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In recent years, flexible micro-pressure sensors have been used widely in wearable health monitoring
applications due to their excellent flexibility, stretchability, non-invasiveness, comfort wearing and real-
time detection. According to the working mechanism of the flexible micro-pressure sensor, it can be
classified as piezoresistive, piezoelectric, capacitive and triboelectric types. Herein, an overview of
flexible micro-pressure sensors for wearable health monitoring is presented. The physiological signaling

and body motions contain a lot of health status information. Thus, this review focuses on the
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mechanism, sensing materials and performance of flexible micro-pressure sensors are introduced in

DOI: 10.1039/d2na008662 detail. Finally, we predict the future research directions of the flexible micro-pressure sensors, and
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1 Introduction

With the continuous improvement of people's living standards,
considerable attention has been paid to physical health.
Moreover, people's investment in health-related devices is
strongly increasing and has attracted a large number of scien-
tific and technological personnel to develop wearable health
monitoring equipment.’”* In order to meet people's needs for
health monitoring and medical diagnosis, many researchers
have proposed and developed a variety of wearable electronic
devices and electronic skin devices.””*® As a main part of
wearable electronic devices, the wearable health monitoring
system based on flexible micro-pressure sensors is a focal
developmental direction and solution strategy. It should be
noted that the micro-pressure sensors in this review refer to
sensors, which can detect small pressure signals, not the small
size of the pressure sensor.

In recent years, cardiovascular diseases have become one of
the leading causes of death around the world.*” According to the
forecasts of the relevant institutions, the number of human
deaths caused by cardiovascular diseases will exceed 23.6
million in 2030.** Common cardiovascular diseases include
coronary heart disease, arrhythmia, hypertension and
cardiomyopathy,*** considering that these diseases are closely
related to physiological signaling such as heartbeat, blood
pressure and pulse waves. Therefore, the wearable pressure
sensors for monitoring of physiological signaling can be used to
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discuss the challenges in practical applications.

observe and effectively predict cardiovascular diseases.*™*®

Except the physiological signals, the body motions such as eye
blinking, finger and wrist bending and muscle motion are also
closely related to body health.*® Currently, the wearable
pressure sensors have been combined with artificial intelli-
gence and new materials, constantly developing in the direction
of intelligence, miniaturization and flexibility. Furthermore,
they are more comfortable to wear and can monitor the physi-
ological signals of the body for a long time. These advantages of
flexible wearable pressure sensors may facilitate solving the
needs of personalized health care.””*

Heartbeat and pulse waves are the main components of
human physiological signaling,**® and contain a lot of personal
health information, such as heart status and blood pressure. A
variety of flexible micro-pressure sensors for monitoring the
heartbeat and pulse waves have been developed.®*-*® Compared
to the photoplethysmography measurement method, the flex-
ible micro-pressure sensors can realize continuous and real-
time monitoring for pulse waves.*”-*

The organs and tissue motion also reflect the state of the
human body.””* For example, the eye blinking condition is able
to predict eye fatigue.” The status of finger bending and wrist
joint movement show the health condition of normal function
of the human body.””® The muscle motions are also closely
related to body health.” Currently, many researchers have
developed a lot of flexible micro-pressure sensors for moni-
toring conditions of eye and organ movement.”””*® These
sensors significantly help people by monitoring their health
status in real-time.

Flexible electronic devices based on 2D materials have
developed into one of the most promising fields for next-
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Fig. 1 Applications of flexible micro-pressure sensors for wearable health monitoring. (a) Multifunctional materials and composites for health
monitoring.®* (b) Schematic illustration of the integrated device with multilayered structures between two subsystems: the stretchable sensor and
wireless patch, and enlarged electrode patterns.®? (c) Schematic illustration of the fabrication process for self-powered pressure sensor.2%®
Reproduced with permission. Figure (a) has been adapted/reproduced from ref. 91 with permission from Wiley-VCH GmbH, copyright 2022.
Figure (b) has been adapted/reproduced from ref. 92 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2019.
Figure (c) has been adapted/reproduced from ref. 203 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2017.

generation electronics because of their flexibility, stretch-
ability and integration.®** As a major component of flexible
electronic devices, the flexible micro-pressure sensors have
become a key research direction. Considering that the flexible
micro-pressure sensors can be integrated easily into portable
mobile devices to detect the micro-local pressure,® the flex-
ible micro-pressure sensors can thus be used easily and widely
in wearable health monitoring.*****% Fig. 1 shows the
applications of flexible micro-pressure sensors for wearable
health monitoring. In this review, we describe in detail the
development process of the flexible micro-pressure sensors,
summarize the current research status of the flexible micro-
pressure sensors in wearable health monitoring, and also
predict the future research directions of the flexible micro-
pressure sensors. This review will greatly improve the under-
standing of researchers in scientific community, and
contribute to the development of flexible micro-pressure
sensors. In addition, it will significantly promote the cross-
research of the flexible micro-pressure sensors and other
scientific fields.

