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ABSTRACT

Recently, flexible pressure sensors have gained substantial research interest in bioelectronics because they can monitor the
conditions of various organs, enable early diagnosis of diseases, and provide precise medical treatment by applying them to
various parts of the body. In particular, inorganic materials, metal and carbon-based materials are broadly used in novel structured
pressure sensors from wearable devices to implantable devices. With the excellent electronic properties, distinctive morphologies,
and remarkable mechanical and chemical stability of these materials, it is expected that these flexible pressure sensors can be the
basis for new methods for human healthcare. This article covers an extensive review of the inorganic, metal and carbon-based
flexible pressure sensor design strategies and sensing mechanisms studied in recent years for diverse applications such as tactile
sensors, arterial pulse sensors, intracranial pressure sensors, intraocular pressure sensors, and bladder pressure sensors. Each

section provides an overview by introducing the recent progress in flexible pressure sensors.
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1 Introduction

As the rapid development of flexible pressure sensors is changing
the mode of medical devices, there is an increasing demand for
pressure sensors that can be used in a variety of applications.
Recently, real-time monitoring pressure sensors have been reported
that measure health-related signals, such as respiration rate,
pronunciation, intracranial pressure, intraocular pressure,
and blood flow, and external stimuli for tactile sensing [1-5].
They have huge potential in daily health monitoring systems
because these devices provide clinically critical information
for the early detection of diseases and enable the capture of
body activities or mimicking of touch perception/gestures. To
improve the performance of pressure sensors, it is important
to consider important characteristics of the sensors such as
the sensitivity, response time, proper sensing range, flexibility,
stretchability, light weight, and human-friendly imperceptible
use in daily healthcare systems [6-15].

There have been great efforts to enhance these performance
parameters, which can be realized by designing unique
nano/microstructures and utilizing various materials, including
inorganic materials, carbon-based materials, polymers, and
metals. To improve these parameters, it is important to
understand the mechanism of a typical pressure sensor; that
is, external pressure results in deformation of the structure
and changes in electrical properties, which are indicators
for quantifying the magnitude of mechanical stimuli.
High-sensitivity, miniaturized, compatible, skin-attachable

sensors can be achieved by controlling the nano/microscale
morphologies of suitable materials such as inorganic materials
or carbon-based materials [16-18]. The inorganic materials
and metals have high mechanical stability and excellent
electrical properties in the form of nanoparticles, nanowires
or nanomembranes, thereby being utilizable as novel pressure
sensors [19]. Advanced carbon materials have high conductivity
and stability, but they are toxic when directly applied to
human organs without other treatments. Therefore, carbon
materials are usually combined with suitable encapsulants for
long-term stable performance with less toxicity and flexibility
[20]. By using these novel materials, wearable or implantable
pressure sensors can be applied to various medical devices as
shown in Scheme 1. Wearable pressure sensors are attached to
the skin or robotics for sensing healthcare biophysical signals
or realizing tactile perception. Implantable pressure sensors are
used for measuring very small changes in pressure, such as in
intracranial or intraocular pressure. These wearable/implantable
pressure sensing devices and noninvasive pressure sensors
are necessary for future healthcare devices with novel features
that can be acquired via functional materials and innovative
design structures.

This paper summarizes the applications of and developments
in flexible pressure sensors fabricated with inorganic materials,
metals and carbon-based materials to detect physical activities
from the human body as well as external stimuli. We review
pressure sensors based on their structure, working mechanism,
unique features that can provide wearable or implantable
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sensing capability and biocompatibility. Furthermore, various
applications of flexible pressure sensors for detecting biophysical
signals or realizing tactile sensing are introduced in each
section. Finally, this paper aims to provide a wide overview of
wearable/ implantable pressure sensors composed of inorganic
materials, metals and carbon-based materials for next-generation
healthcare systems.

2 Inorganic material and metal-based pressure
sensors

Inorganic materials and metals, such as nanowires [21-23],
nanoparticles [24, 25], nanomembranes [26], and semiconducting
nanomaterials, have great potential in various fields due to
their high electrical mobility, remarkable stability, and superior
sensitivity [27-29]. Due to these outstanding properties, inorganic
materials and metals have been applied to a wide range of high-
performance devices that are utilized not only as conventional
electronics but also in medical applications [30-38]. Since
measuring the pressure from the human body is important
from healthcare monitoring and medical treatment aspects,
development of pressure sensors has gained substantial interest.
In this section, we introduce recent progress in developing novel
inorganic and metal-based pressure sensors by reviewing their
performance, material properties, and unique applications.

21 Inorganic material and metal-based wearable

pressure sensors

Wearable electronics have received significant attention and
grown rapidly in recent years because of their excellent
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mechanical stretchability and excellent electrical performance
such that they can be utilized for various applications in healthcare
systems such as wearable healthcare monitors, electronic skins,
prosthetic skins, and touch interfaces [39-44]. A pressure sensor
that utilizes a wearable platform should be attached to the skin
to measure external pressure or physiological signals, such as
body movement, arterial pulse, respiration and phonation,
under continuous monitoring without any noise to show high
performance. Therefore, thinness and flexibility of sensors are
necessary to form conformal contact with the human body when
the devices are used for healthcare monitoring. Over the past
decade, researchers have studied inorganic materials and metals
such as nanomembranes [32, 33], nanowires [34, 35, 45-47]
and nanoparticles [48] for wearable sensors. They are used as
novel flexible pressure sensors because of their high electrical
mobility, remarkable stability, and low degradation on human
skin. This section describes the principles and applications of
measuring various pressures by integrating inorganic materials
or metals with a flexible device on the human body. The
characteristics and performances of the inorganic and metal-
based wearable pressure sensors are compared in Table 1.

