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Background: In recent years, health monitoring systems (HMS) have aroused great interest due to their

broad prospects in preventive medicine. As an important component of HMS, flexible force sensors

(FFS) with high flexibility and stretch-ability can monitor vital health parameters and detect physical

movements.

Aim of Review: In this review, the novel materials, the advanced additive manufacturing technologies,

the selective sensing mechanisms and typical applications in both wearable and implantable HMS are

discussed.

Key Scientific Concepts and important findings of Review: We recognized that the next generation of the

FFS will have higher sensitivity, wider linear range as well as better durability, self-power supplied

and multifunctional integrated. In conclusion, the FFS will provide powerful socioeconomic benefits

and improve people’s quality of life in the future.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

health care [1]. Preventive and personalized medical approaches
can detect, diagnose and predict disease at their early stage [2],
which will increase the cure rate, reduce the treatment costs and

With the aging of the global population and the increase of
aging-related diseases, there is a strong demand for personalized
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improve quality of life [3]. Many household medical devices such
as electronic sphygmomanometers, portable electrocardiogram
(ECG) monitors and blood glucose meters have been developed
and widely used [4]. However, they are usually bulky, rigid,
unwearable and unable to achieve multi-functionality and real-
time detection. In recent years, the advancement of flexible elec-
tronic technology has promoted the development of regular and
continuous healthcare monitoring [5]. As a human-interactive
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Fig. 1. Illustration of the structure of this review.

health monitoring device, flexible sensor (both wearable and
implantable) can detect and measure various biological signals.
Force sensors that convert mechanical forces such as pressure, ten-
sion, stress and strain into electrical signals are of great importance
among the various types of flexible sensors [6]. Taking advantage
of the force sensors, many mechanical stimuli generated by the
human body, including muscle movement, blood pressure, pulse,
etc. contain important health parameter signals, which can be
easily captured by flexible force sensors [7]. Therefore, consider-
able efforts have been made in developing novel sensing materials,
creative macrostructure, and rapid manufacturing strategies of
flexible force sensors.

In this review, we will give an overview of the application of
flexible force sensors in health monitoring. We first introduce the
most commonly used materials for force sensors. We then discuss
the recent additive manufacturing technologies used for fabrica-
tion of flexible force sensors. Next, we explore the sensing mecha-
nisms allowing detection of mechanical force from physical
activities. Having a comprehensive understanding on the design
strategies, we present applications of flexible force sensors in the
field of wearable and implantable health monitoring. Lastly, we
outline the challenges currently faced by flexible force sensors
and their prospects for the direction of development in the coming
years. The structure of this review and the relations between each
part are shown in Fig. 1.

Materials

The materials used to fabricate flexible force sensors can be
mainly divided into three categories: carbon-based materials,
metal materials and polymer materials [8]. These three types of
materials will be described in detail below.

Carbon-based materials

Carbon-based materials are widely used to manufacture flexible
force sensors owing to their excellent electrical conductivity, ver-
satile nanostructures and good biocompatibility. Carbon-based
materials used in the manufacturing of flexible force sensors
mainly include carbon black, carbon nanotubes (CNTs), graphene
and graphene oxide (GO) [8], they are usually added to polymers
to form conductive composites.

Carbon black

Carbon black (CB) belongs to an amorphous form of carbon, its
structure is similar to disordered graphite [9]. It is a kind of low-
cost conductive nanoparticles. By filling this particle in the elastic
matrix, the mechanical strength, electrical conductivity of the
composite materials will be enhanced [10]. Shintake et al. [10]
used the layered casting method to cast the Ecoflex-CB conductive
composite slurry into the silicone elastomer Ecoflex substrate, and
then cured it through an oven. The produced Ecoflex-CB-based
stretchable strain sensor showed high sensitivity (the range of
gauge factor was approximately 1.62 ~ 3.37), good stretch-ability
(up to 500%), repeatability (cycle >10000) and maintained good
linearity and low hysteresis. Similarly, in order to obtain a piezore-
sistive sensor with high sensitivity and wide sensing range, Wang
et al. [11] proposed to construct a piezoresistive sensor with a
layered porous sensing architecture. They uniformly filled carbon
black (CB) nanoparticles and NaCl in the thermoplastic polyur-
ethane (TPU), the printed sensor was immersed in the solution to
remove NaCl, and finally formed a multi-layer layered aperture
sensing layer. Thanks to the filling of CB and the formation of
multi-level layered aperture. The sensor had a sensitivity of
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5.54kPa~!, showing a wide pressure sensing range (10Pa to
800 kPa) and excellent repeatability. Compared with other
carbon-based materials, carbon black has a lower cost and good
electrical conductivity, it will become a powerful material candi-
date in the field of wearable sensors.

