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Performance Improvement of Flexible Pressure Sensor
Based on Ordered Hierarchical Structure Array

Shaohua Yang, Chengpeng Zhang,* Jin Ji, Yongzhi Liu, Jilai Wang, and Zhenyu Shi

Flexible pressure sensors have been extensively explored for their widespread
applications in wearable electronic devices such as medical diagnosis and
motion monitoring. In this paper, a facile method is adopted to prepare the
ordered hierarchical structure array and then it is applied to improve the
performance of capacitive flexible pressure sensors. The results indicate

that the pressure sensor based on hierarchical structure array is with high
sensitivity (0.382 kPa™), fast response and recovery time (26 and 25 ms), and
its minimum detection pressure can reach 4 Pa. Besides, the sensor based on
hierarchical structure array has also been successfully applied to the dynamic
pulse monitoring of the neck, limb movement monitoring, and pressure

flexible pressure sensor.] Compared
with other types of sensors, capacitive flex-
ible pressure sensors display the charac-
teristics of high sensitivity, fast response
time, low power consumption and stable
operation, which have been widely
studied.['8-20]

Various literatures have reported that
flexible pressure sensors can achieve good
performance by preparing the single-scale
microstructures.?3% Shuai et al. used
the pre-stretched and plasma-treated poly-
dimethylsiloxane (PDMS) film to form

monitoring in water cup grasping process, which shows high stability and
reliability, demonstrating its broad application prospects. This research could
provide useful guidance for the preparation and applications of high-perfor-

mance flexible pressure sensors.

1. Introduction

The demand for flexible pressure sensors continues to expand,
especially in human—computer interaction systems, electronic
skins, medical care, and intelligent robots.'”] In order to meet
these needs, high-performance flexible pressure sensors need
to be developed urgently. The flexible pressure sensors can
be classified into piezoelectric flexible pressure sensor,®1
capacitive flexible pressure sensor,™ and piezoresistive
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a spontaneous bending structure for the
preparation of microarray molds, and then
the silver nanowires were coated onto the
flexible substrate to construct the electrode
layer of the flexible pressure sensor.l?’]
Zhang et al. used Ecoflex films coated
with carbon nanotubes as electrodes and
PDMS films with porous structures as dielectric layers, and the
results showed that the micro-cone and porous structure could
improve the sensitivity of the flexible pressure sensor.?8 Luo
et al. developed a tilted micropillar structure array to obtain
high-performance flexible pressure sensors.’”) Zhang et al.
use colloidal self-assembly technology, and the surface struc-
ture of PDMS film could be changed by optimizing the size of
polystyrene microspheres, thus changing the pressure sensor
performance.l*%!

In addition to single-scale structure array, it was found that
the flexible pressure sensors with good performance could
be easily gained through hierarchical structure array.31-3
Zhu et al. used an improved seed-mediated growth method
to prepare vertically aligned gold nanowires on PDMS film
with micro-cone structures, and obtained flexible pressure
sensors based on hierarchical structure array.33! Mahata et al.
fabricated micro-nano hierarchical structures and developed
a capacitive flexible pressure sensor with excellent perfor-
mance.?¥ Hwang et al. prepared PDMS composites with
hierarchical porous structure to further improve the sensors’
performance.*”

Herein, a facile method was adopted to prepare the ordered
hierarchical structure array and then it was applied to obtain
excellent capacitive flexible pressure sensors. The results
showed that the hierarchical structure array could significantly
improve the sensor performance, compared with the single-
scale structure array. Besides, the applications of the pressure
sensor based on hierarchical structure array were investigated
in detail, including the dynamic pulse monitoring of the neck,
limb movement monitoring, and pressure monitoring in water
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Figure 1. Fabrication process of the capacitive flexible pressure sensor: a) fabrication of PDMS dielectric layer with hierarchical structures, b) fabrication

of the electrode layer, c) package of the sensors.

cup grasping process. This research could provide useful advice
for the preparation and applications of flexible pressure sensors
with good performance.

