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Abstract: Abstract: Flexible pressure sensors are electronic devices that can be attached to various irregular
surfaces to measure the pressure. It is widely used in wearable devices and for health detection. In this study,
a general carbon nanotubes/polydimethylsiloxane (CNTs/PDMS) sponge electrode was fabricated as the
elementary component of the compressible system. The sensitivity of the flexible pressure sensor is improved
by optimizing the preparation process of the conductive sponge and  surface modification of the CNTs, and
the highest sensitivity reached 71.831 kPa-1(0~2 kPa). The flexible pressure sensor can be used to detect subtle
pressure quickly and accurately so that it can be used as wearable sensor to measure the radial artery wave of
a human body, which has potential applications in health care and other fields.
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1. Introduction

With the rapid development of electronic and wireless communication technology, as the only
bridge linking the external environment with the internal intelligent system, the flexible pressure
sensor has gradually become a new research hotspot [1-3]. At the same time, with the increasing
attention paid to people health problems, flexible wearable pressure sensors used to detect human
physiological signals have become very promising [4,5]. Based on the characteristics of the human
body, wearable pressure sensors can be characterized by light weight, portability and high
sensitivity.

A flexible piezoresistive pressure sensor is a typical sensor that converts external pressure into
a resistance signal among various sensors that detect human motion and monitor health conditions
[6,7]. Owing to its manufacturability and simple structure, it is widely used in wearable devices [8-
10]. The conductive porous sponge is considered a new type of piezoresistive material that can
replace the traditional piezoresistive material owing to the synergistic effect of the high electrical
conductivity of its filled material and the excellent compression-recovery performance of the porous
stent [11,12]. Presently, pressure sensors with a certain flexibility prepared by chemical vapor
deposition or carbonization processes using piezoresistive pressure sensors based on spongy
materials have high sensitivity and low strain detection capability [13,14], which meet the demands
of wearable applications. However, low integration and complex micro/nano processing techniques
are needed to solve urgently [15,16].

Additionally, owing to the large contact resistance between CNTs and easy agglomeration, the
sensitivity of the CNTs/polymer flexible pressure sensor is low, and the measurement threshold is
high, thus it is impossible to measure the signal change under a slight pressure and it is difficult to
apply in wearable equipment [17-19]. Modifying the surface of CNTs, loading metal or metal oxide
particles to prepare a metal/metal oxide-CNT composite conductive filler material can improve the
performance of CNTs and reduce the contact resistance between CNTs [20-22], so as to prepare a
flexible pressure sensor with excellent performance.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Therefore, using CNTs and PDMS as the main research carriers for flexible pressure sensors,
utilizing the high conductivity of CNTs and the flexible properties of PDMS to prepare a high-
performance flexible pressure sensor has a very good research prospect, not only improving the
sensor's conductive properties [23,24], but also because PDMS has good biocompatibility [25], it can
play an important role in bionic electronic skin. At the same time, the Ag-CNTs/PDMS flexible
pressure sensor was prepared by surface modification of the CNTs, which exhibited excellent sensing
performance. The CNTs/PDMS conductive sponge is a new type of flexible piezoresistive conductive
material that can replace traditional piezoresistive materials [27,28]. It is expected to be applied in
emerging fields such as smart wearable devices and has important practical significance.

2. Materials and Methods
2.1. Fabrication of PDMS Sponge

First, the elastomer and crosslinker of commercial PDMS (PDMS: Sylgad 184, Dow Corning Co.)
were mixed in a ratio of 10:1. Subsequently, the air bubbles in the PDMS prepolymer were removed
using a vacuum dryer, and the PDMS was squeezed into the sugar using a circulating water
multipurpose vacuum pump. The pore size and porosity were determined based on the granularity
of the sugar. The sugar-PDMS mixture was put in a drying box and cured at 80 C for 3 hours.
Finally, the cured sugar-PDMS mixture was dissolved in water at 40 C, and dried.