Carbon nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon, it can be
envisioned as a single-layer or multi-layer graphene sheet rolled
into a cylindrical shape [12]. Since multi-walled carbon nanotubes
[13] (MWCNTs) and single-walled carbon nanotubes [14,15]
(SWCNTs) were reported in 1991 and 1993, CNTs research has
expanded aggressively. CNTs have aroused great interest due to
their low cost, extensible synthesis and excellent chemical stability
[16]. Abshirini et al. [17] manufactured a strain sensor based on
MWCNT/PDMS. The strain sensor exhibited high gauge factor (av-
erage GF of 4.3), large strain coefficient (30% maximum strain) and
good stability (300 load-unload cycles) at low strain rates. Com-
pared with MWCNT, SWCNT has a higher specific surface area,
strength and uniformity. Gilshteyn et al. [18] used dry-transfer
manufacturing method to produce a SWCNT/PDMS-based thin film
strain sensor. Compared with the previously reported wet process,
the sensor had higher transparency, conductivity and sensitivity
(GF =20.1 at 100% strain). Thanks to the strain variation of inter-
tube tunneling resistance, carbon nanotubes have excellent strain
sensing ability in piezoresistive composites. However, their defect
is lack of durability. After hundreds of deformation cycles, their
conductivity will decrease, which is caused by macroscopic cracks
and peeling.

Graphene and graphene oxide

Graphene is a 2D carbon nanomaterial with atomic thickness,
which has excellent electrical, optical, mechanical, thermal con-
ductivity properties and extremely high specific surface area
[19]. However, graphene is extremely difficult to handle for fab-
rication because there are no hydrophilic functional groups over
its 2D plane structure. Graphene oxide (GO), derived from gra-
phene, has a variety of oxygen-containing functional groups
[20]. GO has unique viscoelasticity in aqueous solution, the
high-concentration GO solution dissolved by ultrasound shows
high viscosity and has good printability. Wang et al. [21] fabri-
cated a flexible resistive strain sensor with a 3D conductive net-
work structure. The sensor used an ultrasonic-induced method to
uniformly distribute reduced graphene oxide (rGO) in TPU and
form conductive paths. Thanks to the layered conductive net-
work, the rGO/TPU strain sensor showed high sensitivity (the
gauge factor was 11 under 10% strain), good repeatability (6000
cycles of tensile-release test) and fast response speed. Although
a higher GF was obtained, its GF value was fixed under a certain
strain range, and it cannot be adjusted according to different
application environments. Wang et al. [22] proposed the idea
ofadjusting the sensitivity of the sensor by precisely controlling
the microstructure of the sensor (the specific microstructure is
hexagon, triangle and grid structure), and produced a graphene/
PDMS composite strain sensor with a porous structure. The sen-
sitivity of the graphene/PDMS composite strain sensor can be
adjusted in the range of 6-67 by changing the microstructure
at a strain of 20%. This strain sensor with adjustable sensitivity
can be widely used in the field of wearable health monitoring
systems by adjusting the microstructure to adapt to the stress
distribution of different body parts.

Metal materials

Metal is the most commonly used conductive material in flexi-
ble force sensors. The metal materials that have been used for FFS
fabrication includes copper (Cu), silver (Ag), gold (Au), molybde-
num (Mo), magnesium (Mg), zinc (Zn), aluminum (Al), Chromium
(Cr), Nickel (Ni), titanium (Ti), etc. [23] And they are widely used
in the forms of metal films, metal nanomaterials, liquid metals,
metal oxides and Mxenes.

Metal film and metal nanomaterials

Metal films include gold film, silver film, copper film, zinc film,
aluminum film, etc. Except the good conductivity, some metal
films also have anti-corrosion and anti-interference functions.
Hogas et al. [24] proposed a strain sensor manufacturing strategy
that combines electrospinning and thin film deposition technology.
Polymer nanofibers were first deposited onto a plastic carrier by
electrospinning, and then metal films were deposited onto the
nanofibers by thermal evaporation to obtain fine metal fibers. It
was proved that the strain sensor had high sensitivity, but had rel-
atively low signal noise ratio, so metal films are often used as elec-
trode layers of flexible force sensors.

Metal nanomaterials include metal nanoparticles, metal nano-
wires, and metal nanosheets. In order to meet requirements such
as flexibility, extensibility and transparency, metal nanomaterials
of different geometries have been tested [23]. Among these metal
nanomaterials, metal nanowires have attracted much attention
due to their small diameter and high aspect ratio. In addition,
thanks to the effect of nanoscale size, they also show excellent light
transmittance and flexibility. Compared with metal nanoparticles
as fillers, metal nanowires have very low loading capacity and
are easy to form percolation channels [25]. Among the metal nano-
wires, the copper nanowires (CuNWs) [26], the gold nanowires
(AuNWs) [27] and the silver nanowires (AgNWSs) [28] show the
desired properties of high stretchablity and conductivity. However,
the copper nanowires are cheap but could be easily oxidized, and
the gold nanowires have excellent properties but are expensive.
The silver nanowires have excellent electrical conductivity and
antibacterial properties, so they are widely used.