2.1.1 Inorganic material and metal-based tactile sensors

Flexible and wearable tactile sensors based on inorganic materials/
metal and soft elastomeric substrates that can be intimately
attached to the skin have received substantial interest for
developing high-performance sensors with good sensitivity
and mechanical stability. Their superior potential can expand
promising applications such as human-machine interactions,
artificial electronic skins, and smart wearable equipment.
Figure 1(a) shows a highly sensitive (~ 3.8 kPa™) and flexible
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Table1 The characteristics and performances of the inorganic material and metal-based wearable pressure sensors

Material Type Pressure range Sensitivity Response time Reference
AgNW-embedded PDMS Piezocapacitive < 500 Pa/2.5 kPa 3.8 kPa'/0.8 kPa™! 150 ms [45]
AgNWs/tissue paper Piezoresistive <30.2 kPa 1.5kPa™ 90 ms [46]
AuNWs/tissue paper Piezoresistive <0.5kPa 1.14kPa! 17 ms [47]
SSNP/PU Piezoresistive <1kPa 2.46 kPa™! 30 ms [48]
PZT Piezoelectric — — 0.1 ms [32]
PZT thin film Piezoelectric <30 kPa 0.018 kPa™! 60 ms [33]
v-AuNWs/PDMS Piezoresistive < 600 Pa/> 600 Pa 23 kPa™/0.7 kPa™ 10 ms [34]
AgNWs/GR/PANF Piezoresistive < 1.5 kPa/75 kPa 134 kPa~'/0.7 kPa™! 20 ms [35]
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Figure 1 Inorganic material and metal-based tactile sensors. (a) Schematic of a capacitive pressure sensor with a multiscale-structured elastomeric
electrode; the inset shows an SEM image. (b) Relative capacitance change—pressure curve of the multiscale-structured elastomeric electrode. (c) Bending
stability of (a) after a 5,000-cycle bending test. (d) Fingertip grip pressure sensing while grabbing a plastic cup. Reproduced with permission from Ref. [45],
© The Royal Society of Chemistry 2015. (e) Schematic of an APBP pressure sensor, the insets show the AgNWs/tissue paper and interdigitated electrodes.
(f) Working mechanism of the APBP sensor. (g) Current response—pressure curve of the APBP sensor. (h) and (i) Performance of APBP sensor arrays.
Reproduced with permission from Ref. [46], © American Chemical Society 2019. (j) and (k) Performance of AuNW-embedded pressure sensor arrays.
Reproduced with permission from Ref. [47], © Macmillan Publishers Limited 2014. (1) Schematic of an SSNP-based pressure sensor. (m) Piezoresistive
characteristics of pressure sensors using SSNPs and spherical nanoparticles, the inset shows a photograph of the SSNP-based pressure sensor. Reproduced
with permission from Ref. [48], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016.
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capacitive pressure sensor with a multiscale-structured elastomeric
electrode [45]. Using a prestrained polydimethylsiloxane (PDMS)
mold, a silver nanowire (AgNW)-embedded multiscale-structured
PDMS electrode is fabricated (Fig. 1(a) inset). Through a
solution process using polymethylmethacrylate (PMMA) or
polyvinylpyrrolidone (PVP) as a dielectric layer, a flexible
capacitive pressure sensor is obtained. Figure 1(b) shows the
difference in performance between the multiscale-structured
electrode and the non-structured flat electrode. Additionally,
the former shows no considerable degradation for 5,000 bending
cycles (Fig. 1(c)). Figure 1(d) shows fingertip grip pressure
sensing and the corresponding relative capacitance changes
while grabbing a plastic cup with four fingertips. A highly
sensitive and flexible capacitive pressure sensor with low-cost
fabrication may widen its application to wearable electronic
skins.

A low-cost and simple fabrication process is also an important
factor to be considered when manufacturing a tactile sensor.
Figure 1(e) shows an all paper-based piezoresistive (APBP)
pressure sensor with low-cost, facile manufacturing advan-
tages [46]. The APBP pressure sensor is composed of silver
interdigitated electrodes printed by a direct writing method
(Fig. 1(e) top inset) and tissue paper with a porous structure
and a rough surface as a sensing material coated with AgNWs
by a dip-drying method (Fig. 1(e) bottom inset). The working
mechanism of the APBP is shown in Fig. 1(f). When external
pressure is applied, the number of conductive microfibers in
contact with interdigitated electrodes increases due to the
compression deformation of the tissue paper, increasing the
conductive pathways. The performance of the APBP pressure
sensor is about 1.5 kPa™', which is indicated in Fig. 1(g).
Figures 1(h) and 1(i) show that the APBP pressure sensor works
as a tactile sensor when attached to the skin. Additionally, gold
nanowire (AuNW) can be utilized as a tactile sensor, which
can be obtained by sandwiching ultrathin AuNW-impregnated
tissue paper between two flexible PDMS sheets [47]. Figures 1(j)
and 1(k) show the detection of an object through a AuNW-
embedded flexible tactile sensor array. These devices enable an
efficient, low-cost fabrication strategy using metal nanowires and
tissue paper to construct a highly sensitive, flexible pressure
Sensor.

Metal nanoparticles are also being studied for flexible pressure
sensors as much as metal nanowires. Figure 1(I) shows the
structure of a highly sensitive, transparent, and flexible tactile
sensor composed of sea-urchin-shaped metal nanoparticles
(SSNPs) and insulating polyurethane (PU) elastomer [48]. It
shows outstanding pressure sensing performance due to the
effective quantum tunneling effect among SSNPs in the PU
elastomer. Figure 1(m) shows the difference in the performance
of the pressure sensor using SSNPs and the pressure sensor
using spherical metal nanoparticles without spikes. The former
also exhibits superior optical transmittance (84.8% at 550 nm),
as shown in the inset of Fig. 1(m), which has great advantages
from the aesthetic aspect.

2.1.2  Inorganic material and metal-based physiological signal
sensors

Continuous monitoring of physiological signals, such as the
arterial pulse, respiration and pronunciation, using pressure
sensors attached to the skin is an important technique for
detecting the initial occurrence of cardiovascular disease and
evaluating the patient’s health condition, early disease warning
signs and treatment methods. Various inorganic materials and
metals have been studied to develop flexible physiological
signal sensors that can exhibit ultrathin and ultrasensitive
properties.
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Lead zirconate titanate (Pb[Zr,Tii-+]Os, PZT) is a typical
piezoelectric material for pressure sensors due to its large
piezoelectricity, excellent electromechanical coupling coefficients
and high dielectric permittivity. Figure 2(a) shows a piezoelectric
pressure sensor based on PZT [32]. To detect weak physiological
signals, the authors used a silicon nanomembrane (SiNM)
n-channel metal-oxide-semiconductor field effect transistor
(MOSEFET), which can amplify the piezoelectric voltage response
of PZT and convert it to a current output through capacitance
coupling. Figure 2(b) shows blood pressure wave measurements
with the device attached to the wrist, and Fig. 2(c) displays an
extension of the dashed box in Fig. 2(b). The peak labeled P,
is the sum of the incident wave and reflected wave from the
hand, and P» is the difference between the reflected wave from
the lower body and end-diastolic pressure. This indicates the
feasibility of using flexible devices based on PZT to measure
subtle signals on the human body.