2. Results and Discussion

2.1. Preparation Process and Surface Topography

Figure 1 shows the preparation process of the capacitive pres-
sure sensors based on hierarchical structures, including the
fabrication of the electrode layer, preparation of PDMS dielec-
tric layer with hierarchical structures, and package of the capac-
itive flexible pressure sensors.

Figure 2 displays the laser scanning microscope images
of nickel mold for nanoimprinting process. As shown in
Figure 2a, the nickel mold is with an ordered array of concave
micro-lens structures. Moreover, the geometric parameters of
the micro-lens structures are obtained through the cross-sec-
tional analysis, which are 30 um in length and 3.5 um in depth,
as displayed in Figure 2b.

Figure 3 presents the scanning electron microscope (SEM)
images of PDMS film with microstructures. As shown in
Figure 3a, the single-scale micro-lens structures prepared
through nanoimprinting process are densely arranged in a reg-
ular hexagon array and exhibit excellent geometric consistency
on a large view. As shown in Figure 3b, based on the single-
scale micro-lens structures, the hierarchical structures array is
further prepared. It can be found that a dense array of wrinkle
structures is formed on the curved surfaces of the micro-lens
structures.
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Figure 2. The images of nickel mold: a) 3D image, b) 2D image.
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Figure 3. The SEM images of PDMS surface: a) with single-scale micro-
lens structure array, b) with hierarchical structure array.

2.2. Electrical Performance

To study the effect of surface microstructures, the electrical
performances of pressure sensors with single-scale micro-lens
array and hierarchical structure array were investigated, as
shown in Figure 4. The pressure of 0.25, 0.5, 1, 5, and 10 kPa
was applied to the sensors with single-scale micro-lens array
and hierarchical structure array for four cycles, respectively.
As shown in Figure 4a, the sensor with single-scale micro-lens
array has stable change in capacitance within a certain pressure
range and the relative capacitance increases with the increase
of pressure, which further improves the pressure response.
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Besides, the capacitance response curves of sensor with hier-
archical structure array are displayed in Figure 4b and it can be
observed that the capacitance values show greater changes than
that of the sensor with single-scale micro-lens array. This can be
attributed to the fact that when the pressure sensor is subjected
to external pressure, the shape of the hierarchical structures
deforms faster than the single-scale structures, which removes
more air and causes a greater change in the dielectric constant.

Sensitivity is one of the indicators to judge whether the per-
formance of the flexible pressure sensor is good, which can be
calculated according to formulas (1) and (2),?*!

S=8(AC/C,)/ 5P )
AC=C-C, ()

Where C, is the primary capacitance without external force, C
is the capacitance measured by device after the sensor is under
pressure and P is the pressure applied to the flexible pressure
sensor. As displayed in Figure 5a, the sensitivity of sensors with
single-scale micro-lens array and hierarchical structure array
in low-pressure region is 0.325 and 0.382 kPa™!, respectively. It
can be found that the sensitivity of the sensor with hierarchical
structure array is increased by nearly 20% compared to that
with single-scale micro-lens array. The reason for sensitivity dif-
ference is that when the pressure sensor is subjected to external
pressure, the shape of the hierarchical structures deforms
faster than the single-scale structures, which removes more air
and causes a greater change in the dielectric constant, so the
sensor with hierarchical structure array has higher sensitivity.
Besides, it can be observed from Figure 5a that the sensitivity
in low-pressure region is obviously larger than that in high-
pressure region. This is because as the pressure increases, the
elastic damping of the material increases, and the deformation
of the PDMS dielectric layer with microstructures gradually
reaches the maximum value, so the capacitance change tends
to be stable and the sensitivity gradually decreases. The per-
formance comparison of the flexible pressure sensor prepared
in this paper with those reported in other literatures is also
shown in Table 1. Moreover, the ability of the flexible pressure
sensor with hierarchical structure array to detect ultra-low pres-
sure was further measured, as displayed in Figure 5c,d. In the
experiments, a sensor with a surface area of 2cm x 2cm was
prepared, and a cephalosporin tablet with a mass of 160 mg was
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Figure 4. The capacitance response curves of pressure sensors: a) with single-scale micro-lens structure array, b) with hierarchical structure array.
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Figure 5. a) Sensitivity characterization of the pressure sensors. b) Enlarged view from (a) in the pressure range of 0-1 kPa. c,d) Low pressure detec-
tion of the sensor with hierarchical structure array. e) Response and recovery time of the sensor with single-scale micro-lens array. f) Response and
recovery time of the sensor with hierarchical structure array. (€) and (f) were measured under the pressure of 0.25 kPa.

