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d piezoresistive flexible pressure
sensor based on carbon nanotube network dip-
coated porous elastomer sponge†
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Jianhao Li, b Zhilai Lua and Ji-an Duan a

Flexible pressure sensors have provided an attractive option for potential applications in wearable fields like

human motion monitoring or human–machine interfaces. For the development of flexible pressure

sensors, achieving high performance or multifunctions are popular research tendencies in recent years,

such as improving their sensitivity, working range, or stability. Sponge materials with porous structures

have been demonstrated that they are one of the potential substrates for developing novel and excellent

flexible pressure sensors. However, for sponge-based pressure sensors, it is still a great challenge to

realize a wide range of pressures from Pa level to hundreds kPa level. And how to achieve mechanical

robustness remains unsolved. Here, we develop a flexible pressure sensor based on multicarbon

nanotubes (MWCNTs) network-coated porous elastomer sponge with a broad range and robust features

for use in wearable applications. Specifically, polyurethane (PU) sponge is used as the substrate matrix

while dip-coated PU/MWCNTs composites as a conductive layer, achieving a highly bonding effect

between the substrate and the conductive material, hence a great mechanical robust advantage is

obtained and the working range also is improved. The pressure sensor show range of up to 350 kPa,

while the minimum detection threshold is as low as 150 Pa. And before and after rolling by a bicycle or

electric motorcycle, the sensor has the almost same responses, exhibiting great robustness.
Introduction

Pressure sensors are one of the main components of mechan-
ical sensors, which matters a lot in a variety of applications like
pressure measurement in ow elds, weighing measurement
and surgical treatment elds.1–6 Over the last decade, exible
pressure sensors are oen reported due to their capability in
applications on not only planes but also curved surfaces and
other advantages like high sensitivity and low cost when
compared with traditional silicon-based MEMS pressure
sensors. Recently, most developed exible pressure sensors
focus on wearable elds, such as electronic skin, humanmotion
monitoring and human–machine interfaces.7–12 In general,
pressure sensors are divided into types including piezor-
esistive,13,14 capacitive,8,15 piezoelectric,16,17 triboelectric18,19 and
other ones,20,21 while piezoresistive pressure sensors show great
merits like high sensitivity to both pressure and deformation,
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simple working mechanism and design, easy signal collection
and so on. External mechanical signals like pressures or strains
will be transducing into internal resistance change and then it
can be detectable in the forms of current or even voltage.

It is known that performance indexes determine the pros and
cons of the sensor. Among the performance parameters, sensi-
tivity, working range and stability always matter much.22–24

Sensitivity affects the accuracy of sensors to some extent while
the working range determines the working conditions in which
the sensor can be used. And stability is also important because it
inuences the service life and reliability. However, sensitivity
typically has a contradictory relationship with working range and
stability. In other words, sensors with high sensitivity usually
have a narrow working range and low stability, and vice versa. For
example, Chen et al. developed a planar structured pressure
sensor without size restrictions of a dielectric layer, which shows
an equivalent sensitivity of 3.75 × 105 kPa−1 in the range of 0–
0.05 Pa, and its working range is 0.1 Pa.25 Li et al. designed
a coplanar pressure sensor with sharp micro pyramids and
a short-channel coplanar device structure that exhibits an
ultrahigh sensitivity near 2000 kPa−1 in the range of 0–100 Pa,
while its working range reaches up to 1 kPa.26 Therefore, how to
develop exible pressure sensors with high sensitivity, wide
working range and excellent stability remain a great challenge.
Basically, sensitivity, working range and stability of sensors
RSC Adv., 2022, 12, 34117–34125 | 34117
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depend on the micro/nanostructures that responded to external
stimuli and the electromechanical signal conversion capability of
constituent materials.23,27,28 For example, micro/nanostructures
like cracks,29,30 wrinkles,31,32 pyramids33,34 and domes35,36 could
be popularly found in exible pressure sensors which have
a positive impact in realizing ultrahigh sensitivity. And sensing
functional materials like MXene, Ag/Au/Cu nanowires, graphene
are also frequently employed to develop pressure sensors with
high sensitivity,37–40 which are well known that they are much
expensive. Although these structures indeed improve sensors'
sensitivity, they have a negative inuence in stability. Because
cracks are a kind of destructive structure that can easily be
extended, while pyramids and domes are fabricated on surfaces
to assemble with other surfaces (like interdigital electrodes) to
form sensors with double ormultilayers which exist interlaminar
gaps, leading to low stability and poor reliability.