It is also very important that the physiological signal sensor
does not restrict the patient’s movement when monitoring the
patient’s health condition. Figure 2(d) shows a self-powered
flexible piezoelectric pressure sensor based on a PZT thin film
to enable in vivo measurement of physiological signals with a
wireless signal transmission system [33]. The inorganic PZT
piezoelectric sensor on ultrathin polyethylene terephthalate
(PET) can respond to subtle pulse changes occurring on the
epidermis through conformal contact with the skin. Figure 2(e)
presents the performance of the sensor, with a sensitivity of
~0.018 kPa™ and a response time of ~ 60 ms, and carotid artery
pulse measurement is shown in Fig. 2(f).

Researchers have made efforts to increase the sensitivity of
pressure sensors by developing novel structures. Figure 2(g)
shows conformal coating of vertically aligned gold nanowires
(v-AuNWs) on arranged pyramid microarrays on PDMS [34].
The pressure sensing mechanism can be attributed to the
geometrical contact area changes at the interface between
v-AuNWSs/PDMS microarrays and the interdigitated electrodes
under applied pressure. The hierarchical v-AuNWs/PDMS
structured flexible pressure sensor exhibits high performance,
as shown in Fig. 2(h). At low pressure (< 600 Pa), the sensor
presents a high sensitivity of S, 1 = 23 kPa™'. Real-time wrist
pulse wave monitoring with a physiological signal sensor based
on v-AuNW is shown in Fig. 2(i), which may be scalable for
future applications in remote health condition monitoring.

Figure 2(j) shows an ultrathin, high-performance wearable
pressure sensor, which is composed of hierarchically mesh-shaped
pressure-sensitive materials and electrodes [35]. The pressure-
sensitive material is composed of AgNWs, graphene (GR),
and polyamide nanofibers (PANFs). A high proportion of
AgNWs are embedded in a PANF network, acting as enhanced
conductive pathways. Additionally, the graphene bridges the
crossed AgNWs, and the PANFs mainly protect the AgNWs/GR
as a supporting mesh-shaped structure. Figures 2(k) and 2(1)
shows a sensor attached to the neck to detect vocal cord
movement when speaking any sentence.

2.2 Inorganic material-based implantable pressure
sensors

In modern clinics, it is important to monitor the pressure
induced by various organs because it is an indicator for
diagnosis of diseases and monitoring the condition of the
organs. Non-invasive monitoring methods that use light and
X-rays to sense the pressure of the target area have been widely
explored [49-52]. However, non-invasive methods monitor
pressure indirectly, which has lower accuracy than direct
monitoring methods. Therefore, to measure bio-signals more
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Figure 2

Inorganic material and metal-based physiological signal sensors. (a) Photograph of a PZT-based pressure sensor laminated on a wrist and a

device, the inset shows wrapped on a cylindrical glass support. (b) Ins—time plot of the sensor mounted on the wrist. (c) Ins—time plot for data in the region
indicated by the dashed box in (b). Reproduced with permission from Ref. [32], © Macmillan Publishers Limited 2014. (d) Schematic illustration of the
fabrication process for the self-powered pressure sensor and wireless transmission of detected pulse signals to a smart phone. (e) Normalized output
voltage as a function of pressure. The inset shows the enlarged output peak representing the response time of the pressure sensor. (f) Output voltage generated in
response to the carotid artery pulse. Reproduced with permission from Ref. [33], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (g) Schematic of a
hierarchical v-AuNWs/PDMS structured flexible pressure sensor. (h) Pressure-response curves of the pyramidal and unstructured AuNWs/PDMS films.
(i) Real-time current-time curve of the sensor. Reproduced with permission from Ref. [34], © American Chemical Society 2019. (j) Schematic of a Ag
NWs/GR/PANF pressure sensor with Ag NWs nanonetwork electrodes. (k) and (I) Photograph of the pressure sensor attached to the throat and response
curves when the wearer spoke any sentence. Reproduced with permission from Ref. [35], © American Chemical Society 2020.

precisely, the most accurate way is to implant the sensors
directly into the target organ. Representative examples of
implantable electronics include chronically implantable electronics
[27, 53-59] and transient/biodegradable electronics [60-67].
Chronically implantable electronics can be directly implanted
over the target area of the organs and operate indefinitely in
the body without any performance degradation. On the other
hand, transient electronics, which dissolve in the body after
the programmed operational period, reduce the risk of an

TSINGHUA
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inflammatory response from long-term implantation. Since
transient electronics are biodegradable, an additional post-
operation for removing the device after device operation is
unnecessary. The lifetime of transient electronics depends on
certain circumstances such as the pH, temperature, thickness
of the materials, and types of encapsulation materials such as
silicon nanomembrane, polyanhydride [68-74]. The characteristics
and performances of the inorganic material-based implantable
pressure sensors are compared in Table 2.
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Table 2 The characteristics and performances of the inorganic material-based implantable pressure sensors

Material Type Pressure range Sensitivity/accuracy Reference
SiNM encapsulated with SiO» Piezoresistive <100 mmHg 50 Q/mmHg [61]
SiNM encapsulated with SiMM/wax Piezoresistive <100 mmHg 17.3 O/mmHg [62]
Mg/air/Zn Inductive-capacitive <79 mmHg 200 kHz/mmHg [63]
Au nanodot array Near-infrared (NIR) light reflection <40 mmHg 0.29 mmHg [102]
Si3N4/b-Si NIR light reflection <40 mmHg 0.58 mmHg [103]
Nanostructured SisN4 NIR light reflection <32 mmHg 0.07 mmHg [104]

2.2.1 Inorganic material-based intracranial pressure sensors

In modern clinical medicine, monitoring the intracranial
pressure (ICP) is important for proper medical treatment of
brain diseases from hydrocephalus and stroke to traumatic
brain injury. Monitoring the ICP can allow one to determine
accurate treatment, which reduces the rate of morbidity and
enhances recovery. The ICP is the pressure of the cerebrospinal
fluid (CSF) located between the brain and the skull. Therefore,
sensing the pressure instead of the strain, which is a biaxial
force, is more effective in monitoring the ICP [60, 62, 63, 75, 76].
Pressure can be measured by various methods, but commonly
used methods involve sensing the resistance change according
to the deformation of the sensing layer when pressure is applied
or the capacitance difference due to the deformation of the
insulator layer located between two electrodes.