2.2. Fabrication of Ag-CNTs Composite

First, 400 mg of CNTs were placed in a beaker containing H2504 and HNO3 100 ml (volume
ratio 3:1). Then, the beaker was placed in an ultrasonic cleaner with an initial water temperature of
80 °C water for 2 h, and after the acidification was completed, the solution was washed with water to
neutrality. And 6.8 g AgNO3 powder was dissolved in aqueous solution of 50 ml (need to protect
from light). At the same time, the beaker was stirred constantly using the magnetic stirrer, and
ammonia water was added to the clarification continuously (the solution turned turbid by
transparency and then became transparent). The silver-ammonia solution was added to a well-
saturated CNTs solution, and the pH of the solution was adjusted to a predetermined range (pH:
8~11). 12 mL of hydrazine hydrate solution was added as a reducing agent to perform a plating
reaction for 20 minutes. Finally, after the reduction was completed, the temperature was lowered and
the supernatant liquid was poured out. The precipitate then washed with deionized water to
neturality.

2.3. Fabrication of Conductive Sponge

Figure 1 shows the fabrication process of conductive sponges for pressure sensors. CNTs and
Ag-CNTs were selected as conductive fillers, which were loaded onto the PDMS sponge substrate by
the dip-drying method (drying methods are divided into freeze-drying and heat-drying), and by
changing the number of extrusions to obtain conductive sponges with weight ratio (wt%) of different
conductive filler materials (wt%=0.5, 1.0, 1.5, 2.0, 2.5, 3.5 and 5.0).
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CNTs/PDMS conductive sponge

PDMS + sugar PDMS sponge
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Dissolving and drying

Figure 1. Fabrication of the preparing CNTs/PDMS sponge and Ag-CNTs/PDMS sponge.

2.4. Fabrication of Flexible Pressure Sensors

First, two pieces of conductive glass (ITO) were selected and the film on the conductive surface
was removed. Then, two conductive copper films were connected to ITO conductive glass to prepare
a conductive electrode. Finally, the prepared conductive electrodes were used to cover the upper and
lower surfaces of the conductive sponge to prepare a flexible pressure sensor.

3. Results
3.1. Characterization of CNTs Conductive Sponges and Ag-CNTs Particles

The surface topography of the Ag-CNTs/PDMS conductive sponges and Ag-CNTs particles was
determined from the cross-sectional images obtained using field emission-scanning electron
microscopy (FE-SEM; S-4800, Hitachi), as shown in Figure. 2. As illustrated in Figure 2(a), The PDMS
sponge had a cross-linked network structure and the CNTs were successfully loaded onto the flexible
PDMS substrate. As illustrated in Figure 2(b), the cross-linking of CNTs was distributed in the
conductive sponge, and agglomeration of CNTs appeared in the local area. As illustrated in Figure
2(c), the Ag-CNTs were successfully loaded onto the flexible PDMS substrate. As illustrated in Figure
2(d), the silver particles wrapped the CNTs such that the CNTs existed in a conductive sponge in the
form of spherical particles. Owing to the coating of the silver particles, the conductive sponges were
transformed from being in direct contact with each other between the CNTs to contact the silver
particles. As illustrated in Figure 2(e)~(f), after being coated with silver, the original smooth surface
of the CNTs became rough and uneven.
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Figure 2. The SEM images of the CNTs/PDMS conductive sponge (a) 90 multiples (b) 50000 multiples.
The SEM images of the Ag-CNTs/PDMS conductive sponge (c) 100 multiples (d) 100000 multiples.
The SEM images of the Ag-CNTs/PDMS particles (e) 20000 multiples (f) 150000 multiples.

3.2. Sensitivity of CNTs/PDMS Flexible Pressure Sensors (Heat-Drying)

On the one hand, with high compressibility and electronic conductivity, the CNTs/PDMS
conductive sponge can detect various strains as well. In particular, the compressive stress mediate
the conductive pathway of the CNTs/PDMS conductive sponge under different strains, resulting in
conductance modulation. In Figure 3, the red dot represents the contact point of the conductive
pathway, the red line represents the assumed conductive pathway, and the black object represents
the CNTs/PDMS conductive sponge. Figure 3 (a) shows a schematic of the contact point of the
conductive pathway in a conductive sponge under an uncompressed state. It was found that the
internal connection of the conductive sponge was not yet stable in the initial state, and the number of
contact points was small, thus the interior conductive pathway of the conductive sponge was less,
and the conductive sponge had a higher resistance at this time. As shown in Figure 3(b), when the
conductive sponge was compressed by external pressure, the number of contact points increased
rapidly, which caused the conductive pathway increase rapidly and the resistance of the conductive
sponge decreases gradually. Because the electron transfer rate is faster at this time, the response rate
of the entire flexible pressure sensor increases.