However, porous structures can solve the problem of
destructive extension and interlayer gaps, which has stronger
structural deformation stability, leading to a more sensitive
ability to external mechanical signals.41–44 Herein, we use
a polyurethane (PU) sponge as the basic framework of the
pressure sensor, and a layer of PU/MWCNTs overlaid the
framework by a dip-coated method. Due to the mixed solution
containing polymer material of PU that is the same as the
sponge, hence the coated PU/CNTs layer has a very strong
bonding effect with the porous network, which enhances the
stability and robustness of sensors greatly. The fabricating
procedure of the sponge-based pressure sensor is simple, other
advantages like low cost and capability of mass production are
obvious. The pressure sensor is demonstrated that it has a wide
working range up to 350 kPa, and a sensitivity of∼0.125% kPa−1

within 200 kPa, a sensitivity of ∼0.017% kPa−1 in the range of
200 to 350 kPa. The minimum detection threshold of the sensor
to pressures is as low as 150 Pa. And a cycling test over 5000
times shows that the sensor also has great stability. The sponge-
based pressure sensor can be used to monitor human motions
like walking, jumping, or nger touching. When the sensor is
rolled by a bicycle or motorcycle, the sensor behaviors almost
the same under pressures, exhibiting great robustness to large
mechanical stimulus.
Experimental
Materials

Polyurethane sponge (40 ppi) with a height of 10 mm was
bought from Kunshan Shangte New Material Co. LTD, China.
MWCNTs with a purity of >95 wt% (ID: 3–5 nm, OD: 8–15 nm,
length: 3–12 mm) were purchased from TANFENG Graphene
Technology Co., LTD, China. Aqueous polyurethane dispersion
with a concentration of 30% and density of 1.04 g cm−3 bought
from ZhengMeiSuJiao Co., LTD, China, was used as the
dispersion matrix of MWCNTs.
Preparation of the pressure sensor

First, the polyurethane sponge was cut into a size of 20 mm in
length and 20 mm in width by laser cutting. Then the MWCNTs
34118 | RSC Adv., 2022, 12, 34117–34125
and aqueous polyurethane dispersion were mixed at a weight
ratio of 6%, followed by an ultrasonic oscillating process lasting
around 30 min and a continuous magnetic stirring process for
4 h, to make the CNTs disperse uniformly in the polyurethane
matrix. Subsequently, the PU foam sample was immersed in the
mixed solution to make the PU/CNTs materials adhere to the
foam network. The sample was then dried at room temperature
aer being taken out. Ag paste and conductive copper foil tape
were used to insert electrodes at the top and bottom of PU foam
sample respectively, and PET tapes were also employed as the
package of the pressure sensor.
Characterization

The cross-sectional morphology of the foam-based pressure
sensor was carefully observed by super-depth-of-eld micro-
scope (VH-5000, KEYENCE). A positioning-controlled electric
linear stage was used to apply pressure to the sensor for basic
performance tests. A multimeter (DMM6500, Agilent) was used
to measure the real-time resistance of the pressure sensor. A
strain gauge (HP-1 kN, Handpi Instruments) was used to
measure the applied mechanical force to the pressure sensor.
Results and discussion