Single-crystalline SiNMs are one of the common materials that
have piezoresistive characteristic [60, 77-79]. When strain is
applied, due to the piezoresistive effect, the energy band of
silicon shifts, inducing changes in the bandgap. This causes
carrier redistribution, which results in a change in the effective
mass and mobility. Since the piezoresistive effect governs other
effects, such as a geometrical effect of multiple magnitudes,
silicon-based strain sensors have a much higher gauge factor
(~ 100) than conventional metal-based strain sensors (~ 2).
With a strain sensor, pressure can be measured by applying
the “reservoir structure” or “air-cavity structure”. Figure 3(a)
shows the SiNM-based transient ICP sensor with an air-cavity
structure [61]. The SiNM is patterned in a serpentine structure
to enhance the sensitivity and stretchability at the same time.
The air-cavity structure is located under the silicon nanomem-
brane and a stretchable poly(lactic-co-glycolic acid) (PLGA)
substrate. When external pressure is applied to the sensor, the
strain is concentrated on the edge of the air cavity and SiNM
(Fig. 3(a) top inset). The SiO; layer serves as a passivation and
transient encapsulation layer. The whole device is composed
of transient materials so that after a programmed period of
operation, the device will biodegrade; thus, postoperative
removal of the device is not required (Fig. 3(b)). Figure 3(c)
shows the monitored ICP of a rat for three days, which is similar
to the conventional ICP sensor results.

Hydrolysis by a biofluid occurs on the surface of an
implanted biodegradable sensor due to degradation of the
encapsulation layer [74, 80-82], which changes the thickness,
and a neutral mechanical plane shift occurs. Additionally,
biofluids can penetrate traditional bioresorbable electronics
through the edge of the device where encapsulation is absent.
This penetration causes serious performance degradation of the
device and increases noise. To overcome these shortcomings
of biodegradable electronics, recent research has presented
biodegradable ICP sensors that have constant sensitivity during
the degradation process [62]. In addition, by sealing the whole
device, including the edges, with biodegradable natural wax,
penetration of biofluids has been completely blocked (Fig. 3(d)).
A defect-free monocrystalline silicon micromembrane (SiMM)

is used as the top encapsulation layer, and the side of the
device is sealed with a mixture of natural waxes: Beeswax and
Candelilla wax. The sensitivity of the device can be expressed
by the following equation.

Eh
1-2 zsensor + [2 -2 zsensor ] Si” "encap

- !
o PLGA hPLGA EPLGAhPLGA
!
AP 1 + 4 ESihencap
!/
EPLGAhPLGA
Ey ¢ E,
! !
Where EPLGA = % 5 ESi = Slz 5 and ESi, EPLGA, Vsi, a.nd
L —=v"p6a L=v

vriga are the moduli and Poissonss ratio of Si and PLGA. When
the ratio of Zwnsor (height of SINM) to heica (thickness of PLGA)
is 1/3, the sensitivity is linearly proportional to the constant
value. When fabricating the device with a ratio (Zsensor/hieLca) of
1/3, the results are identical to the finite element analysis (FEA)
simulation data (Figs. 3(e) and 3(f)). A movement test of rats
indicates that the biodegradable ICP sensor can monitor the
ICP sensitively without any performance degradation compared
to the commercial ICP sensor.

To measure the pressure, not only piezoresistive materials
such as SINM but also capacitance changes due to the deformation
of the insulator layer are used. According to recent research, a
bioresorbable wireless pressure sensor has been introduced
(Fig. 3(h)) [63]. When external pressure is applied, the thickness
of the insulator layer changes, which induces a capacitance
difference, the inductor coil converts the capacitance to the
resonant frequency, and the converted frequency is wirelessly
delivered to the reader. By insulating the edge of the active
pressure sensing region with natural wax and air, the parasitic
capacitance effect and noise have been dramatically reduced,
and the sensitivity has been increased substantially. Figure 3(i)
indicates that the noise that occurs during ICP monitoring is
negligible when used for clinical purposes. Since the simulation
results of the frequency change according to the pressure difference
are identical to the sensor results, the pressure sensor functions
successfully (Figs. 3(j)-3(1)). However, the device performance
can be significantly improved by enhancing the adhesion strategy
between the device and target organ surface [83-100].

2.2.2  Inorganic material-based intraocular pressure sensors

Many eye-related diseases, such as glaucoma and cataracts, can
cause irreversible blindness or significant loss of vision. Measuring
the intraocular pressure (IOP) is important for clinical treatment
of glaucoma. Commercial tonometers use indirect methods that
cannot precisely measure the IOP continuously. Continuous
monitoring of the IOP is important for proper treatment of the
disease [60, 62, 101-104]. In addition, the IOP can be affected
by a variety of factors, such as seasonal factors, nutritional
factors, and the position of the body, but more research needs
to be done to understand the correlation between these factors
and the IOP. Therefore, an implantable precise tonometer is
required for accurate and continuous IOP measurement.
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3102 Nano Res. 2021, 14(9): 3096-3111

++ Inorganic material-based intracranial pressure sensors

(b) Wireless transmitter
with potentiostat 3

1S mm

PLGA cover

Degradable

wires

Resorbable
integrated sensors

y (©
PLGA RO e eCises gl a— g 0[P 1g e Day2
SR e °
Nanoporous . L ... ...
silicon =gl o s e
Piezoresistive {
> TrenchBD ! ; i
-------------------- 1 2 3 4 1,321 1,322 1,323 1,324 2,521 2,522 2,523 2,524
d (3
@ — (®) — ® -
- ~ -4
< " " __Biorcsorbable o IS 2 Sy =112
Si MM barrier P'""r ! g 2 scnsor LA /
u z
£
PLGA ' | |
.§ 20 1t
g
Air-filled 2w Degradation
Mg substrate cavity
® b el 100 075 050 025 0.00
g ~ % Encapsulation thickness percentage

~

(2)