(b) Compressive Stress

4333

Figure 3. Schematic diagram of the compression contact point of conductive path (a) Initial state (b)
Compression state.
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The resistance response can be monitored using a voltage signal with the stress imposed on the
top surface during the compression. The resistance response is defined AR/RO = (R0 —RP)/R0, where
RO and RP represent the resistances without and with compressive stress, respectively. As shown in
Figure 4, when the weight ratio of CNTs is in the range of 0.5 wt% to 2.5 wt%, as the proportion of
CNTs increased, the resistance change rate increased gradually under the same pressure, but when
the weight ratio exceeds 2.5 wt%, as the proportion of CNTs increased, the resistance change rate
decreased gradually under the same pressure. This is because when the CNTs content is 0.5 wt% ~
2.5 wt%, the PDMS sponge has not yet reached the saturation state. With an increase in the weight
ratio of CNTs, the conductive channel in the conductive sponge gradually increased. When the CNTs
content was more than 2.5 wt%, the PDMS sponge reached a saturation state. Further filling of the
CNTs causes twining between the CNTs, which reduces the performance of CNTs in the conductive
sponge.

The stress sensitivity of S can be defined as the slope of the curves:

S = 8(AR/R,)/5P

The sensitivity S is the change in the resistance change rate of the sensor under the condition of
1kPa change in pressure. Figure 4 shows the sensitivity fitting of the CNTs/PDMS flexible pressure
sensors with weight ratios of 0 to 2 kPa, 3 to 10 kPa, and 15 to 40 kPa. As shown in this figure, when
the weight ratio of the CNTs is in the range of 0.5 wt%~2.5 wt%, the sensitivity increases gradually
with an increase in the weight ratio. When the weight ratio was 2.5 wt%, the sensitivity reached at
peak value of 31.298 kPa-1, and the sensitivity gradually began to decrease with an increase in the
weight ratio. At the same time, by comparing the sensitivity of 0~2 kPa, 3~10 kPa and 15~40 kPa, it
was found that the sensitivity decreased with increasing the pressure. The reason is that in the stage
of the initial pressure, the inside of the conductive sponge is relatively loose and the Poisson is
relatively large, so that the conductive sponge can produce larger deformation under the action of
low pressure, which causes the conductive path inside the conductive sponge increase rapidly so that
the sensitivity increases.
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Figure 4. Resistance change rate-pressure curve of CNTs/PDMS (heat-drying) flexible pressure sensor
(a) Weight ratio of 0.5 wt%~2.5 wt% (b) Weight ratio of 2.5 wt%~5.0 wt%. Sensitivity fitting curves of
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flexible pressure sensor (c) Weight ratio of 0.5 wt% (d) Weight ratio of 1.0 wt% (e) Weight ratio of 1.5
wt% (f) Weight ratio of 2.0 wt% (g) Weight ratio of 2.5 wt% (h) Weight ratio of 3.5 wt% (i) Weight
ratio of 5.0 wt%.

3.3. Sensitivity of CNTs/PDMS Flexible Pressure Sensors (Freeze-Drying)

As shown in Figure 5(a)~(b), when the weight ratio of CNTs is in the range of 0.5 wt% to 3.5
wt%, as the proportion of CNTs increases, the resistance change rate increases gradually under the
same pressure, but when the weight ratio exceeds 3.5 wt%, as the proportion of CNTs increases, the
resistance change rate decreases gradually under the same pressure. As shown in Figure 5(c)~(i),
when the weight ratio of the CNTs is in the range of 0.5 wt%~3.5 wt%, the sensitivity increases
gradually with an increase in the weight ratio. When the weight ratio is 3.5 wt%, the sensitivity
reached at peak value of 41.651 kPa-1, and gradually began to decrease with an increase in the weight