Dong et al. [29] developed a super-elastic piezoresistive sensor
based on a composite conductive network and layered structure.
The sensor was built based on a layered structure of natural
sponge, and 2D reduced graphene oxide (rGO) and 1D AgNWs were
used to form a cooperative conductive network. Polydopamine
(pDA) was used both as a tackifier and a green reducing agent.
The sensitivity of the piezoresistive sensor under the pressure
range of 0-40 kPa was 0.016 kPa~', and the gauge factor under
the 0-60% strain range was 1.5. The sensor also showed good
repeatability (>7000 load-unload cycles) and fast response speed
(<54 ms). Because AgNW with high aspect ratio may be entangled
with each other when stressed, the structure of the sponge is also
relatively bulky, so its sensitivity is relatively low. Kwon et al. [30]
produced a multi-axis stretchable resistance sensor based on
nanocomposites. The sensor used polyurethane (PU) as an elastic
substrate, while graphene nanosheets (GNPs) and silver nanoparti-
cles (AgNPs) were used to build a collaborative conductive
network. Benefit from the choice of two-dimensional nano-
conductive materials and elastic matrix, the sensor exhibited high
sensitivity (GF=21.2 at 50% strain, GF=30.2 at 100% strain,
GF = 48.2 at 160% maximum strain), excellent stability (500 cycles)
and fast response time (<72 ms). The review above shows that the
combination of nano-metallic materials and carbon-based materi-
als is very common, this is because the adhesion between
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nano-metallic materials and polymers is relatively weak, the addi-
tion of carbon-based materials will make them combined closer.

Liquid metals

Liquid metal is a kind of amorphous metal material that is lig-
uid at room temperature, it has the highest consistency among
all conductive materials, so it is very suitable for direct ink printing
at room temperature. Eutectic gallium indium (EGaln) and mer-
cury (Hg) are the most commonly used liquid metal materials
[31]. Mercury is a natural elemental liquid metal, which is not suit-
able for sensor manufacturing due to its high toxicity and harm to
human health. However, EGaln has been widely used in manufac-
turing flexible electronic components because of its biocompatibil-
ity [32]. Ali et al. [33] filled EGaln liquid metal into PDMS with
corona discharge method to build electrode channels of the sensor.
After several sets of tests, the linear relationship of the average
capacitance change was obtained. The sensitivity of the capacitive
sensor was 0.11% MPa~', and the gauge factor was 0.9975. Liquid
metal will be widely used in the fields of wearable electronics, and
biomedical due to its excellent resistivity, flexibility, fluidity and
biocompatibility.

Metal oxides

Thanks to the high specific surface area, the capacity of metal
oxides with microstructure and nanostructure morphology are
two or three times higher than the carbon/graphite based materi-
als [34,35]. Meanwhile, the nano metal oxides have the advantages
of good biocompatibility, rapid response speed and durability
under different working conditions. Lee et al. [36] produced a
highly durable textile-based wireless flexible strain sensor. Mix-
tures of RGO and CNTs were coated on PET textiles as the conduc-
tive part. The zinc oxide nanowires (ZnO NWs) were integrated
into RGO and let grow freely. By controlling the growth time to
change the aspect ratio (AR) of ZnO NWs, it was found that the
GF of textile sensors based on ZnO-0 (without growth) was about
0.96, while the GF of textile sensors based on ZnO-3 (growth 3 h)
was about 7.64, which was 1.67 times compared to the PET film
(GF~4.57). With the free growth of ZnO on RGO, the GF value
has been greatly improved, showing that ZnO makes a great contri-
bution to sensitivity. Inspired from this work, we can spray it on a
large area of textiles and monitor the bending strain of the human
body through wireless communication to obtain the health status
of the human body.

Mxenes

MXenes, a graphene-like 2D conductive material composed of
metal carbides and carbonitride, can be obtained by selective etch-
ing of a 3D layered compound MAX phase with a strong acid or a
strong base. The chemical formula of MXenes is M,.1X, (where
n=1, 2, 3; M are early transition metal elements and X is carbon
or nitrogen) [37]. Recently, flexible force sensors based on MXenes
have been extensively studied. Sobolciak et al. [38] produced a
electrospinning pads piezoresistive sensor based on MXene modi-
fied. They combined Ti3C,Tx into copolyamide (CO-PA) nanofibers
(aspect ratio AR = 50) by means of electrospinning. The GF of the
manufactured sensor could reach 4.5. MXenes has excellent con-
ductivity, oxidation resistance and mechanical flexibility, which
makes it widely used in the field of flexible electronics, but how
to achieve fluorine-free preparation and expand its linear sensing
range are still problems we need to consider.

Polymer materials

Polymer materials are often used as supporting materials for
sensors. Many polymer matrix materials have been exemplified.
Common flexible polymer materials include polydimethylsiloxane
(PDMS) [39],polyimide (PI) [40], polyurethane (PU) [41], polyethy-
lene terephthalate (PET) [42], polyvinylidene fluoride (PVDF) [43],
parylene [44], polyethylene naphthalate (PEN) [45], etc. These flex-
ible matrix materials are widely used due to their high tensile
strength, good thermal conductivity, chemical stability, and ease
of compounding with conductive materials [46].