95.52
Flank squeeze 95.49
6 5 Body up
o %
I 9546 & £ 4 s 3
g g s, 05.43 3
E 2 g£e° g
. 2: g
or | A 9540% 70 95.40 2
Si NM g 2 & Z
Mg sensor a2 -2 T""m"::f::l;“"’ 95,37 =
FULEGRIG Neutral planc moves i 95.34 -4 Sodricons 34
0 30 60 90 120 150 180 0 17 34 51 68
Time (s} Time (s)
M s 5
|
° ' (.
| 1
I T u" Wy 1 i
- i ‘.n
5 | 1Y
[N |
-5
100 o 50 10
Time (s)
15
1 Experiment
== Simulation
256 |
110 5
L \
Z 254 . E
S Y
h AN 15 2
252 R
? Release
" " N M N 0
250 0 10 20 30 50

25

Pressure (mmHg) Time (s)
Figure 3 Inorganic material-based intracranial pressure sensors. (a) A schematic of a biodegradable (transient) pressure sensor for intracranial pressure
monitoring. Top inset shows the distribution of strain in the PLGA layer from FEA when 50 mmHg external pressure is applied to the pressure sensor.
Bottom inset shows an optical microscope image of the strain gauge on a trench structure. (b) An illustration and an image of the biodegradable ICP
sensor inserted into the brain of a rat. (c) The monitored ICP for transient ICP sensor (red line) and commercial ICP sensor (blue dot) for 3 days.
Reproduced with permission from Ref. [61], © Macmillan Publishers Limited 2016. (d) A schematic of the biodegradable pressure sensor that maintains a
constant sensitivity. The natural wax which seals the edge of the device functions as the biofluid barriers as well as SiNM. Bottom left inset shows the
shift of the neutral mechanical plane due to the dissolution of the SiMM barrier. Bottom right inset shows an optical microscope image of the strain gauge
on an air-filled cavity. (e) An image of the implanted biodegradable ICP sensor on the brain, where the sensor was sealed with commercial biodegradable
glue. (f) The sensitivity variation of the pressure sensor with different ratios of the height of SINM in PLGA to the thickness of the encapsulation layer
while the degradation process of the top encapsulation layer occurs. (g) In vivo results of the biodegradable ICP sensor (blue line) and commercial ICP
sensor (orange dot). Reproduced with permission from Ref. [62], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. (h) A schematic of wireless
bioresorbable monitoring of the pressure by sensing the resonant frequency change. The sensing part (top electrode) of the sensor is placed on a burr hole
to monitor the intracranial pressure. (i) ICP fluctuation of the wireless bioresorbable pressure sensor without wax and air encapsulation (left) and with
wax and air encapsulation (right). (j) The resonant frequency change according to the pressure for the fabricated bioresorbable pressure sensor (green) and
simulation result (purple). (k) An image of implanted bioresorbable pressure sensor inserted between the skull and dermis of a rat. (1) The results of the
bioresorbable pressure sensor (pink line) and commercial ICP sensor (green dot) when the flanks of the rat had been squeezed. Reproduced with permission
from Ref. [63], © Wiley-VCH GmbH 2020.
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Recently, a microscale implantable IOP sensor with a
sensitivity of 0.29 mmHg in the range of 0-40 mmHg has been
fabricated [102]. The device has a disk-shaped silicon-based
microchamber that serves as a pressure-sensitive air cavity.
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A cylindrical bottom mirror is placed in the center of the
microchamber for reflection (Fig. 4(a)). A deformable silicon
nitride (SiN) membrane with a gold nanodot array is fabricated
on the microchamber with a distance of 7 um between the
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schematic of an intraocular pressure sensor with a nanodot patterned SiN
is composed of a Si-based bottom mirror and an air-filled cavity. (b) The
mage of the nanodot array IOP sensor implanted in a rabbit eye for an in vivo
implantation and acute intraocular pressure change after injecting hypertonic
cial IOP sensor (TonoVet), and the black star indicates the nanodot-patterned

IOP sensor. Reproduced with permission from Ref. [102], © Lee, J. O. et al. 2017. (f) A schematic of an intraocular pressure sensor with b-Si on the edge of

the device. (g) IOP measurement of b-Si (bottom graph; red line) and Si-o

under slit-lamp illumination. Reproduced with permission from Ref. [103],

nly sensor(top graph; blue line). (h) The Si-only sensor and b-Si sensor result
© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (i) An image of

the postdiscal (red arrow) and basal (blue arrow) areas of the C. faunus butterfly. The structure of the IOP sensor has a nanopatterned SizN4 layer and an
air cavity structure (top inset). (j) An immunofluorescence confocal microscopy image of the flat SisN4 sensor and nanostructured SisN4 sensor after one
month of the in vivo test. Compared to the flat SisN4 sensor, the nanostructured SisNs sensor has almost no immune response due to foreign body reaction.
The markers DAPI (blue), phalloidin (green) and MMP-2 (red) represent the cell nucleus marker, cell F-actin marker and matrix metalloproteinase marker,
respectively. (k) The result of pressure to different angle for flat sensor and nanostructured sensor. (1) The standard deviation of the in vivo measured IOP
for the conventional tonometer and flat and nanostructured IOP sensors. Reproduced with permission from Ref. [104], © Macmillan Publishers Limited,

part of Springer Nature 2018.
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membrane and bottom mirror. When pressure is applied, the
wavelength of the reflected light changes due to the deformation
of the nanodot array on the flexible membrane (Fig. 4(b)). The
fabricated implantable IOP sensor has been mounted on the
well-established intraocular lens (IOL) and inserted into a
rabbit’s eye (Fig. 4(c)). Compared to the commercial tonometer,
the fabricated implantable IOP sensor shows similar sensitivity
for 138 days (Fig. 4(d)).

Additionally, by intravitreal injection of hypertonic saline,
instant changes in the IOP have been monitored successfully
with the fabricated IOP sensor (Fig. 4(e)) [103]. However, since
the edge of the sensor is fabricated with the same material as
the bottom mirror (silicon), noise can be caused by reflection
from the silicon edge. To reduce the noise, researchers changed
the surface of the edge of the device to black-silicon (b-Si)
by using a reactive ion etching (RIE) process (Fig. 4(f)). The
non-reflective rough surface of b-Si reduces the noise with
a correlation factor of 0.97, while the Si-only sensor has a
correlation factor of 0.82. By applying the b-Si to the edge of the
sensor, not only the precision of the device but also the readout
distance and antibiofouling effects significantly increase. The
root-mean-square error (RMSE) and peak-to-peak fluctuation
are 1.96 and +8 mmHg for the Si-only sensor and 0.58 mmHg
and less than +2 mmHg for the b-Si sensor, respectively, which
indicates improved sensitivity (Figs. 4(g) and 4(h)). Since the
clinically allowed peak-to-peak fluctuation is +2 mmHg, the b-Si
sensor is an improvement to the commercial tonometer.