2 Sensing mechanisms of flexible
micro-pressure sensors

Sensing mechanisms reveal the working modes of flexible
micro-pressure sensors. According to the sensing mechanisms,
the pressure sensors can be classified into four types: piezor-
esistive sensors,”® capacitive sensors,”*® piezoelectric
sensors'**** and triboelectric sensors.'*>'** Generally speaking,
the most commonly used sensing mechanisms in wearable
health monitoring devices are the piezoresistive, capacitive and
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piezoelectric. Additionally, the external power supply system is
indispensable for piezoresistive and capacitive pressure
sensors, and these two types of sensors are often used in static
excitation.'**'” However, piezoelectric and triboelectric pres-
sure sensors can be self-powered, and they are suitable used in
dynamic excitation.'*®**** Finally, these sensing mechanisms are
described in detail as follows. It is worth noting that the
performance of the flexible pressure sensor is determined by its
functional material and microstructure.

2.1 Piezoresistive micro-pressure sensors

The sensing mechanism of the piezoresistive micro-pressure
sensor is material piezoresistive effect. Namely, the corre-
sponding resistance of the sensor will change due to applying
pressure on the sensor surface. Fig. 2(a) shows the sensing
mechanism of the piezoresistive pressure sensors. The piezor-
esistive micro-pressure sensor has been used widely because it
has a simple structure, a convenient method of measurement,
large measurement range and low energy consumption. It is
well known that the resistance of the conductor can be calcu-
lated by the following equation:***"*5

oL

R=1 &)

where p is the conductor resistivity; L and A present the
conductor length and the conductor cross-sectional area,
respectively. Considering the strain sensor of the piezoresistive
type, the change of resistance can be described as:

AR

Ap
= :(1+2v)e+7 (2)
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Fig. 2 Sensing mechanisms of the pressure sensors. (a) Piezoresistive type; (b) capacitive type; (c) piezoelectric type; (d) triboelectric type.

where ¢ is the Poisson strain and v is the Poisson ratio. It should
be noted that the resistance change of the piezoresistive pres-
sure sensor originates mainly from its geometry change and the
contact resistance between the electrode and the materials. The
change of materials in the energy band structure also leads to its
piezoresistivity change. This piezoresistivity change derives
from the change in band-gap because of the external press.

The quantum tunnelling effect of the conductive composites
is also closely related to the piezoresistive mechanism. The
common conductive composites are fabricated by mixing
nanoparticles and polymers, and it leads to the formation of
a tunnelling barrier between the nanoparticles and polymeric
layer. Therefore, the piezoresistive mechanism caused by the
quantum tunnelling effect of the conductive composites can be
described as follows. When the piezoresistive sensor based on
conductive composites is derived from an external press,
mechanical deformation occurs. It induces a decrease in the
thickness of the polymeric layer so that a decrease in the
tunnelling barrier occurs. Then, a reduction of the composite
resistance will appear. In this process, the piezoresistive press
sensors are developed.

2.2 Capacitive micro-pressure sensors

The sensing mechanism of the capacitive micro-pressure sensor
is to convert pressure into the change of capacitance. The
capacitance changes lead to changes in electrical signals. In
general, the capacitive micro-pressure sensor is made up of
a parallel-plate capacitor, which consists of two parallel elec-
trodes and a dielectric layer. Fig. 2(b) shows the sensing
mechanism of the capacitive micro-pressure sensor. The prin-
ciple of the capacitive micro-pressure sensor can be described
as follows:"**

&S
C= Inkd (3)

where ¢ is the relative dielectric constant; k is the electrostatic
force constant; S is the overlap area of two parallel plates; and
d is the distance of two parallel plates. This equation shows the
parameters of the relative dielectric constant. The overlap area
and the distance are sensitive to pressure changes. In practical
applications, the change in the distance parameter of the
pressure sensor is typically used, such as measuring share

© 2023 The Author(s). Published by the Royal Society of Chemistry

forces and strain. The change in the parameter of the relative
dielectric constant has not been widely used because this type of
sensor requires special material design. The shear stress can
also be detected by changing the parameter of the overlap
area.

According to the working mechanism of the capacitive
micro-pressure sensor, it is well known that the press sensi-
tivity of the sensor is decided by the compressibility of the
dielectric materials. Therefore, the capacitive micro-pressure
sensors with excellent performance can be designed by using
the dielectric of high compressibility. For example, the
performance of tactile sensors can be improved significantly by
using the structure of porous dielectric layers due to its high
compressibility."*>**7

2.3 Piezoelectric micro-pressure sensors

The piezoelectric micro-pressure sensor has been widely used in
wearable health monitoring, and its working mechanism is the
piezoelectricity of the material. This working mechanism also
can be called the piezoelectric effect. Specifically, the piezo-
electric effect of the material is a kind of macroscopic polari-
zation phenomenon caused by external pressure. The charge
amount on the electrode surface can be calculated by:'*®

Q:d33><A><F (4)

where dj; is the piezoelectric constant, 33 means that the
direction of pressure is consistent with the direction of polari-
zation; A is the electrode area; and F is the external pressure.
The sensor developed by the piezoelectric effect of the material
means that it has the ability to convert the external pressure into
an electrical signal. Fig. 2(c) shows the working mechanism of
the piezoelectric micro-pressure sensor.