ratio.
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Figure 5. Resistance change rate-pressure curve of CNTs/PDMS (freeze-drying) flexible pressure
sensor (a) Weight ratio of 0.5 wt%~3.5 wt% (b) Weight ratio of 3.5 wt%~5.0 wt%. Sensitivity fitting
curves of flexible pressure sensor (c) Weight ratio of 0.5 wt% (d) Weight ratio of 1.0 wt% (e) Weight
ratio of 1.5 wt% (f) Weight ratio of 2.0 wt% (g) Weight ratio of 2.5 wt% (h) Weight ratio of 3.5 wt% (i)
Weight ratio of 5.0 wt%.

3.4. Sensitivity of Ag-CNTs/PDMS Flexible Pressure Sensors

As shown in Figure 6(a), when the weight ratio of Ag-CNTs was in the range of 0.5 wt% to 5.0
wt%, as the proportion of CNTs increased, the resistance change rate increased gradually under the
same pressure. As shown in Figure 6(b)~(h), when the weight ratio of the Ag-CNTs is in the range of
0.5 wt%~5.5 wt%, the sensitivity increases gradually with the increase of the weight ratio. When the
weight ratio was 5.0 wt%, the sensitivity reached at peak value of 71.831 kPa-1.
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Figure 6. (a) Resistance change rate-pressure curve of Ag-CNTs/PDMS flexible pressure sensor with
weight ratio of 0.5 wt%~5.0 wt%. Sensitivity fitting curves of flexible pressure sensor (b) Weight ratio
of 0.5 wt% (c) Weight ratio of 1.0 wt% (d) Weight ratio of 1.5 wt% (e) Weight ratio of 2.0 wt% (f)
Weight ratio of 2.5 wt% g) Weight ratio of 3.5 wt% (h) Weight ratio of 5.0 wt%. Sensitivity curves of
flexible pressure sensor.

The sensitivities of the CNTs/PDMS flexible pressure sensors (heat-drying and freeze-drying)
and Ag-CNTs/PDMS flexible pressure sensors in the pressure range of 0~2 kPa were compared. The
comparison values are listed in Table 1 and a comparison chart is shown in Figure 7. As shown in
Figure 7(a), the CNTs/PDMS flexible pressure sensor prepared by freeze-drying has a higher
sensitivity than the CNTs/PDMS flexible pressure sensor prepared by heat-drying and the sensitivity
of Ag-CNTs/PDMS flexible pressure sensor is much higher than that of the CNTs/PDMS flexible
pressure sensor when the weight ratio of the conductive filler material exceeds 0.5 wt%. In summary,
it can be found that by optimizing the preparation process of the conductive sponge and the surface
modification of the CNTs, the sensitivity of the flexible pressure sensor can be improved, so that the
sensor has more excellent performance.
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Figure 7. (a) Comparison of sensitivity of three different flexible pressure sensors. (b) Pressure
Stability Test of Flexible Pressure Sensor. (c) Strain Stability Test of Flexible Pressure Sensor.
Hysteresis test curve of Ag-CNTs/PDMS flexible pressure sensor (d) Weight ratio of 2.5 wt% (e)
Weight ratio of 3.5 wt% (f) Weight ratio of 5.0 wt%.

3.5. Stability and Hysteresis of the Flexible Pressure Sensor

(1) Stability

For the overall measurements, the resistance responses to repeated compression and release
cycles are illustrated in Figure 7(a). The flexible pressure sensor exhibited good stability in the overall
cycle test under three different pressures, and the resistance change rate gradually increased as the
pressure increased. Even with slight fluctuations under the test conditions at a pressure of 1 kPa, it is
basically stable. Additionally, for large repeated strains, a series of resistance responses were
obtained, as shown in Figure 7(b). For different compressive strains, a higher strain results in a larger
resistance response intensity.