Fig. 1a shows a schematic illustration of the overall fabrication
procedures of a exible resistive pressure sensor, which is
composed of a CNT network-coated porous foam and two up
and bottom electrodes. Specically, a polyurethane sponge with
a porous density of 40 ppi and a thickness of 10 mmwas used as
the deformation bulk when suffering from external pressures,
while a mixture consisting of aqueous polyurethane solution
and multi-carbon nanotubes was prepared as the sensitive
functional materials to convert mechanical stimuli to electric
signals. Since the sponge and the conductive solution has the
same polymer molecular material of PU, thus the PU/CNTs layer
would be coated well on the framework of PU sponge, namely,
there is hard to occur separation between PU and PU/CNTs
layer. Aer the PU sponge was immersed in the uniformed
PU/CNTs solution for 5 min, another drying process under
room temperature was followed to cure the PU/CNTs layer.
Then, Ag glue, Cu paste, wires and PET tape were used to make
the up and bottom electrodes.

Different carbon concentrations may cause distinct sensi-
tivity of the pressure sensor. Comparative experiments of
pressure sensors with a different mass ratio of CNTs in the PU/
CNTs solution (including 5%, 6%, and 7%) have been con-
ducted to select the appropriate ratio to prepare the pressure
sensor. Results show that the pressure sensors with a CNTs
mass ratio of 6% have a higher relative resistance change (DR/
R0) than pressure sensors with other mass ratios while the
applied pressure is 50 kPa, 100 kPa, 150 kPa, 200 kPa, respec-
tively, exhibiting a more excellent pressure sensing sensitivity
(Fig. 1b). Thus, the pressure sensor is further prepared aer the
mass ratio of CNTs to PU is determined to be 6%. The initial
resistance of the fabricated sensor with a CNTs to PU ratio of 6%
averages at ∼220 U, as shown in Fig. S1.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fabricating procedures and working mechanism of the sponge-based pressure sensor. (a) Illustration of the fabrication of the sponge-
based pressure sensor. (b) Comparison of the electromechanical response of the sponge-based pressure sensors with differentmass ratios of PU
and CNTs. (c) Workingmechanism of the sponge-based pressure sensor. Inset images: SEM image of the sidemorphology of the sensor (left) and
optical photo of the side of the pressure sensor under pressure.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
1:

39
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The working mechanism of the pressure sensor is shown in
Fig. 1c. Firstly, surface and side morphology characterization is
conducted by using scanning electron microscope. Porous
structures can be clearly observed, showing regular shapes with
almost consistant size in skeleton units (Fig. S2†). Many holes
are distributed in the direction of the cross-section of the
pressure sensor aer the PU/CNTs layer is coated. When the
pressure sensor is suffered from pressure, the sensor exhibits
a compressive deformation, that is to say, a decreasing
phenomenon in the height of the pressure sensor occurs, as
shown in the optical image in Fig. 1c. During this deformation,
the distance between adjacent CNTs changes so that the resis-
tance of the pressure sensor varies too. It is well known that the
CNTs are a kind of conductive material with a high aspect ratio
tubular shape, hence the distribution pattern of the CNTs
embedded in the sponge-based pressure sensor can be divided
into two types. One is the CNTs totally embedded in the PU
matrix without terminals exposure, and the other is the CNTs
distributed along the edges of holes with one terminal inserted
into the PUmatrix and the other suspended in the hole, just like
a cantilever. Therefore, when external pressure applied to the
pressure sensor, the distances between CNTs that totally
embedded in the PU matrix would be decrease and some of
them trigger electron tunneling effect. However, due to the
compressive deformation of the holes, the suspended CNTs that
are distributed along the edges of the holes trend to close to
each other until contact once the applied pressure exceeds
a certain threshold. Basically, holes within the sponge-based
© 2022 The Author(s). Published by the Royal Society of Chemistry
pressure sensor have a negative impact on the motion of elec-
trons, forming obstacles to the conducting paths. As the pres-
sure is applied, more conducting paths form due to the
tunneling effect and the contact of suspended CNTs, resulting
in a decrease in the resistance of the sponge-based pressure
sensor. And to some extent, the more the pressure applies, the
more conducting paths form.