Considering the working mechanism of the piezoelectric
sensor, it can be used as a nanogenerator because it has the
ability to harvest vibrational energy and it converts mechanical
energy into electric energy. Therefore, it is often used as the
energy supply part of wearable electronic devices. The main part
of the flexible piezoelectric micro-pressure sensor is the piezo-
electric film and flexible substrate. Polyvinylidene-fluoride
(PVDF) is a common flexible piezoelectric material, and it can
manufacture the flexible piezoelectric film."****°
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2.4 Triboelectric micro-pressure sensors

The triboelectric effect describes the phenomenon in which the
electrical charges occur on the material surface under the
condition that two different material layers are rubbed with each
other.” It is obvious that the working mechanism of the tribo-
electric micro-pressure sensor is based on the triboelectric effect
of the material. Generally speaking, triboelectric nanogenerator
pressure sensors are based on the coupling effect of friction
electrification and electrostatic induction, which is an effective
way to convert human mechanical energy into electric energy and
realize self-powered wearable sensors.””>*** Fig. 2(d) shows the
working mechanism of triboelectric micro-pressure sensor.
Considering that the amounts of triboelectric charge are affected
by many factors, such as environmental humidity, external
pressure, and environmental temperature, it is thus very hard to
develop a single variable condition for the triboelectric micro-
pressure sensor to sense pressure in practical applications.

3 Recent advances of piezoresistive
micro-pressure sensors for wearable
health monitoring

Flexible piezoresistive micro-pressure sensors have promising
applicable potential because of their simple structure, facile
materials preparation, low cost, and other merits."****” Gra-
phene, carbon nanofibers and carbon nanotubes (CNTs) are the
most common conductive materials for preparing piezoresistive
pressure sensors."”® These sensors have high sensitivity, great
stretchability, good flexibility, and excellent stability, and are
suitable for micro-pressure detection in different application

scenarios.'?93*

3.1 Piezoresistive materials

In piezoresistive materials, the piezoelectric effect always exists
for the preparation of wearable devices. Carbon materials with
specific structures, such as carbon fibrous sponges and carbon
nanofibers, are the most common piezoresistive materials. Gao
et al. fabricated the carbon fibrous sponges,*** and the fabrica-
tion procedure is show in Fig. 3. The PI membrane is mechan-
ically cut into short PI fibres and soaked in polyurethane
solution. After being GO-coated, the sample was freeze-dried for
48 hours, and named as PIPUGO SF. To obtain a PIPUGO sponge,
PIPUGO SFs was dispersed in dioxane and freeze-dried for 48 h.
The carbon fibrous sponges were obtained by thermal treatment.
The polypyrene role can also be used to achieve piezoresistive
effects. Li et al. developed an efficient strategy to greatly improve
the pressure resistance performance by using PDMS micro-
pyramids.”® To meet the requirements of pressure sensing,
Ti;C,T, MXene," silver nanowire/PEDOT:PSS/polyimide aero-
gels™® were selected to serve as piezoresistive materials to
construct high-performance pressure sensors.

3.2 Physiological monitoring

Flexible electronics can realize wearable physiological signal
monitoring on human skin surfaces, which has become

3134 | Nanoscale Adv, 2023, 5, 3131-3145
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Fig. 3 The fabrication procedure of carbon fibrous sponges.3?
Reproduced with permission. Figure has been adapted/reproduced
from ref. 132 with permission from American Chemical Society,
copyright 2022.

a revolutionary science and technology in sports health
management, disease diagnosis and monitoring, environ-
mental monitoring, human-computer intelligent interaction
and other fields, as well as an important strategic emerging
industry in various countries. Human physiological signals
include pulse beating, heart beating, respiration and other
signals. In the past decade, different kinds of piezoresistive
sensors have been studied for physiological signal monitoring.
Liu et al. presented a high-performance piezoresistive flexible
pressure sensor for human health monitoring based on wrin-
kled microstructures.”® Fig. 4 shows the pressure sensor for
extensive human physiological monitoring.

To improve the performance of the sensors, a pyramid
structure and porous structure have been developed. For
example, a high sensitivity near 2000 kPa ' and an ultralow
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Fig. 4 The PPF@PDMS pressure sensor for extensive human move-
ment monitoring. (a) Signal of the finger periodically pressing the
sensor. (b) Signal waveform of a single period. (c) Response and
recovery times for a single press. (d) Response signal for finger bending
to 01, 301, 451, 601 and 901 in sequence. (e) Response signal for cyclic
finger bending to 601. (f) Response signal for elbow bending to 601. (g
and h) Response signal for accelerated walking.**¢ Reproduced with
permission. Figure has been adapted/reproduced from ref. 136 with
permission from The Royal Society of Chemistry 2022, copyright 2022.
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detection limit (0.075 Pa) were realized using a short channel
length and sharp micropyramids.**®

3.3 Motion monitoring

With the improvement of living standards and the development
of sports, more people are participating in sports. Some extreme
sports have also gradually become popular means of mass
fitness. Ma et al.**” developed a piezoresistive pressure sensor by
coating MXene flakes with different degrees of in situ oxidation
onto paper substrates. Its sensitivity and detection limit
reached 28.43 kPa ' and 0.8 Pa, respectively. Moreover, it can
track body movements such as elbow movement and finger
tapping. Yuan et al. improved the sensitivity to 11 668.6 kPa
and reduced the detection limit to as low as 0.425 Pa by
simultaneously modulating the body resistance and the contact
resistance.’” Subsequently, Park et al. achieved ultrahigh
sensitivity of up to 3.8 x 10°> kPa ' using carbonaceous
protrusions by laser annealing on a CNT layer. The high
sensitivity was attributed to the extremely low initial current
and high current under an external pressure.'®