The wings of the longtail glass wing butterfly (Chorinea faunus)
existing in nature have another function as well as a flying
function. Chorinea faunus (C. faunus) has a nanostructure on
its surface with an aspect ratio of 1. By having nanostructured
features, the wing is highly transparent and anti-reflective and
simultaneously has an anti-biofouling characteristic by preventing
cellular growth. By applying nanostructures with a low aspect
ratio (< 1) to a freestanding SisN.« membrane, an antireflective
and anti-biofouling implantable IOP sensor has been fabricated
(Fig. 4(i)) [104]. Cell adhesion and an inflammatory response
do not occur on the nanostructured Si;zN4+ membrane (Fig. 4(j)).
In addition, the sensed pressure drifts according to the increment
of the angle for the flat surfaced sensor, while a slight pressure
shift occurs for the nanostructured surface sensor that is
negligible (Fig. 4(k)). According to these characteristics, the
standard deviation (s.d.) is 0.23 mmHg for the nanostructured
sensor, while it is 1.97 and 0.64 mmHg for tonometers and the
flat surfaced sensor, respectively (Fig. 4(1)).

3 Carbon-based pressure sensors

Carbon-based materials, such as graphene (including graphene
oxide (GO), reduced graphene oxide (rGO), graphite, carbon
black, and carbon nanotubes (CNTs)), have great potential in
various fields due to their good electrical conductivity, and
they usually have higher mechanical and chemical stability
with lighter weight compared to metals [105-112]. They are
utilized in many fields, such as wearable and flexible sensors,
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due to their superior properties. In particular, strain/pressure
sensors for wide biomedical applications are fabricated with
very simple, cost-effective methods such as those involving
drawing pencils [113, 114]. Because each carbon material has its
own unique characteristics and can have various morphologies,
we can choose suitable carbon allotropes for each application
that satisty the physical and electrical properties. In this section,
we introduce examples of carbon-based pressure sensors by
reviewing the performance and structure of the devices.

3.1 Carbon-based wearable pressure sensors

Carbon-based materials are promising materials for wearable
and flexible sensors that can be used for detecting external
pressure or sensing electrophysiological signals. In comparison
with other candidate materials, advanced carbon materials
have combined superiorities in designing wearable pressure
sensors in the form of fibers, foam, or film due to their good
electrical conductivity and excellent thermal and long-term
stability, which can facilitate functionalization with other materials.
Various carbon materials, including CNTs, graphene, carbon black
powder, and carbon nanofibers, can be used for designing
high-performance piezoresistive and piezocapacitive pressure
sensors as well as piezoelectric and triboelectric sensors with
microengineering of the structure and material morphology
[115-118]. To date, they have been utilized as sensitive conducting
layers owing to their excellent mechanical properties and good
electrical characteristics. But there are some challenges to prevent
undesirable toxicity of carbon-based material for stable operation
as a pressure sensor. So it is important to minimize toxicity by
encapsulating device with biocompatible materials.

Pressure sensors use modified sensing materials that exhibit
altered electrical characteristics in response to external stimuli.
The deformation of the material or modified contact area of the
elements leads to changes in the electrical properties, including
the resistance and capacitance. This mechanism transduces
mechanical stimuli into electrical signals, enabling the detection
of external pressure. Thus, flexible pressure sensors as electronic
skin platforms allow sensing of external tactile pressure as well
as detection of physiological signals for monitoring body activity.
Here, we mainly introduce the applications of wearable pressure
sensors with advanced carbon materials. The characteristics and
performances of the carbon-based wearable pressure sensors
are compared in the Table 3.

3.1.1 Carbon-based tactile sensors

For human-machine interfacing, tactile sensing is of great
interest for wearable and portable electronics such as electronic
skin and smart robotics. The key components for tactile sensing
are high sensitivity to changes in force amplitude and direction,
fast response time, flexibility and mechanical stability [119].
Advanced carbon materials and modified structures can
provide enhanced sensitivity, which enables grabbing of objects
and detection of surface texture, contact location and direction
of external stimuli, which cannot be easily obtained with
traditional methods. To obtain these parameters, mimicking

Table 3 The characteristics and performances of the carbon-based wearable pressure sensors

Material Type Pressure range Sensitivity Response time Reference
3D hill structure of CNT/PU Piezocapacitive < 1kPa/600 kPa 0.26 kPa™'/0.04 kPa™ ms range [120]
CNT TFTs Piezoresistive < 6.8 kPa — <30 ms [121]
Ni-coated textile/CNT-coated cotton Piezoresistive <15 kPa 14.4 kPa™! 24 ms [124]
rGO aerogel/rGO paper Piezoresistive <0.72 Pa/130 kPa 300 kPa™ 8 ms [125]
Laser-induced graphene Piezoresistive < 100 Pa/1 kPa 480 kPa™'/0.9 kPa™ 2us [127]
Biomimetic CNT/PDMS composite Piezoresistive < 140 Pa/10 kPa 83.9 kPa'/0.4 kPa™! ~ 170 ms [128]
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biological functions and structure can be a prominent method
that can be applied to both resistance- and capacitance-type
modes. As shown in Figs. 5(a)-5(c), the electronic skin mimics
key sensory structures: protrusion of the inner surface and
mechanoreceptors in the spinosum that enable amplification
of tactile signals caused by normal and shear stress [120]. It is
designed with an array of capacitors that include CNTs as top
and bottom electrodes and PU elastomer as a substrate that
can deform elastically to external pressure. The key aspect of this
device is that it can distinguish not only the pressure strength
but also the pressure direction. The three-dimensional (3D)
geometric design of e-skin involves different deformations of
the layer according to the direction of the external force; the
capacitance of the side exposed to greater pressure has a larger
increase than that of the side opposite to the applied pressure.
Figure 5(d) illustrates the response characteristics of biomimetic
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skin, which enables differentiation of the shear stress by com-
paring the results from different pixels.