The method of filling conductive active materials into an elastic
polymer matrix is mostly used to manufacture resistive sensors
and active electrodes. Table 1 summarizes the main characteristic
parameters of resistive mechanical sensors based on different fil-
lers and elastic substrates.

Manufacturing process of sensor

In recent years, as traditional manufacturing methods cannot
meet people’s needs for personalized and complex structures, 3D
printing (3DP) technology, as an advanced additive manufacturing
technology, is used to manufacture physical objects layer by layer
from computer models [52], bringing unparalleled flexibility and
simplicity to the manufacture of highly complex 3D objects. The
typical 3D printing technologies applied to manufacture flexible
force sensors mainly include direct ink writing (DIW), stereolithog-
raphy (SLA), digital light processing (DLP), fused deposition

Table 1
Summary of main characteristic parameters of resistive mechanical sensors based on different fillers and elastic substrates.
Active fillers Substrate Sensitivity/GF Response time  Stretchability/detection range  Reference
CB Ecoflex 1.62 ~3.37 / 50%~500% [10]
CB and NaCl TPU 5.54 kPa™! / 10 Pa ~ 800 kPa [11]
SWCNT PDMS 20.1 at 100% strain / 10%~100% [18]
MWCNT PDMS 43 / 0~ 30% [17]
MWCNT TPU 1.5-3 / 0~ 50% [47]
RGO TPU 10% strain: 11 100% strain:79 200 ms 0 ~ 200% [21]
RGO PDMS 25.1kPa ! / 0~ 2.6kPa [48]
Graphene PDMS 6~ 67 / 50%~60% [22]
Graphene PDMS 1.2 kPa~! / 5Pa~ 25kPa [49]
metal films Polymer nanofibers 2~200 / / [24]
RGO and AgNWs sponge S=0.016kPa~!; GF=1.5 <54 ms 0 ~ 40 kPa; 0 ~ 60% [29]
GNPs and AgNPs PU GF =21.2 at 50% strain; 30.2 at 100% strain; <72 ms 0~ 160% [30]
48.2 at 160% strain
ZnO NWs, RGO and CNTs ~ PET 7.64 / 0~ 40% [36]
Ti3C,Tx Copolyamide 4.5 / / [38]
EGaln Silicone (Dragon Skin 30) 2.5 / 0~ 100% [50]
HEC/SPI/PANI sponge -0.29 <140 ms 0-345.25 kPa [51]
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modeling (FDM), and selective laser sintering (SLS) (Fig. 2) [53].
Each 3D printing technology has its own unique advantages and
limitations (Table 2). In this section, we will discuss the working
principles, advantages and disadvantages of these 3D printing
strategies used for FFS fabrication.

Direct ink writing (DIW)

DIW is a kind of extrusion-based 3D printing technology. Owing
to the shear thinning characteristics, the paste-like ink can deposit

(a)

Dispenser

Printed material
Nozzle

Platform

(d)

Filaments

Extruder

Modeling part

(b)

57

quickly upon squeezed from the nozzle, 3D objects are assembled
layer by layer with uniform filaments during the deposition pro-
cess (Fig. 2a). Most applicable materials including carbon-based
materials, metals and polymers can be prescribed to use this print-
ing technology for FFS fabrication. To use this technology, the ink
must possess enough mechanical strength to maintain its shape
after extrusion. The viscosity of the ink should be well controlled
to avoid possible shape collapse and nozzle clogging during extru-
sion [52]. Kim et al. [50] reported a method for manufacturing
eutectic gallium indium (EGaln) soft sensors based on DIW

Scanner
system

Solidified
resin

(c)

Light curing
resin

(e)

Scanner
system

Roller o —=

-

feed tray

Modeling

Fig. 2. The schematic of (a) DIW [54], (b) SLA, (c) DLP, (d) FDM and (e) SLS [55].

Table 2
Summary of the advantages and disadvantages of different 3D printing technologies.
3D printing Material types Advantages Disadvantages
technology
DIW Liquid inks Low cost and easy construction; Applicability of Relatively low printing speed and resolution; Difficult to
multi-material printing control the viscosity of ink
SLA/DLP Liquid photosensitive High resolution and rapid prototyping Limited materials and complex devices; Material waste
polymers
FDM Filaments Low cost and simple operation; Low resolution and slow print speed; Need high temperature
processing
SLS powders Wide selection of materials; Good mechanical Complex devices and shrinkage after cooling

properties
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technology (Fig. 3). They performed a series of tests on their perfor-
mance and came to the conclusion that the DIW-based EGaln
strain sensors had reliable sensor signals at different loading
speeds, little hysteresis effect, and moderate resistance up to
100% strain. In addition, the sensor was not broken up to 10,000
cycles under strain below 100%. Except for low cost and easy con-
struction, DIW also has the capability of multi-material deposition
which is suitable for the integrated forming of flexible substrate,
sensitive and electrode layer.