Generally, it is difficult for conventional piezoresistive pres-
sure sensors to achieve both high sensitivity and a wide pres-
sure range. In 2021, Wang et al. proposed a new Coz;0,4/carbon
felt pressure sensor. CozO, provides a low initial current
without loading and carbon felt provides a high output current
under loading, which extends the measurement range of the
pressure sensors. The fabricated pressure sensors exhibit high
sensitivity (243 kPa™") and a broad range (up to 180 kPa) of
measurements.**

4 Recent advances of capacitive
micro-pressure sensors for wearable
health monitoring

A typical capacitive pressure sensor includes a dielectric layer
and electrodes on both sides. The sensor will deform when the
pressure/strain is applied, causing the change of capacitance,
thus completing the transformation of the pressure signal to
the electrical signal. The high sensing performance includes
good sensitivity, wide response range, low detection limit, and
fast response time. Comparing the other types (piezoresistive,
piezoelectric and triboelectric) of pressure sensors, the capaci-
tive pressure sensor has some advantages in rapid dynamic
response, temperature insensitivity and low power consump-
tion.'** Therefore, the capacitive pressure sensors have attracted
much attention for use in health monitoring. Fig. 5 shows the
main applications of capacitive pressure sensors.

4.1 Pulse wave monitoring

Blood pressure is a crucial sign of good health. Bao et al. re-
ported a single-use biodegradable pressure sensor patch to
detect the pulse wave, and the sensitivity of the sensor is very
high (0.76 kPa™')."*®* To obtain high-sensing performance
sensors, various strategies have been proposed. Atalay et al.
investigated the influence of soft conductive fabric types and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The main application of capacitive sensors, (a) and (b) are pulse
wave monitoring:*** (c) and (d) are finger and wrist bending.}*?
Reproduced with permission. Figure (a and b) has been adapted/
reproduced from ref. 141 with permission from American Chemical
Society, copyright 2020. Figure (c and d) has been adapted/repro-
duced from ref. 142 with permission from Wiley-VCH GmbH, copy-
right 2021.

sacrificial particle types on the sensing behaviors of pressure
sensors. It was found that a high dielectric porosity and
conductive knit electrode are beneficial to obtaining a high
sensing performance. This provides guidance for a high-
performance sensor design.'** Jang et al. achieved a high-
performance sensor by increasing the dielectric properties of
elastomers. The authors designed the dielectric properties of
elastomers using multi-walled carbon nanotube (MWCNT)/
polydimethylsiloxane (PDMS), where the MWCNT is modified
by alkylamine. Due to the enhanced dielectric constant of the
composite compared with pure PDMS, the as-fabricated sensor
shows improved sensing performance.*®> Guo et al. obtained
a capacitive pressure sensor using poly (vinylidenefluorideco-
trifluoroethylene) [P(VDF-TTFE)] dielectric film combined with
nanopillars on both sides. The addition of nanopillars enabled
a good sensitivity of 0.35 kPa™ ", a working range of from 4 Pa to
25 kPa, and a high response time of less than 48 ms.**®

The design of three-dimensional (3D) structures also
contributes to higher sensing performance. Zhao et al
demonstrated a 3D structure to obtain improved sensing
property, where the TPU/Ag nanowire network was designed. A
high sensitivity of up to 1.21 kPa™" was acquired, which enabled
good figure pressure sensing behaviors.*’ Li and co-workers
reported a wide range sensor based on the high porosity elas-
tomeric dielectric layer. The conducting polymer/filter paper
electrodes were used to form a sandwiched capacitive sensor
structure.”® Ma et al. presented a micro-arrayed PMDS-based
high sensitivity pressure sensor. Ag nanowires were used as
the top and bottom electrodes. This device has a high sensitivity
of 2.04 kPa~"', and low pressure ranges of 0-2000 Pa.'*” Park
et al. demonstrated a porous Ecoflex-based capacitive sensor

Nanoscale Adv., 2023, 5, 3131-3145 | 3135
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using a simple melting process. The electrode layers are each
based on carbon fiber thin films and polydimethylsiloxane-
based silver nanowires. The as-fabricated sensors show a high
sensitivity of 0.161 kPa ™" for low pressure (<10 kPa) and a wide
range of <200 kPa, and a good durability (>6000 cycles).*** Luo
et al. demonstrated a pressure sensor with a tilted micropillar
array enhanced dielectric layer. The tilted micropillars show
potential for bending rather than compression deformation.
Thus, it is easy to vary the distance between the electrodes. This
is beneficial for obtaining high sensitivity and a small detection
limit.***

4.2 Motion monitoring

Recently, capacitive pressure sensors have been widely used in
motion monitoring due to their excellent performance. Wu et al.
fabricated a capacitive pressure sensor with extraordinary
sensitivity and wide sensing range using a PAM/BIS/GO nano-
composite hydrogel to detect body motions such as elbow
bending and knee bending.'*® Sun et al. proposed a PDMS
microbeads-modified dielectric layer for a flexible capacitive
pressure sensor to achieve high sensitivity (0.048 kPa™") in the
range of 0-10 kPa, and it was successfully applied to detect
finger and wrist bending.*

Inspired by biological structures such as lotus leaves and
roses, there is hope to design pressure sensors with higher
performance. Wan and co-workers presented a tactile sensor
based on polydimethylsiloxane (PDMS) with low-density micro
towers and a high-aspect ratio. The m-PDMS was designed to
form a bionic micropattern that replicates the lotus leaf. The
silver nanowires are used as bottom electrodes. This sensor
shows a good sensitivity of =1.2 kPa™*, a low detection limit
(<0.8 Pa), and a fast response time (36 ms).”” Moreover, Mahata
et al. demonstrated a pressure sensor using the single/double
layer well-designed PDMS and indium tin oxide (ITO) elec-
trodes. The sensor mimics the rose petals with the hemisphere
including micropapillary and nano-folds, and has a high
sensitivity of 0.055 kPa ™" over a wide range of 0.5 to 10 kPa with
a response time that is lower than 200 ms.™*

In addition to the higher sensing characteristics, degrad-
ability is a design key for capacitive stress sensors. Boutry et al.
reported a strain and pressure sensor with well-designed
POMaC top encapsulation layers, which exhibits high sensi-
tivity and a fast response time. Importantly, these sensors have
good biodegradability, which may enable their biomedical
applications, including orthopedic applications."*?