Then the sensing performance of the sponge-based pressure
sensor is tested. First of all, the sensing sensitivity of the pres-
sure sensor is measured. A homemade device with a control-
lable stepper motor and force gauge is used to apply pressure to
the sensor. Fig. 2a shows a nonlinear relationship between the
relative resistance change and the applied pressure. Therefore,
the calculation of the sensitivity of the pressure sensor is
nished by using a linear tting method in two segments.
Specically, when the pressure is lower than 200 kPa, the rela-
tive resistance increases with the pressure with a sensitivity of
∼0.125% kPa−1, while a sensitivity of ∼0.017% kPa−1 is ob-
tained in the pressure range from 200 kPa to 350 kPa. The result
shows that the sponge-based pressure sensor has a wide
working range up to ∼350 kPa, which is higher than some re-
ported sponge-based pressure sensors (Table S1†).

Normally, pressure sensors with wide working range are
always not sensitive to external tiny stimuli. But the pressure
sensor developed here could be responded to small load as low
as 150 Pa. As shown in Fig. 2b, the sponge-based pressure
sensor has a relative resistance change of ∼−0.2% when
a pressure of 150 Pa was applied. Once the applied pressure
RSC Adv., 2022, 12, 34117–34125 | 34119
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Fig. 2 Performance and characteristics of the sponge-based pressure sensor. (a) Electronic response of the pressure sensor under different
applied pressures ranging from 0 to 350 kPa. (b) Relative resistance change of the pressure sensor under tiny pressures like 150 Pa, 350 Pa, 750
Pa, respectively. (c) Response of the pressure sensor under a cycling step pressure loading. (d) I–V curves of the pressure sensor under different
pressures. (e) Stability test of the pressure sensor for 5000 cycles of loading and unloading at a fixed pressure of 70 kPa. (f) Real-time relative
resistance change curves during the withdrawal of pressure at 10th, 100th, 1000th, 3000th, 5000th cycles respectively. (g) Real-time relative
resistance change curves during the loading and unloading process under applied pressures at 60 kPa, 110 kPa, 170 kPa, 200 kPa, respectively.
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increases to 350 Pa or 750 Pa, the relative resistance change of
sensor corresponds to ∼−0.32% and ∼−0.38%, respectively,
which shows that the sensor has a great response to tiny pres-
sure stimuli. Then the response of the pressure sensor under
a cycling step pressure loading (including 4 sub-steps: from 0 to
40 kPa, 40 to 80 kPa, 80 to 120 kPa, 120 to 140 kPa) is tested
(Fig. 2c). The result shows that the sensor has an obvious step
response to the step load, and the peak level under each sub-
step load exhibits regular decrease trends as prediction, that
is to say, the absolute value of the relative resistance change
(DR/R0) increases when the applied pressure grows. Generally,
stability is another one of the most important performance
indexes except sensitivity for developing sensors, since it
determines reliability and calibration interval if they are put
34120 | RSC Adv., 2022, 12, 34117–34125
into practical applications. Based on this, the stability of the
sponge-based pressure sensor is evaluated. First of all, the
stability of the real-time resistance of the sensor is assessed by
using a volt–ampere characteristic test method. When
a constant load of 0 kPa, 10 kPa, 80 kPa, 150 kPa and 250 kPa is
applied to the sensor respectively, the resistance of the sensor
keeps stable due to a linear relationship between the voltage
and the current (Fig. 2d). It means that no matter how much
load is applied, the real-time resistance output of the sensor
would keep stable, without signicant resistance dri. And the
result of the sensor under cycling loading–unloading test also
matches that conclusion, as shown in Fig. 2e.