Stereolithography (SLA) and digital light processing (DLP)

Photopolymerization based 3D printing process mainly includes
stereolithography (SLA) and digital light processing (DLP) (Fig. 2b
and Fig. 2c respectively). SLA typically use one or more discrete
focused laser beams to solidify thin layers of a liquid photosensi-
tive polymer resin to form 3D objects layer by layer. Hensleigh
et al. [56] showed an effective way to manufacture 3D micro-
architected graphene aerogel (Fig. 4), which will be used to
fabricate electrodes for FFS. They designed and synthesized

(a)

(d)

photocurable graphene oxide (GO) resins, which can be sequen-
tially patterned using projection micro stereolithography (PuSL)
technology to build complex layered 3D micro-architected gra-
phene (MAG) components. The experimental results show that
the 3D spatial feature size of MAG is about 10 um, and the pore size
of the strut microstructure is about 60 nm. In addition, MAG
showed high surface area (130 m2.g~!) and high electrical conduc-
tivity (64 S-m~!). Compared with extrusion-based 3D printing
technology, SLA technology can achieve higher resolution and fas-
ter printing speed.

DLP uses mirror arrays and masks in a digital light processing
system to expose and light cure a complete resin layer to form a
3D object, which greatly increases the productivity [53]. Liu et al.
[57] produced a force sensor with a composite structure (Fig. 5a
and Fig. 5¢). The manufacture of the sensor used DLP and inkjet
printing technology (Fig. 5b). They use inkjet printing to deposit
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT/
PSS) on the cured photosensitive resin to form the sensor. The sen-
sor had a sensitivity of 2.92% N~! and a GF of 0.98 under the range
of 0-160 mN. Since the polymerization method of SLA technology

Fig. 3. Manufacturing process of EGaln soft sensor based on DIW: (a) spin-coat the silicone layer on the wafer; (b) writing EGaln on the silicone layer; (c) spreading uncured
silicone material on the printed trace by rod coating; (d) trimming the silicone body into a desired shape by laser cutting, and (e) direct insertion and fixation of electrodes

(50].
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is spot-wise, while DLP technology allows one layer of surface to be
cured at a time, so DLP technology has a faster printing speed com-
pared to SLA. With the development of the technology, DLP has
exceeded the printing accuracy of SLA. However, DLP is only suit-
able for printing small parts due to the limited resolution of digital
light mirrors. For printing large parts, SLA is still a better choice

(a) Loading

hole

-

Cantilever |
Sensor substrate
beam
Mounting

Strain gauge hole

or |cnl‘|linn

Fig. 5. (a) Structure diagram of the sensor (b) DLP-based desktop 3D printer (c)
Optical photo of the sensor after UV curing [57].
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than DLP. In addition, due to the use of photosensitive polymer
materials, both SLA and DLP face problems such as residual chem-
ical waste and the potential cytotoxicity of light initiator [58].

Fused deposition modeling (FDM)

FDM is an extremely common 3D printing technology that
melts and extrudes thermoplastic materials (filaments or particles)
to form the final 3D object (Fig. 2d). This technology can be easily
applied to a variety of composite materials by adding different fil-
lers to the filaments [52]. Kim et al. [59] developed a 3D multiaxial
force sensor based on FDM-based functionalized nanocomposite
filaments (Fig. 6). The sensor had a unique 3D cube cross structure
that enables force sensing from three axes (X, y, and z). The support
structure and sensing layer of the sensor were made by melt extru-
sion of TPU filament and CNT/TPU nanocomposite filament respec-
tively. The experiment result showed that when a force of 4 N was
applied in the Z-axis direction of the sensor, the resistance of Ry
and R, decreased by 0.2% and 2% respectively. Due to its properties
of simple operation and low costs, FDM has been widely used.
However, there is a common contradiction between the printing
precision and printing speed in this technology. In other words, if
a faster printing speed is required, its resolution will be sacrificed
[58].

Selective laser sintering (SLS)

SLS is a powder-based 3D printing technology that uses moder-
ate to highenergy lasers to sinter continuous thin layers of powder
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* Thermoplastic polyurethane (TPU)
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1

Fig. 6. 3D printed schematic of multi-axis force sensor based on FDM [59].
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to produce the 3D object in layers (Fig. 2e) [52]. The laser selec-
tively scans over the top of the power bed, the powder gets melt
and solidified with the powder bed moving down one layer thick-
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[62] (Fig. 8).

ness each time, then another layer of powder is spread on the top
of the power bed, this process in repeated until the 3D object is

formed [58]. SLS can not only use metal powder particles, but also

Resistive sensors

carbon-based powders, ceramics and polymers, or a combination

of them [60]. For example, Hong et al. [61] mixed nano carbon
black powder with polyamide 12 (PA12) powder, and successfully
manufactured CB/PA12 composite parts based on SLS process
(Fig. 7). Due to the formation of a 3D segregated conductive net-
work, the composite component had an ultra-low conductive pen-
etration threshold (0.87 wt%). SLS has a wide selection of materials,
high material utilization, and the remaining powder can still be
used. However, this technology requires complicated equipment,
in addition, rapid cooling after high-temperature sintering may
cause shrinkage and deformation of the printed parts.