5 Recent advances of piezoelectric
micro-pressure sensors for wearable
health monitoring

In recent years, as people pay more attention to their own health,
health monitoring based on piezoelectric micro-pressure sensors
has been developing rapidly.”*** In general, the health moni-
toring consists of physiological signals and motion detection.
Currently, there are increasingly more materials with piezoelec-
tricity that have been found or synthesized.”* The most common
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piezoelectric materials include lead zirconate titanate (PZT) and
polyvinylidene fluoride (PVDF).>* Moreover, some new piezo-
electric materials have been developed; for example, piezoelectric
bio-electronic-skin and gallium nitride thin film."** Considering
the integrated development of artificial intelligence and health
monitoring, new bio-intelligent piezoelectric materials will
continue to appear in the future. The application of piezoelectric
sensors in the field of health monitoring is mainly reflected in
the following aspects: heart monitoring, pulse monitoring, eye
monitoring, gait monitoring, joint monitoring and other areas.”

5.1 Piezoelectric materials

The piezoelectric effect is a special property of materials, and
not every material has the piezoelectric effect. A piezoelectric
material is an important part of the piezoelectric sensor.
Conventionally, lead zirconate titanate (PZT), polyvinylidene
fluoride (PVDF) and barium titanate (BaTiO3) are the most used
piezoelectric materials. Currently, with the development of
flexible electronic technology, more flexible piezoelectric micro-
pressure sensors have been reported. Generally speaking, the
flexible piezoelectric sensor is realized by making the piezo-
electric material on the flexible substrate material. Poly-
dimethylsiloxane (PDMS) is commonly used as a flexible
substrate material. Table 1 shows the piezoelectric materials
that are used in micro-pressure sensors. Furthermore, in order
to meet the practical needs of miniaturization, intelligence and
integration, new piezoelectric materials that can be used to
make piezoelectric micro-pressure sensors for health moni-
toring will continue to be developed.

5.2 Heart monitoring

The heart is one of the most important organs in the body. Every
year, millions of people die from heart diseases around the
world. Therefore, real-time monitoring of the heart is a very
important solution to find heart problems and prevent death. In
the past, most of the piezoelectric sensors lacked stretchability
and flexibility due to the limitations of the piezoelectric mate-
rials used, which led to the lack of application in human health
monitoring. Currently, with the development of flexible piezo-
electric materials, many flexible piezoelectric health monitoring
systems have emerged.

The status of a pulse is one crucial indicator of heart health.
It also can be used to analyze the heart rate and heartbeat.
Because of the strong pulse in the wrist and neck of the human
body, it is often used as two key positions for pulse detection
based on the piezoelectric micro-pressure sensor attached to
the wrist and neck for real-time pulse detection. Shi et al
designed a piezoelectric micro-pressure sensor based on 1-layer
of LDPE/Teflon AF piezo-electret to detect the low pressure
signal of the human pulse.” In order to acquire the low-
pressure signal of the pulse wave, they utilized a current
amplifier to amplify the pulse signal and designed a data
acquisition system based on a personal computer. This piezo-
electric micro-pressure sensor was realized to measure the pulse
beat on the waist hand.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Materials Polling (kV em ™) ds; (pm V) ds; (pm V) 231 (0.001 VN 233 (0.001 VMmN e
Lead-PZT"** 60 50 200-400 11 25-35 500
PLZT'3>1%¢ 12.4 —262 710 — 22.2 2214
Lead-free PVDF"** — 8-22 10-15 — 70-170 6-12
P(VDF-TrFE)"*’ 15-30 12 —-38 — — 18
PDMS™?® — — 1645 pC N ! — — —
FEP'® — — 5400 pC N * — — —
LDPE"® — — 1100 pC N " — — —
Polypropylene (PP)'®° — — 600 pC N * — — —
BaTiO; (ref. 161) 2 —33.4 190 1.89 11.87 1200
KNN'62 5 —51 127 —11.6 29 496
GaN'e3164 — -1.9 3.7 — — 8.58

Chu et al. designed an active and flexible pulse wave sensing
system based on a fluorinated propylene (FEP)/Ecoflex/FEP
piezoelectric micro-pressure sensor for detecting the pulse
wave.'® They designed a piezo-electret sensing system for pulse
wave detection, as shown in Fig. 6. The experimental results
show that this sandwich-structured piezo-electret has a high
sensitivity of 32.6 nA kPa~' and an excellent piezoelectric
coefficient d;; value of up to 4100 pC N, It is the ultra-high
piezoelectric  coupling performance of the designed