Building a large-area flexible sensor with high resolution is
key to designing practical pressure sensors. By fabricating the
pixels in active mode over a 4 inch area with CNTs, high
uniformity and excellent sensing accuracy with low operating
power (3 V) can be obtained [121]. The whole sensor is made
of an active matrix of a 16 x 16 CNT thin film transistor,
which offers high performance due to its large current density,
high mobility and fast response time (< 30 ms), as depicted in
Fig. 5(e). Figure 5(f) shows microscope image of individual
CNT thin film transistor. The high flexibility and robustness
to a large bending radius enable uniform performance not
only on a flat surface but also on a curved surface, showing
similar results. A CNT thin film is used in the channel with
high density, which has a typical length of 1 um, as illustrated in

N
it

Capacitanee (pF)

e
>
14
=Y

0 Pressure (kPa) 350

0 Pressure (kPa) 350

(h)
105 + @
Gate 10+
10 F
75 pm g
) 3
i [ 4
10 F 4
e g 5 "= Direct probing 3
==O== PSR pressed
10-1 =& PSR released
-3 2 -1 0 1 2 3
Vo V)
Sensor (k)

TR D

g Index
E —_ﬁ_\__[v_‘_
S Middle
=
3
2 Rin
i g
S Little
s
0 5 10 15 20 25

Time (s)

Figure 5 Carbon-based tactile sensors. (a) Biomimetic e-skin inspired by the microstructure (hills) and mechanoreceptors in human skin. Black, CNT
electrodes; blue, PU elastomer; gray, intermediate layer. (b) Optical image of fabricated e-skin and inset shows closer view of the hill structure. (c) CNT-PU
interconnects for signal recording and inset shows SEM image of the top layer. (d) Functionality of designed e-skin based on multiple pixels for applied
shear stress; sensor array with 5 by 5 capacitors with a relative change. Dashed circles indicate the locations of sensors. Reproduced with permission from
Ref. [120], © Boutry, C. M. et al. 2018. (e) Optical image of a 16 by 16 carbon nanotube thin film transistor. (f) Microscopic image of a CNT TFT.
Photoresist (PR) defines the channel. (g) SEM image of deposited high-density CNT thin film. (h) Transfer curve (Vg—Ias) when Vas = —1 V in pressed
mode and released mode. The inset shows the circuit diagram for a single pixel. Reproduced with permission from Ref. [121], © American Chemical
Society 2018. (i) Schematic illustration of a textile pressure sensor. (j) Optical image of the textile sensor covering an artificial hand. (k) Current signal
detection according to different hand motions for each finger. Reproduced with permission from Ref. [124], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2017.
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Fig. 5(g). Figure 5(h) shows the transfer curve and the overall
design of the pressure sensor, which indicates that the pressure-
sensitive rubber (PSR) is grounded and connected to the
source of the CNT TFT and that the gate and drain are biased
separately. Integrating CNTs in high performance pressure
sensor with flexibility and stretchability would contribute to
practical electronic skin.

Wearable pressure sensors are usually combined with other
materials that have low modulus and softness for conformal
contact with the skin and high sensitivity. The typical method for
fabricating low modulus composites is to use carbon/polymer
composites that are cost-effective and have potential for
application in wearable health monitoring and soft robotics
[122, 123]. Except for when utilizing polymers, a textile pressure
sensor is fabricated on common fabric [124]. As illustrated
in Fig. 5(i), an interdigitated electrode is fabricated on a
commercial polyester textile by laser scribing followed by
deposition of conformal Ni. A piece of cotton dip coated
with CNTs is assembled with the interdigitated electrodes.
Applying external pressure increases the contact area between
the nanostructure of the Ni textile and CNT fabric, which
results in a current increase due to more pathways between
these films. A textile pressure sensor can be attached to curved
skin to detect the gesture of each finger, where the current
increases with the bending angle of each finger, as illustrated
in Figs. 5(j) and 5(k).

Nano Res. 2021, 14(9): 3096-3111

3.1.2  Carbon-based physiological signal sensors

Recently, there has been an increasing demand for flexible,
wearable pressure sensors that can monitor physiological signals
for personal healthcare systems. Carbon-based materials have
great potential for application in healthcare systems because
they have high performance, low cost and ease of functionaliza-
tion. An all-carbon pressure sensor with rGO nanomaterials
demonstrates ultrahigh sensitivity (349-253 kPa™) in the low
pressure regime and low energy consumption (~ 0.58 pW)
with a fast response time (8 ms at 1 kPa) [125]. As shown in
Figs. 6(a) and 6(b), an rGO aerogel which has a good elasticity
is sandwiched between the two pieces of flexible rGO paper
performing the role as an electrode material. A 3D surface
height map (Fig. 6(c)) demonstrates that lots of rGO sheet
ends make rGO aerogel has a rough surface that contacts with
the relatively flat surfaces of the rGO electrodes. When external
pressure is applied, the rough surface of the rGO aerogel
deforms, which leads to a decrease in electrical resistance due
to the enlarged contact area. Owing to its high sensitivity and
fast response, the all-carbon pressure sensor can detect weak
pulse waves on wrists. The real-time recorded electrical signal
can distinguish the modes of the pulse waveform, indicating
incident blood flow (P1) and two reflected blood flows from
the hand (P2) and lower body (P3), as illustrated in Figs. 6(d)
and 6(e). Figure 6(f) shows the high stability and recoverability
through a loading-unloading cycle test.
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Figure 6 Carbon-based physiological signal sensors. (a) Schematic of a pressure sensor using an rGO aerogel sandwiched by rGO paper and SEM images of
rGO aerogel surface and cross-section of an rGO paper. (b) Optical image of the carbon-based pressure sensor. (c) 3D image of the rGO aerogel surface height.
(d) Optical image of sensing the arterial pulse wave. (e) Resistance signal of a single waveform for detecting the arterial pulse. (f) Cycling test for checking the
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Weinheim 2019. (g) Fabrication method of a laser-induced graphene pressure sensor. (h) I-V curve under various pressures. (i) Recorded electrical signal of the
pressure sensor for detecting sphygmus. Reproduced with permission from Ref. [127], © American Chemical Society 2019. (j) Fabrication process of a hybrid
porous microstructure pressure sensor. (k) SEM image of the hybrid porous PDMS/carbon nanotube composite. (I) Recorded electrical signal for detecting the
arterial pulse. (m) Real-time recording for detecting swallowing activity. Reproduced with permission from Ref. [128], © American Chemical Society 2019.
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Low-cost, simple fabrication of pressure sensors is important
for practically sensing human physiological signals. One of the
simple methods for making graphene is to directly stimulate
carbon materials with a laser in ambient atmosphere [126]. As
shown in Fig. 6(g), an epidermal pressure sensor is fabricated
with a simple and low-cost approach by making laser-induced
graphene from PDMS, which shows high electrical conductivity
and mechanical stability [127]. Two pieces of conductive
graphene layer that have porous-like features are assembled
together and transferred to the skin. Figure 6(h) shows the linear
characteristics of the I-V curves under different pressures
and an obvious increase in conductance with external stimuli.
After attaching a laser-induced graphene pressure sensor to
the skin, it distinguishes the heartbeat by monitoring pulse
waves, as depicted in Fig. 6(i).