Sensing mechanisms

Human health status can be obtained by monitoring mechanical
stimulation of human physiological activities through sensors.
Mechanical stimuli including tension, pressure, torque, vibration,
stress and strain, etc., can be converted into electrical parameters
by flexible force-sensitive sensors through several representative
sensing mechanisms [7]. According to the working mechanism,
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sensitive sensors can be divided into four typical
types: resistive, piezoelectric, capacitive and triboelectric sensors

Resistive sensors can convert the pressure change into the resis-
tance change. When the sensor is deformed under stress, the con-
tact area of the conductive dielectric in the sensor changes,
resulting in the change of its conductive channel, thus causing
the resistance change [65] (Fig. 8a). According to different endur-
ance signals, resistive sensors can be divided into strain type and
piezoresistive type, which correspond to tension and pressure sig-
Due to biocompatibility and stability issues, most
piezoresistive sensors used in human health monitoring are wear-
able devices, and there are relatively few reports on piezoresistive
sensors in vivo. Wu et al. [51] developed an implantable piezore-
sistive sensor. They uniformly dispersed natural biocompatible
conductive composite materials, including hydroxyethyl cellulose
(HEC), soybean protein isolate (SPI) and polyaniline (PANI), in a
natural sponge to form an HSPS piezoresistive sensor. The HSPS
sensor exhibited a GF of —0.29, fast response speed (<0.14 s), excel-
lent repeatability and stability. The resistive sensor has attracted
much attention due to its simple structure, low cost, easy integra-
tion and relatively easy signal acquisition. But its working stability
and power consumption are still issues we need to consider [66].
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Fig. 8. The working principle of (a) resistive, (b) capacitive, (c) piezoelectric [63] and (d) triboelectric [64] sensors.
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Capacitive sensors

Capacitive sensors are sensors that convert pressure change
into capacitance change [67]. For a plate capacitor, the capacitance
will change when the distance of the two plates get shorten under
external force [68] (Fig. 8b). Yang et al. [69] developed a 3D micro-
conformal graphene electrode with controllable microstructure
and perfect shape retention. They sandwiched PDMS between the
graphene electrode and the bottom electrode to make a capacitive
sensor. The sensor showed high sensitivity (3.19 kPa~!) and fast
response speed (30 ms). In addition, by adjusting the characteristic
size of graphene or using double-layer graphene electrodes, the
sensing capability of the capacitive sensor would be greatly
improved. For example, a capacitive sensor using symmetric dou-
ble micro-conformal graphene electrodes successfully achieved
7.68 kPa~! sensitivity. Capacitive sensors are suitable for detecting
small deflection changes, it has the merits of high spatial resolution
and sensitivity, good frequency response, low power consumption
and large dynamic range. However, problems such as junction
capacitance and electromagnetic interference need to be resolved.

Piezoelectric sensors

Piezoelectric sensors use the piezoelectric characteristics of
piezoelectric materials to convert the applied pressure into voltage
signal [70]. This piezoelectric behavior is caused by the existence of
an electric dipole moment. When the piezoelectric material is
affected by the external force or external deformation in a certain
direction, it produces electric polarization, resulting in opposite
bound charges on the two surfaces. After the external force was
removed, the polarization disappeared, forming the voltage differ-
ence (Fig. 8c) [71]. Piezoelectric sensors are widely used in the
detection of dynamic pressure signals, but have encountered chal-
lenges in the monitoring of static pressure signals. Chen et al. [72]
proposed a piezoelectric sensor with a heterostructure based on
PbTiO3; nanowire/graphene, which was used for the piezoelectric
induction of static measurement. Its working principle is that the
strain-induced polarons in the piezoelectric PbTiO; nanowires as
charged impurities affect the carrier mobility of graphene, thereby
achieving static piezoelectric induction. The sensor exhibited high
sensitivity (9.4 x 10 kPa~!) and fast response speed (5-7 ms).
Piezoelectric sensors have high sensitivity, and response speed
and spontaneous generation of electrical signal. Meanwhile, they
consume small amount of power and can even achieve self-
supply [73]. However, because piezoelectric materials have certain
pyroelectric properties, the polarization phenomenon is greatly
affected by temperature, and the signal output is easy to drift with
time [74].

Triboelectric sensors

Triboelectric sensors will generate charge after friction or con-
tact under pressure. After release, the sensors are separated from
each other to generate voltage difference, thus converting mechan-
ical signals into electrical signal (Fig. 8d). Similar to piezoelectric
sensors, triboelectric sensors produce electrical signals only when
they are in contact and separated. Therefore, most triboelectric
sensors are more suitable for dynamic sensing. The triboelectric
nanogenerator (TENG) is a key part of triboelectric sensors, its
working mechanism is the combination of triboelectric and elec-
trostatic induction [75]. Currently, TENG have been widely studied
and applied in low-power power sources and self-powered force
sensors [76]. Liu et al. [64] reported a small, flexible and self-
powered endocardial pressure sensor (SEPS) based on TENG, this
sensor could convert blood flow energy in the heart cavity into
electrical energy. SEPS were implanted into the left ventricle and

atrium of pigs respectively. Experimental results showed that SEPS
achieved excellent linearity (R®>=0.997), super sensitivity
(1.195 mV-mmHg ') and maintained good response as well as
mechanical stability in the body. Because TENG-based triboelectric
sensors have the merits of low cost, diverse structure, stable power
output and high energy conversion rate, it will have broad applica-
tion prospects in the field of wearable and implantable electronic
devices. However, triboelectric sensors based on TENG also face
challenges such as biocompatibility, biodegradability, service life,
miniaturization and integration.

