechanical properties, with a tensile strength of approxi-
mately 45 MPa (Figure S6). Pressing and releasing the sensor by hand
was tested, and the measured changes in the electrical response are
shown in Video S1. This test prove that the as-prepared sensor has a fast
and stable response under loading. The pressure sensing mechanisms of
the sensor are illustrated in Figure S7. When the pressure increases, the
hierarchical porous conductive network structure will undergo rela-
tively large deformation. It will increase the contact area between the
internal channels of the MWCNTSs network from nanometer scale. From
microscale, it will increase the contact area not only between the
MWCNTSs and the CF, but also between the CF and the CF. As a result,
more conductive paths are formed in the network. Thus the sensor has a
relative high pressure sensitivity of 42.5kPa~! when the pressure is
below 10 kPa. Under continuous relatively heavy pressure (10-60 kPa),
the hierarchical porous conductive network structure is slightly
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Fig. 2. Electrical characterization of the sensor’s response to pressure. a Schematic illustration of the sensor under the loading pressure; b I-V curves of the sensor
under different applied pressures; ¢ current response (Al/Ip) curves under the applied pressure; d current response over 15 cycles with a repeated loading pressure of
8 kPa; e dynamic response and recovery time; f cyclic current responses to various applied pressures; g durability test of the sensor over 6000 cycles under a repeated
loading pressure of 12 kPa; the insets show the partial current response for the initial 10 cycles (left), middle 10 cycles, and final 20 cycles (right) of the stability test;

h comparative study of recently reported pressure sensors.

deformed and the deformation becomes stable, which increases the
contact area not only between MWCNTs and CFs, but also between CFs
and CFs, resulting in an increase in the conductive paths. Therefore, the
sensor has a relatively low pressure sensitivity.

3.3. Temperature and bending sensing performance of the CFs-MWCNT
composite sensor

The responses of the as-prepared sensor to temperature and bending
are characterized, as shown in Fig. 3. Here, we characterize the tem-
perature change based on the voltage signal variation, as the detected
current signal response is disturbed by the applied temperature [39].
The schematic of the sensor upon application of the temperature
gradient is presented in (Fig. 3a). The thickness of the PDMS substrate
affected the reaction time of the sensor, but it could not affect the
sensitivity of the sensor to temperature. When the PDMS substrate is as
thin as possible, the reaction time is predicted to be the fastest. The
sensitivity of the temperature response is defined as follows:

Sr = (AU/Uo) /AT @
where AU is the corresponding change in voltage, Up is the initial
voltage at room temperature, and AT is the temperature change.

Fig. 3b shows that the voltage changes continuously with increasing
temperature, and the as-prepared sensor exhibits an instant voltage
response. It is observed that the change in sensor resistance decreases
with increasing temperature (Fig. 3b), indicating a negative

temperature coefficient. The effect mechanism for the temperature on
the sensor sensitivity can be explained by the following factors. In the
initial temperature state, the MWCNTs are highly coiled and randomly
distributed in the matrix. As the temperature rises, most of the highly
distorted MWCNTs are completely stretched into wires, increasing the
contact area between the MWCNTs and the CFs, benefiting from the
thermodynamic expansion of PDMS, resulting in an increase in
conductive paths and a decrease in resistance. Secondly, as temperature
rises, the resistance will be affected by the thermal coefficients of each
component of the sensing material [40]. When the temperature rises,
due to the tunneling effect, delocalized electrons will be conducted in
MWCNTs and CFs [41]. These electrons will jump between adjacent
MWCNTs and CFs. The increase in electron jumps will increase the
conductivity. The relative voltage change with the temperature is
plotted in (Fig. 3¢), showing that the voltage increases almost linearly
with the temperature, and the corresponding sensitivity is 2.46% °C™ in
the heating temperature range of 30-40 °C. When the heating temper-
ature exceeded 40 °C, the linear voltage changes start to decelerate, and
the corresponding sensitivity is 1.49% °C™L. The sensitivity is higher than
those of recently reported flexible sensors based on carbon nanotubes
(CNTs) [42,43]. The temperature changed cyclically between room
temperature (30.3 °C) and 50 °C, and the corresponding voltage
response is shown in (Fig. 3d), revealing that the voltage response
changed steadily with the temperature changes. These results show that
the sensor can sensitively detect temperature changes based on a stable
electrical signal response.