(2) Hysteresis

Hysteresis refers to the degree of resistance change-pressure curve misalignment during the
reverse and positive trip of the sensor. During the experiment, we developed a flexible pressure
sensor with a complete load application and load release process to detect the rate of resistance
change. The effect of hysteresis is crucial for sensors to detect dynamic loads. A large hysteresis in
the flexible pressure sensor leads to irreversible recovery during the measurement of the dynamic
load, thus affecting the accuracy of the experimental results. As shown in Figure. 7(c)~(e), the
hysteresis error is larger at the low pressure stage and the hysteresis error is smaller at the higher
pressure stage. This is because when the pressure is small, a small pressure change causes a large
deformation of the conductive sponge, and it is more difficult for the conductive sponge to quickly
return to the initial position, which leads to the larger hysteresis error. With a continuous increase in
pressure, the conductive sponge exhibited a smaller deformation and the hysteresis error decreased
gradually. The maximum hysteresis error of the flexible pressure sensor with an Ag-CNTs content of
2.5wt% was 9.45%. The maximum hysteresis error of the flexible pressure sensor with an Ag-CNTs
content of 3.5 wt% was 5.74%. When the pressure exceeded 15 kPa, the hysteresis error between the
reverse and positive trips was essentially zero, and the coincidence degree of the resistance change
rate pressure curve was good. The maximum hysteresis error of the flexible pressure sensor with an
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Ag-CNTs content of 5.0 wt% is 3.39%, and when the pressure exceeds 10 kPa, the reverse and positive
trip curves coincide.

Table 1. Sensitivity of Three Different FlexiblePressure Sensors

Weight CNTs (heat-drying): CNTs (freeze-drying):  Ag-CNTs:sensitivity

Number o (wt%)  sensitivity (kPa)  sensitivity (kPa™) (kPal)
1 0.5 16.973 21.468 7.063
2 1.0 23.614 28.554 39.384
3 1.5 26.437 31220 46.936
4 2.0 27286 35.50 53.350
5 25 31.298 39.180 59.231
6 35 23.849 41.651 63.183
7 5.0 19.864 29.074 71.831

3.6. Temperature-Pressure Coupling Applications of Flexible Sensor

(1) Temperature static characteristics of the flexible sensor

As shown in Figure 8(a), the fluctuation in the resistance of the sensor is very small at different
temperatures, indicating that the sensor has good stability and can be used for the coupling test of
temperature and pressure. When a flexible sensor is tested, it is necessary to apply a certain voltage
to the flexible sensor, so that self-heating can occur. Because the self-heating generated by the
instrument may affect the subsequent temperature test so that it can produce errors, it is necessary to
exclude the influence of self-heating on the temperature test. As shown in Figure 8(b), the fitted I-V
curves have a high degree of coincidence, and the resistance of the sensor does not vary with the
voltage. The influence of self-heating generated by applying voltage on the temperature test was
almost negligible, thus the flexible pressure sensor could be used for the temperature sensing test.

(2) Temperature sensing performance of the flexible sensor

As shown in Figure 8(c)~(e), the sensors with three different CNTs contents show a linearly
decreasing trend (NPC effect: negative temperature coefficient) as the temperature rises at a
temperature gradient of 20~100 °C. This is because an increase in temperature increases the
probability of electron transition between CNTs so that the resistance of the sensor decreases. The
temperature-resistance formula was obtained by linearly fitting the three curves, and then the
temperature sensitivity coefficient (TCR) was calculated according to the following formula:

R_T=R_0x(1+TCRxT)

In this formula, TCR is the temperature sensitivity coefficient, RO is the initial resistance, and T
is the ambient temperature. According to the calculation, the temperature sensitivity coefficient
(TCR) of the flexible sensor can be maintained at approximately -0.00410 °C-1, indicating good
stability. This indicates that the prepared sensor is expected to realize the temperature sensing
function of the bionic human skin.
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Figure 8. (a) Resistance stability experiments at different temperatures. (b) I-V characteristic curve of
the sensor (at room temperature). Temperature-resistance curve of sensor with different contents (c)
Weight ratio of 2.5 wt% (d) Weight ratio of 3.5 wt% (e) Weight ratio of 5.0 wt%. The coupled test curve
under four kinds of pressure (f) 4 kPa (g) 8 kPa (h) 20 kPa (i) 40 kPa.