used as the detection object. It can be observed that the sensor
can respond in time with the increasing number of cephalo-
sporin tablets and the capacitance value gradually increases,
indicating that the flexible pressure sensor with micro-nano
hierarchical structure array can detect ultra-low pressure (4 Pa).

The response speed is another important performance of
the pressure sensors. As observed from Figure 5e,f, the typical
response time and recovery time of the sensor with single-scale
micro-lens array are 39 and 37 ms, respectively, while the values
are 26 and 25 ms for the sensor with hierarchical structure
array. It can be found that the response speed of the sensor
with hierarchical structure array is increased by more than 30%
compared to that with single-scale micro-lens array. This pheno-
menon can be attributed to that the sensor based on hierarchical
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structure array deforms faster under the same external pres-
sure and therefore achieves a faster response to pressure.

2.3. Applications

The pressure sensor with hierarchical structure array has
high sensitivity and wide pressure range, which is applied to
life signal detection and human body motion monitoring.
A flexible pressure sensor was attached to the carotid artery of
the neck and then the electrical signal was received through
the copper wires to monitor the carotid pulse in real-time, as
shown in Figure 6a,b. It can be seen that three peaks Py, P,,
and P; can be observed, which represent the early systolic peak

© 2022 Wiley-VCH GmbH
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Table 1. Performance comparison of various flexible pressure sensors.
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Flexible pressure sensors Sensitivity Maximum sensing range Reference
Sensor with a bio-mimicking 0.055 kPa™ 10 kPa [34]
hierarchical micro-nano structure

Paper-based pressure sensor 0.015 kPa™ 50 kPa [36]
Sensor with Ni/Cu fabric and porous PDMS 0.023 kPa™ 200 kPa [37]
Sensor with a hierarchically porous structure 0.152 kPa™ 27 kPa [38]
Sensor of VACNT/PDMS composite conductor with irregular surface morphology 0.3 kPa™ 10 kPa [39]
Sensor with 3D voids 0.207 kPa™ 20 kPa [40]
Sensor with elastic nylon netting dielectric layer 0.33 kPa™' 5 kPa [47]
Sensor with micro-nano hierarchical structure array 0.382 kPa™ 10 kPa This work

pressure, the end-systolic peak pressure, and the diastolic pulse
waveform, respectively, indicating that the sensor can be used
to detect pulse. As observed in Figure 6a, the heart rate of the
test subject is =72 beats min~!, which is within the normal
heart rate range, and the variation in its relative capacitance
illustrates the stability and reliability of the sensor. Therefore,
this sensor exhibits great potential in the application of human
health detection.

In addition to carotid artery monitoring, the flexible pres-
sure sensor is also used for limb movement monitoring.
A sensor was attached to the forearm to capture the change in

capacitance caused by the contraction of the forearm muscle
during the grasping process. During the experiment, the
sensor was attached to the forearm of the subject (23 years old,
healthy), and the palm of the subject needed to be stretched
from open to tight. As shown in Figure 6c, the capacitance
changes sharply in the opposite direction in the process of
making a fist. When the handshake process is suspended, the
change of the capacitance value tends to stabilize. As the arm
muscles contract tighter, the capacitance value changes more.
Therefore, the sensor can be applied to sports monitoring and
physical health monitoring.
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Figure 6. a) Real-time measurement of neck pulse signal with sampling frequency of 25 Hz. b) The enlarged view of one single pulse. c) Monitoring
the forearm muscle contraction—expansion. d) Monitoring the water cup grasping process.
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The excellent sensitivity and rapid response of the sensor
with hierarchical structure array ensure that it can accu-
rately measure the pressure between the finger and the cup
wall during the grasping process. As shown in Figure 6d, the
sensor was mounted on the fingertips of blue gloves, and then
paper cups of different weights (3.9, 84.2, and 182.4 g) were
picked and placed three times, while the capacitive signal was
recorded. The results indicate that the pressure sensor in this
research can be used for fingertip pressure sensing, which has
important applications in the field of motion monitoring and
human—computer interaction control.