FEP

=

Ecoflex

piezoelectric sensor that enables it to accurately distinguish the
pulse waveforms and characteristics of different participants.
Fig. 6(b) shows an implantable flexible wireless piezoelectric
micro-pressure sensor for heart monitoring. Sun et al. devel-
oped a flexible and stretchable integrated sensing system based
on the piezoelectric pressure sensor to realize heart monitoring.
This sensing system uses malleable PVDF films and PDMS
substrates to achieve excellent ductility and flexibility. Addi-
tionally, this system is self-powered, and the power reaches
a maximum of 228 nW under a load resistance of 68 MQ.*

I: Original

Sensitivity: 6.71 nA/kPa

C 60 T - - - 1.0 d
10 weeks g
F=02N =
T 40 dy=QF )
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= - -
o ©
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-
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Fig. 6 Triboelectric micro-pressure sensors for pulse waves detection.*®® (a) M-Health system concept. (b) The schematic diagram of the pulse
sensing device. (c) Equivalent piezoelectric coefficient measurement. (d) The working process of a pulse wave sensor. (e) Peak short-circuit
currents and sensitivity of a typical pulse sensor. Reproduced with permission. Figure has been adapted/reproduced from ref. 165 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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Samartkit developed a non-invasive heart rate and blood pres-
sure monitoring system based on a PZT piezoelectric and pho-
toplethysmographic sensor, and presented a modified pulse
transit time technique to demodulate the time delay.’*® The
experimental results showed that this system reaches an accu-
racy range of 93.33% (with respect to a reference device) of all
heart rate measurements.

5.3 Motion monitoring

The movement of the human body and the activity of each joint
is an important reflection of human health. Therefore, the
monitoring of human movement and joints enables the moni-
toring of human health. The common means of monitoring
body motion is eye motion, finger bending, wrist joint bending,
and muscle motion. The main advantages in wearable piezo-
electric pressure sensors are their non-invasiveness, conve-
nience, flexibility, high sensitivity and real-time monitoring.

Eye health is an important part of human health. As people
continue to look at electronic devices for a long time, there are
an increasing number of eye problems. Thus, the monitoring of
eye movement has great value. The most common eye problem
is eye fatigue. Eye movements can reflect some health problems
such as eye fatigue. Kim et al. developed a highly sensitive, non-
invasive flexible piezoelectric sensor to detect the eye move-
ment.'” Eye movement is realized by attaching a flexible sensor
on the skin near the eyes, and the movement of skin near the
eye can lead to a change in the bending degree of the sensor.
Additionally, this flexible sensor is attached to different parts of
the eye to accomplish the detection of blinking, looking
forward, looking left, looking right and other motions. Lii et al.
designed a flexible piezoelectric sensor based on a Kapton
substrate for monitoring eye fatigue, and presented a theoret-
ical model to reveal the underlying mechanism of detecting
eyelid motion.**®

Finger bending and wrist joint movement are also important
parts of the normal function of the human body. Fang et al.
fabricated a flexible piezoelectric sensor to detect the hand and
wrist movements, and recorded the force myography to realize
body motion monitoring.'* Moreover, they developed artificial
neural network algorithms to classify the hand and wrist
movements, and the average motion-classification accuracies of
the hand and wrist movements reached 96.1 and 94.8%,
respectively. Zhang et al. developed a flexible piezoelectric
sensor based on ZnO nanorods attached onto a Cu-coated pol-
yimide substrate. The sensor exhibits a high sensitivity of
974 mV N~ ' and the wide linear range of 0.1-1 N, and it has
been successfully used to monitor finger bending.'”®

6 Recent advances of triboelectric
micro-pressure sensors for wearable
health monitoring

Recently, triboelectric nanogenerators (TENGs) pressure
sensors have been used widely in self-powered flexible wearable

electronics for health monitoring due to its excellent perfor-
mance in energy harvesting and sensing.’”* The triboelectric
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micro-pressure sensor consists of a couple of triboelectric active
layers and electrodes. According to friction electricity, the
triboelectric micro-pressure sensor can be classified into four
categories, which are lateral sliding mode, single electrode
mode, contact separation mode and freestanding triboelectric
layer mode. The application of pressure sensors based on
TENGs somatosensory has great medical benefits for human,
because it can convert the inexhaustible biomechanical energy
such as blood circulation and muscle movement into electrical
output, providing information that reflects the human physio-
logical status. In health monitoring applications, triboelectric
pressure sensors based on TENGs operate as both an energy
collection device and an active sensor. The bioinspired tribo-
electric TENGs pressure sensors for self-powered wearable
health monitoring also get rapid development.'”

6.1 Triboelectric materials

The triboelectric effect is a phenomenon that can be observed in
many materials. Thus, many materials can be used to fabricate
triboelectric pressure sensors. However, not all materials with
friction electrification are suitable for making triboelectric
pressure sensors with high performance due to the different
properties of the friction electrification of materials. According
to results from related studies, carbon-based materials,
composite conductive materials and polymer materials are
commonly used in the manufacturing of high-performance
flexible triboelectric pressure sensors.