The bending response of the sensor is also examined, and the sche-
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matic of the test setup and the defined bending angle are illustrated in
(Fig. 3e). The sensing mechanism is depended on the impedance change
of the sensing layer: the bending deformation of the sensor resulted in
bending and stretching of the porous CFs-MWCNT conductive sensing
layer, thereby increasing the resistance. When the deformation is
restored, the conductive sensing layer recovered its original state, and
the resistance returned to an unbent state. Here, similar to the pressure
sensitivity, we define the bending sensitivity as follows:

where Al is the corresponding current change due to bending and
releasing (the current change takes the absolute value), Iy is the initial
current without bending, and Af is the change of the bending angle.
The current response of the sensor under cyclic bending with a
bending angle of 90 °C is shown in (Fig. 3f), demonstrating that the
sensor had a stable bending response. The current response of the sensor
to the bending angle (0) in the range of 0° to 180° is presented in
(Fig. 3g). It shows that the sensor has a good linear correlation and high
sensitivity of 95.5 % rad !, corresponding to a better bending sensitivity
than reported in recent work [44,45]. (Fig. 3h) shows the current
response curve of the sensor, revealing an excellent stability and dura-
bility after 1000 bending cycles. This indicates that the flexible sensor
could achieve sensitive tactile detection during curvature sensing.
Importantly, the as-prepared sensor has multiple pressure/temperature/
bending sensing functions to better meet actual application

requirements compared to single-signal working sensors [46-49].
3.4. Detection of human motion

We attach the sensor to various active parts of the human body,
including finger, wrist, elbow, knee, and heel, in order to test its effec-
tiveness in the detection of human motion, as shown in (Fig. 4a). The
sensors are fixed on the wrist with tape, and the wrist was cyclically bent
at a certain angle to monitor the bending of the wrist in real time. The
current response is shown in (Fig. 4b). During repeated bending and
releasing of the wrist, the corresponding current is stable. The bending
of the wrist deformed the sensor, and the current is increased corre-
spondingly. Subsequently, a similar test is performed by mounting the
sensor on elbow and knee joint. A unique and reproducible current
signal is recorded during bending and releasing (Fig. 4¢, d). The ability
of the sensor for detecting heel pressure is depicted in (Fig. 4e). When
the heel periodically applied pressure to the sensor, the conductive
network deformed, resulting in the measured electrical signal response.
(Fig. 4f) shows a set of gestures forming the letters “L”, “O”, “V”, and
“E”. These letters are converted into current signals on different fingers
by configuring the hand into the corresponding gestures. The sensors are
installed on the five fingertips of a rubber glove to monitor the touch
sensing of objects and enable its potential application in human robots
(Fig. 4g). The as-prepared sensor detects the tactile stimulus of each
finger, and we measure the different current signals of each gesture (e.g.,
five fingers touching each other). These results demonstrate the
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sensitive interaction of the sensor with human activities. In short, this
technology is of great significance for future wearable electronic de-
vices, soft robots, and electronic skins.

A flexible 4 x 5 CFs-MWCNT composite sensor array has been pre-
pared to explore potential applications in multifunctional wearable
electronic products. First, copper circuits are electroplated and etched
onto a transparent and flexible polyethylene terephthalate (PET) sub-
strate (Fig. 5a). Then, 20 rectangular parallelepiped samples of the same
size are connected to the copper circuits with conductive tape to form a
flexible 4 x 5 sensing array (Fig. 5b, ¢). A mobile phone is supported by
a bottle cap and then placed on a horizontally placed sensor array to
detect its current distribution (Fig. 5d). (Fig. 5d) shows that the distri-
bution of the two-dimensional normalized current response is consistent
with the shape and position of the bottle cap carrying the mobile phone.
Furthermore, the sensor array is fixed on the outer surface of the hand-
hold transparent plastic tube, and the current response distribution is
detected (Fig. 5e). (Fig. 5e) shows that the two-dimensional normalized
current response distribution fitted well with the position of the hand
that held the transparent plastic tube. In addition, hot water is intro-
duced into the plastic water tube containing the sensor array on the
surface, as shown in (Fig. 5f). This demonstrated that the voltage dis-
tribution reflected the presence or absence of hot water and thus the hot
water level in the tube. These results prove that the as-prepared sensor
could be used as a pressure/tactile/temperature multifunctional sensor
for human-computer interaction and flexible wearable devices.

4. Conclusions

We have proposed a simple, low-cost method to fabricate a com-
posite sensor of hierarchical porous carbon fibres (CFs) and multiwalled
carbon nanotubes (MWCNTSs), showing excellent pressure/temperature/
bending multifunctional properties and outstanding mechanical prop-
erties. The sensor’s hierarchical porous structure CFs—-MWCNT
conductive skeleton is prepared by an ice template method and acts as
the sensing layer, while the elastic resin polydimethylsiloxane (PDMS)
serves as the flexible substrate. The sensor exhibits a high-pressure
sensitivity of 42.5kPa (0-10kPa) and a fast response (<100 ms) com-
bined with a high temperature sensitivity of 2.46% °C™! between 30 and
40 °C and a bending sensitivity of 95.5 % rad . It also has a good cur-
rent response in the detection of the movement of human joints, indi-
cating that it could be applied in flexible wearable devices. In addition,
we demonstrate the versatility of the flexible sensor array, as it combines
pressure, deformation, and temperature sensing functions and provides
a high sensitivity and high durability against compression, bending, and
corrosion. We believe that the hierarchical porous structure CFs-
MWCNT composite sensor has great application potential in future
low-cost, green, and flexible electronic devices.
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