When a load of 70 kPa is applied to the sensor, aer ∼5000
cycles, no obvious change in signal amplitude is observed,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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exhibiting that the sensor has great stability when it is used
repeatedly under a xed working condition. Also, there is no
obvious change in the real-time resistance signal waveform. As
Fig. 2f shows, the curves corresponding to the stages of pressure
unloading at the 10th, 100th, 1000th, 3000th, 5000th cycles are
extracted, to illustrate that the waveforms always keep samely.
Besides, we further observe the resistance change plots that reect
the sensor's electric signals under different cycling pressures. And
we extract one loading–unloading cycle arbitrarily among the
cycling tests under applied pressures of 110 kPa, 170 kPa and 200
kPa, respectively, to evaluate the loading-response and unloading-
recovery of the sensors. The collecting samples vs. relative-
resistance-change plots corresponding to loading and unloading
show that the loading plot coincides well with the unloading plot
Fig. 3 Dynamic response of the sponge-based pressure sensor. (a) Resp
applied at 30 kPa, 70 kPa, 100 kPa, 150 kPa, respectively. The peak pressu
pressure sensor under cycling dynamic loading applied at 50 kPa, 110 kP
sensor under a step pressure loading ranging from 80 kPa to 0 kPa. (d) R
100 kPa. (e) Response of the pressure sensor under a fixed load of 40 kP
respectively). (f) Real-time relative resistance change curves when the p
respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2g), while slight space exists which may contribute to the
difference between response and recovery time of sensors.

Fig. 3 shows the results of the sensor to dynamic stimuli.
Cycling tests of the sponge-based pressure sensor under
a pressure of 30 kPa, 70 kPa, 100 kPa, 150 kPa respectively with
a same loading frequency of 0.5 Hz, are conducted (Fig. 3a). It
should be noted that the process of the experiment is to apply
a certain load to the pressure sensor by controlling the stepper
motor at a certain speed and then maintaining the load
unchanged before removing the load. It could be observed that
the corresponding curves overlapped well in terms of the
jumping and climbing stages, except for the levels of the peak
values. In the maintaining period of the peak load, the curve
relating to the relative resistance change of the sensor also
onse of the pressure sensor under cycling dynamic and static loading
re is kept constant for 2 seconds. (b) Relative resistance change of the
a, 170 kPa, 200 kPa, respectively. (c) Dynamic response of the pressure
esponse time and recovery time of the pressure sensor under a load of
a but with different frequencies (0.6 Hz, 0.9 Hz, 1.2 Hz, 1.6 Hz, 2.5 Hz,
ressure sensor suffered at compressive strains of 15%, 25%, 35%, 45%,

RSC Adv., 2022, 12, 34117–34125 | 34121
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keeps almost horizontal, which matches well with the previous
conclusion that the sensor has great stability considering the
real-time resistance of the sensor under constant pressure.
However, if the applied load is removed immediately from the
pressure sensors without any remaining time, the real-time
signal waveform of the sensor would exhibit a triangular wave
pattern, rather than an inverted trapezoidal shape. As shown in
Fig. 3b, the curves illustrate the corresponding relative resis-
tance change under different loads including 50 kPa, 100 kPa,
150 kPa and 200 kPa. There is a ∼−0.05% of relative resistance
change when a 50 kPa of pressure is applied to the sensor, while
a ∼−0.14% of relative resistance change when applied with 100
kPa pressure. There is a decrease of ∼0.09% for the relative
resistance change of sensor when the applied pressure grows
from 50 kPa to 100 kPa. However, when the applied pressure
increases from 100 kPa to 150 kPa, the DR/R0 of sensor has
a drop of ∼−0.04%. As the applied pressure increases up to 200
kPa, the DR/R0 of sensor has a drop of ∼−0.04% too. It
demonstrates that with the increase of load, the varying rate of
the relative resistance change of the sensor shows a trend of
increasing fastly and then slowing down, which is consistent
with the sensitivity characterization result in Fig. 2a.
Fig. 4 Wearable applications of the sponge-based pressure sensor. (a)
fixed on floor for monitoring walking and jumping motions. (b) Sensor's re
of a volunteer's hand. (c) Real-time response of the sponge-based pre
sponge-based pressure sensor towards cycling pressure at an applied p