Recently, carbon-based materials have been used widely in
triboelectric pressure sensors based on TENGs. MXene has
attracted much attention in sensor fields because of its unique
electronic and mechanical properties. Yi et al. reported a self-
powered triboelectric MXene-based 3D printed wearable
sensor for real-time health monitoring.'”® This device exhibited
excellent performance. For example, the power output is 816.6
mW m ™2, the sensitivity reaches 6.03 kPa™", the low detection
limit is 9 Pa and the fast response time is only 80 ms. Yu et al.
reported a triboelectric tactile sensor using ultra-stretchable
and conductive hydrogels based on carbon. The sensitivity of
this device reached a gauge factor of 2.6, and the broad strain
response range is 0-2000%."* Additionally, the hydrogel can be
fabricated as a flexible self-powered triboelectric electrode, the
detecting pressure range is 1-25 N, and the short-circuit current

is 2.6 pA.

6.2 Cardiovascular monitoring

It is well known that cardiovascular disease is a leading cause of
mortality worldwide. Therefore, the development of wearable
electronics for cardiovascular disease monitoring has great
value. Arterial pulse waves can give comprehensive cardiovas-
cular information for diagnosing disease. Fang et al. reported
a machine-learning assisted textile triboelectric micro-pressure
sensor for cardiovascular monitoring. This triboelectric pres-
sure sensor holds a response time of 40 ms and a sensitivity of
0.21 pA kPa~'.'5 Lou et al. developed a triboelectric sensing
textile constructed with core-shell yarns to detect the pulse
monitoring. The sensitivity of this sensor is 1.33 V kPa™' and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The pressure measurement ranges of the triboelectric pressure sensors

Materials Sensitivity Detection range Detection limit
Mzxene'”? 6.03 kPa ! Not known 9 Pa
Ag nanowirests'® 0.1 nAkPa™' Not known Not known
CNTs'”® 0.21 pA kPa™* Not known Not known
P(VDF-TrFE)'®! 2.2Vkpa ! 0.1-98 kPa Not known
PDMS'#? 3.627 kpa ™! 0-8 kPa 5 Pa
1.264 kPa™* 8-80 kPa 5 Pa
Porous PDMS*# 54.37 mV kPa ! 0-80 kPa Not known
9.80 mVv kPa ™! 80-240 kPa Not known
PDMS'# 249.32 mV kPa™! 0-450 kPa 8.72 Pa
PDMS/Ag'® 1.67 V kpa " 0-3 kPa Not known
0.20 VkPa ™! 3-32 kPa Not known
PTFE-Nylon'’® 1.33 Vkpa ' 1.95-3.13 kPa Not known
0.32 VkPa! 3.20-4.61 kPa Not known
TATSAs"”’ 7.84 mv Pa! Not known Not known
Hydrogel'”* GF = 2.6 1-25 N Not known
Chitosan@starch-FEP'”® 46.03 V kpa ! 1.25-6.25 kPa Not known

0.32 V kPa~! in the pressure ranges of 1.95-3.13 kPa and 3.20-
4.61 kPa, respectively."”® More importantly, the triboelectric
sensing textile can capture real-time pulse signals and reflect
the current health status.

Considering that most reported wearable textile sensors can
only monitor a single physiological signal, some researchers
have reported on a triboelectric textile sensor array to monitor
the arterial pulse waves and respiratory signals simulta-
neously.”” The measuring results of the triboelectric textile
sensor array showed that its pressure sensitivity, fast response
time, stability and wide working frequency bandwidth are

Table 3 Performances of the flexible pressure sensors

7.84 mV Pa~', 20 ms, 100 000 cycles and 20 Hz, respectively. This
device realized a long-term and non-invasive health monitoring
of cardiovascular disease and sleep apnea syndrome.

6.3 Motion monitoring

Flexible, wearable and self-powered pressure sensors for motion
detection are attracting wide attention due to its saving energy.
Some researchers are developing self-powered pressure sensors
based on the triboelectric effect for motion monitoring. Kim
et al. reported a pressure sensor based on triboelectric-

Mechanism Materials Sensitivity Detection range Detection limit Response time
Triboelectric Mxene'”? 6.03 kPa ! Not known 9 Pa 80 ms
Ag nanowires'®° 0.1 nA kpa™! Not known Not known 0.2's
P(VDF-TrFE)'®! 2.2Vkpa ' 0.1-98 kPa Not known Not known
PDMS'? 3.627 kPa™! 0-8 kPa 5 Pa 40 ms
1.264 kPa™* 8-80 kPa 5 Pa 5 Pa
Porous PDMS'83 54.37 mV kPa ! 0-80 kPa Not known Not known
9.80 mV kPa* 80-240 kPa Not known Not known
PDMS™#* 249.32 mV kPa ™! 0-450 kPa 8.72 Pa 26 ms
1.67 V kPa™! 0-3 kPa Not known Not known
PDMS/Ag'®® 0.20 V kPa " 3-32 kPa Not known Not known
0.815 kPa™* 0-50 N 17.5 Pa 38 ms
Capacitive PS/Au/PDMS*#¢ 0.0047 kPa™* 50-500 N 17.5 Pa 38 ms
AgNWs/PDMS'®” 1.2 kPa ' 0-2 kPa 0.8 Pa 36 ms
0.08 kPa™" 2-14.5 kPa 0.8 Pa 58 ms
Au/PDMS*#® 0.6 kPa™' 0-1 kPa 4.5 Pa 180 ms
PDMS™® 0.55 kPa™* Not known 3 Pa Not known
Liquid metal**° 1.1 kPa™" Not known 4 Pa <60 ms
OTFT*? 8.4 kpa™’ 0-60 kPa Not known 10 ms
Piezoelectric P(VDF-TrFe)'*? 1.1 kPa™* 0.1-2 kPa Not known Not known
2D ZnO'*® 60.97-78.23 meV MPa ™" 0-3.64 MPa Not known 5 ms
Zno'* 1448.08-1677.53 meV MPa ' 0-152.88 kPa Not known 5 ms
Piezoresistive SWNTs'%” 2.2 kpa™?! 35-2500 Pa Not known Not known
1.3 kpa™’ 2500-11700 Pa Not known Not known
PDMS™*® 0.23 kPa™* <10 kPa 1Pa Not known
GO 17.2 kPa™* 0-20 kPa Not known Not known
Graphene textile'%® 0.012 kPa™* <800 kPa Not known 50 ms
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flexoelectric nanogenerators for human motion monitoring,
such as eye blinking, finger bending, knee bending and swal-
lowing.'”® Because the device combines the triboelectric—flexo-
electric effect, it shows a higher sensitivity of up to 0.173 VkPa ™.
Zheng et al. designed a transparent triboelectric nanogenerator
for monitoring human motion exhibits ultrahigh sensitivity and
is eco-friendly. This TENG consisted of a chitosan@starch
composite film with the fluorinated ethylene propylene film and
transparent PET/ITO electrodes, and its sensitivity reached to
46.03 V kPa™" in the pressure range of 1.25-6.25 kPa.'”