Mimicking bionic microstructures can contribute to realizing
high-sensitivity pressure sensors by copying their surface or
structure characteristics. Figure 6(j) shows a bioinspired,
sensitive, piezoresistive pressure sensor based on a hybrid
porous microstructure fabricated by using a leaf and sugar as a
template that makes the elastic modulus of the sensor low and
forms a porous structure in PDMS, followed by immersion

¢+ Carbon-based implantable pressure sensors
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in a multiwalled CNT water solution [128]. The hybrid porous
microstructure PDMS (Fig. 6(k)) shows a 83.9 kPa™" sensitivity
at low pressure due to its porous structure and increase in
contact area and conductive pathway. Figures 6(1) and 6(m) show
potential applications with this hybrid porous microstructure
for detecting physiological signals, including wrist pulse,
swallowing activity, finger movement, or vibration.

3.2 Carbon-based implantable pressure sensors

For application to an organ that expands up to 100%, such as
the bladder, materials that can measure extreme strain should
be considered. Carbon-based materials, such as carbon black
and CNTs, are candidate materials that can be applied to
bladder pressure monitoring sensors. Doping carbon materials
into silicone elastomers, such as PDMS or EcoFlex, increases
the sheet resistance by several orders of magnitude compared
to conductive PDMS with metallic nanoparticles. This increased
sheet resistance enhances the piezoresistive effect of the carbon-
doped silicone.

The bladder pressure can be measured by sensing the
volume change of the bladder, which is the size change during
extraction and contraction. Figures 7(a) and 7(b) show bladder
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Figure 7 Carbon-based implantable pressure sensors. (a) A schematic of the implanted wireless bladder pressure sensor and optogenetic peripheral
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optoelectronic stimulation. (b) A illustration of the wireless power supply module. (c) The resistance change of bladder pressure sensor (black) and the
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sensor in the freely moving state during micturition events. Reproduced with permission from Ref. [129], © Springer Nature Limited 2019. (e) A schematic
of the single-wall CNT-doped piezoresistive pressure sensor and piezocapacitive pressure sensor. (f) An image of the pressure sensor implanted on the
bladder to monitor the bladder pressure. (g) The 5,000-cycle strain test results of piezoresistive pressure sensor (red line) and piezocapacitive pressure sensor
(blue line). (h) The stability of the two types of pressure sensors under physiological conditions (PBS solution at 37 °C). Reproduced with permission from

Ref. [130], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.
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pressure monitoring by wrapping the pressure sensor around the
bladder and applying optical stimulation, known as optogenetics,
to control voiding [129]. When abnormal bladder pressure is
measured, the Bluetooth system operates the micro light-emitting
diode (LLED) of the optoelectronic stimulation and sensing
(OESS) module to activate the opsin, which can only stimulate
a specific type of cell. By measuring the expansion and con-

traction of the bladder, the voiding status can be distinguished.

The bladder pressure sensor which encircles the bladder is
fabricated with carbon black-doped silicone (EcoFlex). To
secure the biocompatibility, the sensor is encapsulated with
PDMS/polyisobutylene. The deformation of the bladder due to
encircling of the bladder with the sensor does not exceed 2%,
which is negligible. The resistance of bladder pressure changes
by respect to the change in bladder size which indicates the
fabricated pressure sensor can monitor the bladder activity
precisely (Fig. 7(c)). Figure 7(d) shows the bladder pressure
monitored under acute stimulation of the bladder in a micturition
cage, and the resistance of the strain gauge decreases rapidly,
which indicates bladder contraction.

Figure 7(e) shows the bladder pressure monitoring and
stimulation device using single wall CNTs [130]. Two types of
devices have been fabricated: piezoresistive and piezocapacitive.
For the piezoresistive sensor, the bladder pressure is measured
based on the resistance changes due to changes in the
number of conductive pathways in the CNT network. For the
piezocapacitive pressure sensor, the capacitance changes with
the area increment of the double layered CNTs and thickness
decrement of the dielectric layer during bladder expansion.
Figure 7(g) shows the piezoresistive pressure sensor fluctuate
more than piezocapacitive pressure sensor during 5,000 cycle
tests. Since implantable devices are implanted into the body,
maintaining stable performance in a physiological environment
is important. Figure 7(h) shows the stable performance with
little fluctuation of the fabricated pressure sensors when soaked
in saline solution for up to one month. The piezoresistive
pressure sensor shows more fluctuation compare to the
piezocapacitive pressure sensor after a 1,000-cycle test and one
week of immersion. However, the piezoresistive pressure sensor
has a relatively simple circuit design, while the piezocapacitive
pressure sensor has a complicated circuit and is affected by the
parasitic capacitance of the nearby tissues. Therefore, both the
resistance- and capacitance-based pressure sensors have pros
and cons. Additionally, future studies are required to ensure
the biocompatibility of the sensors and provide chronic in vivo
validation.

4 Conclusion

As many industries, including robotics and the medical field,
develop, the demand for more specialized and high-performance
pressure sensors increases. This review covered some of the most
recent advances in high-performance wearable and implantable
pressure sensors based on inorganic materials, metals and
carbon. As highlighted in this review, by combining novel
inorganic materials, metals and carbon-based materials with
unique structures, the performance of flexible pressure sensors
has been significantly improved compared to that of conventional
pressure sensors, which can establish an innovative foundation
for bioelectronics. In addition, the sensing performance can
be significantly improved by enhancing the adhesion between
the sensor and the surface of the target, which is another
challenge to be solved. Furthermore, flexible pressure sensors can
pave the way for the human healthcare sector via cooperation
among various rapidly developing research fields such as electronic
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engineering, biomedical engineering, material science, and tissue
engineering.
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