34122 | RSC Adv., 2022, 12, 34117–34125
Besides, a decreasing step load from 80 kPa to 0 kPa is also
applied to the sponge-based pressure sensor. Fig. 3c reects the
response of the sensor, also showing a step change character-
istic. And it could be observed that the heights of the steps
increase as the applied pressure decreases. It is known that
response and recovery speed are other important sensing
parameters for exible sensors, which are mainly determined by
the composed viscoelastic materials and the architectures of
sensors.45 For example, exible polymer materials like PDMS,
ecoex always endow sensors with low response and recovery
speed due to their high viscosity and stickiness. Accordingly, we
measured the response time and recovery time of the sensor by
applying, holding, and removing a pressure of ∼100 kPa to the
sensor (Fig. 3d). The results are measured to be ∼0.401 s for the
response time and ∼0.473 s for the recovery time. The sensor's
response to dynamic stimuli with different frequencies also
matters when evaluating newly developed sensors because the
frequency response range judges the application scenarios of
sensors. For example, mechanical sensors with a wide
frequency range up to kHz level could be used to monitor
vibrations generated in rotating machinery with high speed like
engines or other objects like rails, whereas sensors with
Real-time relative resistance change response of the pressure sensor
sponse to making a fist behavior whenmounted on the center of palm
ssure sensor towards finger pressing. (d) Real-time response of the
oint load of ∼10 N.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a narrow frequency range lower to several Hz level are inap-
propriate in the above elds but could be used in wearable
applications. Fig. 3e shows the responses of sensor under
a pressure of 40 kPa with a frequency of 0.6 Hz, 0.9 Hz, 1.2 Hz,
1.6 Hz, 2.5 Hz, respectively. It can be concluded that the sensor
has similar output peak levels under the load with different
frequencies, demonstrating that there is no distortion in the
output signals when the frequency increases. Also, the highest
frequency the pressure sensor can be sensed is explored too. As
shown in Fig. S3,† when a pressure with a frequency of 200 Hz is
applied to the sensor, the response of the sensor is then
recorded. Aer FFT process, the relationship between frequency
and amplitude shows that the frequency corresponding to the
peak value is 200 Hz too, which means that the sensor has
a bandwidth of 200 Hz. However, when the applied frequency
increased, the sensor could not recognize the input signal aer
FFT anymore. Finally, we used the comparative strains to
replace the applied load, to evaluate the sponge-based sensor's
responses. As we illustrated before, the intrinsic working
mechanism is that the sensor deforms with compressive strain
when pressure is applied to the sensor. Therefore, the responses
of the sensor under different compressive strains were recor-
ded. As Fig. 3f shows, when the compressive strain is 15%, the
relative resistance change is ∼−15%. Once the compressive
strain increases to 45%, the relative resistance change grows up
to ∼−28%, which means that the height of the sponge-based
sensor is almost compressed half to ∼5 mm.

Then comes to characterization of practical wearable appli-
cations for the sponge-based pressure sensor. Flexible pressure
sensors are oen reported to be used to monitor human's gait.
Fig. 5 Robustness tests of the sponge-based pressure sensor. The senso
motorcycle, and then retested back Lab under a same applied pressure, to
time relative resistance change response of the pressure sensor before an
(b) Sensor's response before and after rolling by a motorcycle under an

© 2022 The Author(s). Published by the Royal Society of Chemistry
As Fig. 4a shows, an adult volunteer performed motions
including jumping and walking to simulate daily activities.
When the volunteer jumps, the xed pressure sensor is in
contact with heel for a very short time. In other words, an
instantaneous load is applied to the pressure sensor and
removed quickly. Therefore, triangle-shaped signal waves can
be observed when the volunteer is in a jumping mode, while
inverted trapezoidal-shaped signal waves correspond to normal
walking motions (Fig. 4a).