3. Conclusions

In summary, a facile method was adopted to prepare the
ordered hierarchical structure array and then it was applied to
improve the performance of capacitive flexible pressure sen-
sors. The results showed that the hierarchical structure array
could significantly improve the performance of flexible pres-
sure sensors compared with single-scale structure array. The
pressure sensor based on hierarchical structure array was with
high sensitivity (0.382 kPa™), fast response and recovery time
(26 and 25 ms), and its minimum detection pressure could
reach 4 Pa. Furthermore, the sensor based on hierarchical struc-
ture array was also successfully applied to the dynamic pulse
monitoring of the neck, limb movement monitoring, and pres-
sure monitoring in water cup grasping process, which showed
high stability and reliability, demonstrating its huge application
potential in the fields of wearable electronic devices and human
health monitoring. This research could provide useful guidance
for the preparation and applications of high-performance pres-
sure sensors.

4. Experimental Section

Materials: The SYLGARD 184 PDMS used in this experiment was
purchased from Dow Corning (USA), and the flexible polyethylene
terephthalate (PET) film was provided by Jiangsu Kangde Xin Composite
Material Co., Ltd. The nickel mold for nanoimprinting process was
2x2cmin area.

Preparation of the PDMS Dielectric Layer: The PDMS film with
microstructures was used as the dielectric layer. First, 10 g basic liquid
(A liquid) and 1 g solidifying liquid (B liquid) were mixed and stirred for
5-7 min with a glass rod to obtain liquid PDMS. After stirring uniformly,
the liquid PDMS was left for 5 min, and then put into a vacuum oven for
10 min. Subsequently, a spin coating device (EZ6-S, Schwan) was used to
uniformly coated liquid PDMS on the smooth nickel sheet at 1500 rpm
for 1 min to obtain a 0.3 mm PDMS film. With the nanoimprinting
process, the microstructure array of Ni mold was transferred on the
surface of the liquid PDMS. Put the PDMS and nickel mold in the oven
again and vacuum treatment for 10 min, and then heat it at 120 °C for
30 min. After removing the nickel mold, the cured PDMS film with a
convex micro-lens array was obtained and the height of the micro-lens
array was 3.5 um.

Based on the PDMS film with a convex micro-lens array, the
hierarchical structures array was further prepared with the pre-strain
method. A 15% tensile strain was applied to the PDMS film with a
convex micro-lens array and then put in the magnetron sputtering
apparatus (ETD-900M) to gold coating for 15 s. After releasing the pre-
strain, the gold coating would buckle and deform to obtain the PDMS
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film with hierarchical structure array, including a convex micro-lens array
and wrinkle structures, and the height of the hierarchical structure array
was =3.8 um.

Preparation of the Electrode Layer. The electrode layer was used
to derive the electrical signals of the pressure sensors. As shown in
Figure 1b, the flexible PET film was placed in the magnetron sputtering
device (ETD-900M) and sprayed with gold coating for 1 min to prepare
the electrode layer.

Package of the Capacitive Flexible Pressure Sensor: As seen in Figure 1c,
the two electrode layers and one PDMS dielectric layer were packaged
together to obtain a capacitive flexible pressure sensor.

Characterization: The surface topography of nickel mold for
nanoimprinting process was measured with the laser scanning
microscope (VK-X200K, KEYENCE, Japan). The surface topography
of PDMS with microstructures was examined using a field emission
scanning electron microscope (JSM-7610F, JEOL, Japan) at an
accelerating voltage of 5 KV. The capacitance measurements were
performed with a digit multimeter (DMM6500, Keithley, USA).
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