Applications

With the advance of materials, processes and sensing technolo-
gies, various flexible force sensors are widely used in health mon-
itoring systems. According to the working environment of these
flexible force sensors, they can be divided into two categories:
wearable and implantable sensors. Here, we will introduce some
representative examples of flexible force sensors for health moni-
toring, which will greatly improve the development of preventive
medicine business. Table 3 lists various physiological parameters
monitored by flexible force sensors attached to different positions
of the human body, and points out their possible application sce-
narios in health monitoring.

Wearable area

Wearable sensors usually attach sensors to the surface of the
human body and assess the health status of human by monitoring
various physiological parameters. In health assessment, the indica-
tors to be detected can be divided into the following categories: (1)
physical movements: including hands, arms, knees, etc. [23] and
(2) vital signs: including heart rate, pulse, blood pressure, breath-
ing, etc. [4].

Body movements monitoring

Body movement is an indispensable part of our daily life. Our
bodies may suffer injuries such as fractures, torn ligaments, and
atrophy of facial muscles in daily life. After surgery, if the patient
lacks the appropriate medical equipment to monitor the affected
area, it may cause secondary damage or even permanent damage
to the healing site. Therefore, some researchers focus on develop-
ing flexible sensors for monitoring body movements. For example,
Wajahat et al. attached a flexible sensor on the surface of the finger
(Fig. 9a) [77] or integrated it on a glove-like device (Fig. 9b) [47].
When the finger was bent, straightened or coordinated moved with
the fingers, the deformation of sensor would cause changes in the
internal resistance or other electrical parameters. The changes can
monitor the movement of the finger and can be used for the diag-
nosis of Parkinson disease and later rehabilitation monitoring.

Zhang et al. [78] synthesized a multifunctional conductive
hydrogel with the polyacrylic acid, dopamine-functionalized hya-
luronic acid and Fe3*. The substrate exhibited mechanically and
electrically repeatable, thermoplastic and self-healing properties
(98% recovery within 2 s). Taking advantage of the hydrogen bond-
ing and metal coordination interactions between Fe3*. This new
material can be used to detect different degrees of body move-
ments (from breathing to knee flexion). In addition, MFH can also
be considered as an ideal material in circuit maintenance and
switch construction. Thus, these eco-friendly hydrogel sensors will
become one of the candidates for smart wearable devices and
human-machine interfaces in the coming years.

Except the movement of the limbs, the movement of facial and
laryngeal muscles could also be monitored. Flexible sensors,
attached on the forehead, chin and other parts, can recognize the
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Table 3
Applications of flexible force sensors in personal health monitoring.

In vitro/in vivo Position of human body Measured parameter

Possible applications in human health monitoring

In vitro Hand motion
Wrist Pulse
Upper arm blood pressure
Knee and elbow Strain distribution
Foot Pressure distribution
Throat Sound vibration
Face Muscle movement
in vivo Cardiovascular ECG
Heart Heart rhythm
Bone pressure

Monitoring hand recovery

Diagnose cardiovascular disease

Hypertensive treatment

Postoperative rehabilitation; detection of posture and movement
Gait detection and sport training

Voice recognition; diagnosing damaged vocal cords

Facial expression recognition; diagnosis of facial paralysis
Prevent and treat cardiovascular diseases

Cardiac pacing and correction of sinus arrhythmia

Treat osteoporosis and fractures; promote cell proliferation and
differentiation; nerve tissue repair

0SAR/R,<6

6<AR/R,<12

Ag Ag
Graphene woven fabric

18SAR/R,  12<AR/R,<18
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Fig. 9. (a) The change of the resistance of the wearable sensor under different bending degrees of the finger, that is, the change of the brightness of the LED [77]; (b) Schematic
diagram of the change in the extension of the glove-type wearable sensor [47];(c) The sensor collecting throat muscle movement signals [81];(d) The image of the plantar

sensor array [83].

patient’s facial expressions [79,80]. They can be used to identify
and diagnose patients with facial paralysis. Many patients are
unable to make sounds due to acquired disease. However, when
trying to make sounds, the muscles in the patients’ throat can still
produce slight vibrations. Therefore, some researchers tried to col-
lect weak muscle motion signals of the throat through strain sen-
sors (Fig. 9c) [81]. After identification and classification, the
signal can be used in the design of intelligent artificial throats
[82]. In addition, performing gait analysis on the patients’ feet
can monitor their postoperative rehabilitation. Valentine et al.
[83]distributed the flexible sensor units according to the anatomi-
cal division of the soles of the feet and collected the pressure data
(Fig. 9d). Compared with the limb sensing equipment, the feet
sensing unit needs to be precisely divided and designed with dif-
ferent accuracy, which will be a major difficulty.