Besides, the pressure sensor is also used to monitor making
a st behavior. The images inserted in Fig. 4b shows that the
sensor is xed in the position of nearly the center of palm of
hand. Once making a st, ngers press the pressure sensor,
resulting in a compressive load to it. When ngers release from
it, the compressed sensor would be recovered. Therefore, the
change of resistance is rst decreasing and then increasing
(Fig. 4b). Aside from that, the sponge-based pressure sensor is
also used to monitor ngers' motions. Similarly, in terms of the
responding curves of the sensor, there are signicant differ-
ences between pressing and clicking the pressure sensor with
nger (Fig. 4c). More sharp troughs can be seen while nger
clicks the sensor than when pressing the sensor. The above
experiments are nished have a common feature that the
surface area of the object which applied forces to sensor is
greater than or approximately that of the upper surface area of
the sensor. It leads to a phenomenon that the entire surface of
the pressure sensor is shied downward a certain distance,
similarly to the deformation of a spring under load. However,
sometimes a point-like load might be applied to the sensor,
whose contact area is much smaller than the upper surface area
r is tested in Lab under an applied pressure before rolled by bicycle or
compare the response of sensor before and after heavy load. (a) Real-

d after rolling by a bicycle under an applied cycling pressure of 250 kPa.
applied cycling pressure of 110 kPa.
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of the sensor. It would surprise few to imagine that the position
where point load is applied has the most serious invagination,
and the concave degree of other positions is centered at this
position and gradually decreases outward. Different forms of
applied forces might inuence the response of pressure sensor.
Hence, we carried out a test by using a tip of a ballpoint pen as
applying object to press the sensor regularly. Concretely, the tip
of a ballpoint pen is installed in the front end of the push rod of
the force gauge, and the force gauge is xed on the top of
a stepper motor. When the stepper motor is controlled to do
a linear reciprocating motion, the tip of a ballpoint pen applied
load to the sensor. The recorded result of the sensor's response
is shown in Fig. 4d, regular curves are observed which demon-
strates that the pressure sensor responds well to point-like loads
too.

Since the dip-coated conductive composites have polymer
material of PU that is the same as the sponge substrate, so the
coated layer has strong adhesion to the porous sponge which
leads to great stability and robustness theoretically. To
demonstrate that, the sponge-based pressure sensor was rolled
by bicycle and electric motorcycle respectively, and then
compared the sensor's response rolled before and aer under
a certain pressure. As shown in Fig. 5a, the sensor was rst
tested its response by applying a cycling pressure of 250 kPa,
and the data plot in the upper right corner of Fig. 5a shows that
the sensor has regular uctuation and a peak value of∼−0.24 in
relative resistance change. Aer the sensor was xed on the
ground and followed by being rolled by a bicycle with a volun-
teer (∼65 kg) on, the sensor was then applied a cycling pressure
of 250 kPa again aer a rest time of ∼5 min, to record its real-
time response. As the data plot in the lower right corner of
Fig. 5a shows, the sensor still exhibits regular uctuation and
has a peak value of ∼−0.24 in relative resistance change.
Similarly, when the sponge-based pressure sensor was rolled by
an electric motorcycle with an adult volunteer on, the sensor
displays a same peak value of ∼−0.15 in relative resistance
change which is consistent with the response before rolling
under an applied cycling pressure of 110 kPa (Fig. 5b).
Accordingly, the sponge-based pressure sensor has great
stability and exhibits well robustness.
Conclusions

In summary, we report an efficient and low-cost dip-coating
methodology for fabricating exible piezoresistive sponge-
based pressure sensor. In virtue of the porous structures, the
sensitivity can be improved due to the great change of
conductive paths under external stimulus. The sensor could
sense a minimum applied pressure of 150 Pa, while its
maximum reaches up to 350 kPa. Specically, the sensor shows
a sensitivity of ∼0.125% kPa−1 within 200 kPa, a sensitivity of
∼0.017% kPa−1 in the range of 200 to 350 kPa. Contributing to
the same material used in sponge substrates and conductive
composites, the sensor has great robustness and a broad
working range. Thus, the sensor can not only resist the crushing
of a bicycle but also a motorcycle, while monitoring human
34124 | RSC Adv., 2022, 12, 34117–34125
motions like walking, jumping, or nger touching is also its
potential application.
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