The range of pressure measurement is one of the most
crucial parameters for triboelectric pressure sensors. Table 2
shows the pressure measurement ranges of reported triboelec-
tric pressure sensors. The pressure measurement ranges of
most triboelectric pressure sensors are narrow. Therefore, it is
a great challenge to improve the pressure measurement range.
Xu et al. proposed a wide-range triboelectric pressure sensor
based on the different Young's modulus values of materials and
a double-sandwich-structure design. This device has an excel-
lent range of pressure measurement of 0-450 kPa.'® Mean-
while, the other performance parameters also are superior; for
example, the sensitivity is 249.32 mV kPa ™", the response time
is 26 ms, and the detection limit is 8.72 Pa. Thus, this tribo-
electric pressure sensor can be used to detect small motion, and
it can combine a convolutional gated recurrent unit model to
recognize four human motions with 99.42% accuracy.

7 Conclusions

Wearable health monitoring devices have attracted significant
attention from medical and scientific researchers because it is
able to monitor the body status in real-time. In this review, the
recent progress on flexible micro-pressure sensors for wearable
health monitoring is presented. In view of the current popular
topics of health monitoring, such as heart, blood pressure and
body motions, we have summarized and discussed in detail the
applications of flexible micro-pressure sensors with four types of
sensing mechanism (piezoresistive, capacitive, piezoelectric and
triboelectric) in these research fields. The performances of these
four type pressure sensors are shown in Table 3. Finally, the
challenges and perspectives in flexible micro-pressure sensors
for wearable health monitoring are discussed as follows.

7.1 Future challenges

Developing flexible micro-pressure sensors with high performance
for wearable heath monitoring are still a great challenge. First, the
stretchability of flexible micro-pressure sensors still needs to be
improved because it should bond to non-planar human skin.
Flexible micro-pressure sensors also need large bending charac-
teristics. Second, the pressure detection range of most of the
existing flexible micro-pressure sensors is relatively narrow, so it is
necessary to develop flexible sensors with a wide pressure detec-
tion range. Third, the sensitivity of the flexible micro-pressure
sensor needs to be improved. In the process of micro-pressure
detection, because the required signal is very small, other
signals often drown out the pressure signal to be detected,
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resulting in not being able to detect the signal they need. Namely,
we need to improve the sensitivity of the sensor. In general, these
challenges can be solved by developing materials with high
performance and designing novel sensor structures. Moreover,
reducing production costs and achieving mass production of
flexible micro-pressure sensors remain a huge challenge.

7.2 Outlook

With the emphasis on climate and environmental protection and
the limitation of carbon emissions, wearable flexible pressure
sensors will develop in the direction of ultra-sensitivity,
environment-friendliness, biocompatibility and self-energy
supply in the future. First, the development of flexible micro-
pressure sensors with ultra-sensitivity is an important trend.
Ultra-sensitivity is a basic requirement to perform the monitoring
of weak physiological signals. Moreover, it also can improve the
resolution of the sensor. Second, it is necessary to develop flexible
micro-pressure sensors with excellent biocompatibility. Excellent
biocompatibility will ensure that the sensor will not cause harm to
the human body, which allows it to be worn for a long time to
monitor the body's physiological signals. Third, a wearable flex-
ible micro-pressure sensor that can realize self-energy supply has
an important prospect. Self-powered sensors ensure that they do
not need to be worn and unloaded frequently for charging oper-
ation, which can greatly save energy and significantly improve the
service during their lifespan. Fourth, one-dimensional (1D) and
two-dimensional (2D) nanomaterials will bring great changes to
the flexible pressure sensors due to their excellent advantages,
such as light-weight property, flexibility, durability, large surface
area, excellent electrical conductivity, and high mechanical
strength. Finally, combined with artificial intelligence and other
technologies, it is very meaningful to develop flexible micro-
pressure sensors to meet personalized medical needs. Due to
the different physical qualities of each person, it is a realistic need
to combine artificial intelligence and other technologies to ach-
ieve personalized health monitoring. This can then achieve an
accurate physical condition analysis for each individual body,
thus providing great help for better medical diagnosis.
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