(3) Coupling of temperature and pressure

As shown in Figure 8(f)~(i), when the pressure is 4, 8 and 20 kPa, the resistance decreases linearly
with the increase in temperature. When the pressure was 40 kPa, the resistance remained unchanged,
and was not affected by temperature changes. This is because when the pressure is low, the
conduction network inside the conductive sponge changes with an increase in temperature. When
the pressure exceeded a certain range, the conductive network inside the conductive sponge was
shaped. The phenomenon of electronic transition is hardly observed in CNTs, so the temperature
does not affect the resistance of the conductive sponge. By linearly fitting the temperature test curves
under the four different pressures, the linear slope of each curve is the temperature coefficient. The
result shows that within a certain pressure range, the temperature coefficient (the slope of the fitting

curve) remains at -0.900 Q/°C, therefore, the coupling formula of pressure and temperature can be
proposed as follows:

AR = Sp X AP X Ry + Ky X AT

when SP is the sensitivity, KT is the temperature coefficient, R0 is the initial resistance of the conductive
sponge, AP and AT are the changes in the pressure and temperature, respectively. The sensor can
simulate the sensing function of human skin to sense temperature and pressure, while simultaneously
measuring the environmental temperature and the external force acting on the sensor.

d0i:10.20944/preprints202407.1042.v1
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Figure 9. (a) Preparation sketch of pulse pressure sensor. (b) Schematic diagram of pulsed
measurement. Pulse pulsation (c) 15 seconds in normal condition (d) 15 seconds after exercise (e) 1

minute in normal condition (f) 1 minute after exercise.

3.7. Application of Wearable Pulse Sensing Device

Through the above experiment, we found that the prepared flexible pressure sensor has the
function of detecting tiny pressures, therefor, it is assembled into a wearable pulse sensor device. We
set up the prepared pulse sensor device on the wrist with an adhesive tap and set the time for 15s
and 1 min to measure the change in current with pulse beat, as shown in Figure 9(a)~(b). Figure 9
(c)~(d) show the pulse beats in two different states within 15s, where each crest represents a pulse
beat. It can be observed that the pulse beating curve in the motion state is denser and higher in peak,
which conforms to the actual situation. Figure 9(e)~(f) show the pulse beats in two different states
within 1 min. According to the curve, the number of pulse beats per minute during the normal state
of the tester was 76, and the number of beats per minute after the exercise increased to 119 beats. At
the same time, we found that in the pulse beat curve after exercise, the peak value at the beginning
was higher and the distribution of the peaks was denser. As time passes, the peak value gradually
decreases and the peak distribution gradually disperses. This is because human physiological
conditions tend to stabilize during testing. These results confirm the satisfactory capability of the
wearable pulse device to identify the pulse condition of the human body in different states.
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4. Conclusions

In summary, a flexible pressure sensor based on a CNTs/PDMS conductive sponge is proposed.
A sponge-like PDMS substrate was synthesized using sugar as a template. This method is simple
effective and it can be produced in large quantities. By combining CNTs with PDMS sponges using
dip-drying method, porous structure CNTS/PDMS sponges with high electrical conductivity and
excellent compression-recovery properties were prepared. On one hand, by optimizing the
preparation process of the flexible pressure sensor, it was found that the flexible pressure sensor
prepared using the freeze-drying method had higher sensitivity than the heat-drying method. On the
other hand, the Ag-CNTs/PDMS flexible pressure sensor was prepared by surface modification of
CNTs. The sensor has a higher sensitivity, lower detection limit and reliable response signals under
repeated compressive stress (the sensitivity is 71.831 kPa-1, and the minimum detection limit is
0.25kPa). Because the prepared sensor can be used to detect the temperature, the CNTs/PDMS flexible
pressure sensor was applied to measure the temperature and pressure simultaneously, and the
coupling relation between temperature and pressure in a certain pressure range was obtained, which
can simulate the skin's perception of temperature and pressure. Furthermore, taking advantage of
the high sensitivity of the Ag-CNTs/PDMS flexible pressure sensor, it can be prepared as a wearable
pulse sensor device that can detect physiological characteristics of different states (such as pulse, etc.).
It is expected to be applied in medical detection and other applications.
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