Vital signs monitoring

Monitoring vital signs, like heart rate, pulse, blood pressure and
respiration are critical in clinical and medical care. Flexible sensors
are usually attached to the patient’s wrist, neck, upper arm and
fingertips. Jiang et al. [84] proposed a flexible pressure sensor
based on a layered 3D porous graphene oxide fiber fabric. The sen-
sor showed excellent sensitivity under a strain range of 27% to
70%, a compression rate of 66% at a high strain coefficient

(1668.48), and had good durability, low detection limit (1.17 Pa)
and fast response time (30 ms) at all frequencies. By attaching this
sensor to the human body, human motion, blood pressure and
breathing could be detected (Fig. 10a). Shin et al. [85] successfully
fabricated highly sensitive, wearable and wireless pressure sensors
based on zinc oxide (ZnO) nanoneedle/polyvinylidene fluoride
(PVDF) hybrid films. Thanks to its high dielectric constant, low
polarization response time and excellent durability, this hybrid
membrane could be used to monitor heart rate (Fig. 10b). In addi-
tion, the Bluetooth antenna based on RGO electrodes achieved
high peak gain (2.70 dBi) and radiation efficiency (78.38%), suit-
able for transmitting wireless signals to smartphones. This
approach provides a solution for the realization of continuous
medical health monitoring, and the prospect to commercialize
the product is promising.

Although the wearable sensor has excellent performance, the
popularization of this technology is still limited by its complex
structure, difficult material handling and dependence on external
power supply. Therefore, some scholars have begun to work on
the development of self-powered wireless body sensor network
(BSN) systems. Lin et al. [86] developed a BSN system consist of
a heart rate sensor, a Bluetooth module and a downy-structure-
based triboelectric nanogenerator (D-TENG) (Fig. 10c). By convert-
ing the inertial energy of human walking into electrical energy, the
maximum power it provided (2.28 mW) could drive a highly
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Fig. 10. (a) Wearable sensors for monitoring wrist activity and breathing during sports [84]; (b) Wireless sensor for heart rate monitoring through the wrist [85] ;(c) BSN

system application demonstration [86].

integrated BSN system. After processing the heart rate signal
obtained by the sensor, it was wirelessly sent to the Bluetooth
module of the external device and displayed on the personal
mobile phone in real time. This method provides an effective
way for instant heart rate monitoring.

Implantable area

There are many organs and tissues in the human body. If one of
these tissues becomes diseased or its function is degraded, it will
seriously damage human health. With traditional diagnosis and
treatment, patients need to go to the hospital for diagnosis and
treatment after the onset of disease. This may delay the disease
and increase the difficulty of treatment. Preventive therapy using
implanted devices can detect abnormal physiological parameters
in advance. These abnormal physiological parameters can be mon-
itored by the patient or their family members. Once an abnormal-
ity is found, the patient will be sent to the hospital for treatment in
time, which will greatly improve the cure rate of the disease and
reduce medical expenses. This idea encouraged more and more
researchers to develop implantable sensors to monitor the internal
health of the human body. Compared with wearable sensors,
implantable sensors are generally miniature, biocompatible, and
biodegradable. According to their functions, implantable electronic
devices are generally divided into physiological parameter moni-
toring and adjuvant therapy.

Physiological parameter monitoring

Compared with human monitoring in wearable devices, the
function of implantable devices is more focused on monitoring

the health of specific organs or tissues, such as bone, cardiovascu-
lar, heart, and even brain.

Artificial bone (AB) is usually used for bone repair surgery [87].
If the artificial bone is overloaded for a long time, its service life
will be greatly reduced. Therefore, long-term continuous monitor-
ing of the stress on AB is essential to assess the effect of postoper-
ative rehabilitation. X-ray technology, high-quality computed
tomography (CT) imaging and ultrasound examination are com-
mon non-invasive assessment methods [88]. However, frequent
CT imaging will produce high-dose radiation, which is harmful to
human health. In addition, the interference of soft tissue vibrations
around bones reduces the accuracy of ultrasound testing. Ren et al.
[89] proposed a 3D printed magnetoelastic sensor (MBS) (Fig. 11a),
which used magnetoelastic material as a sensing element to mon-
itor AB stress through wireless communication. This method has
less harm to the patient’s body and can realize long-term continu-
ous monitoring, so it can be applied to the monitoring of implanta-
ble AB or prosthesis.

Cardiovascular diseases, cerebral hemorrhage and other
pathologies are increasingly common in the clinic. Accurate detec-
tion and measurement of small changes in the micro-pressure
inside the human body (such as the heart, blood vessels, brain,
etc.) is extremely challenging for the development of diagnostic
biosensors for real-time monitoring of chronic diseases. The cuff
sphygmomanometer is one of our most commonly used blood
pressure measuring devices, which has the characteristics of sim-
ple operation, low risk, etc. [90]. However, Because of its non-
portability, it is difficult to achieve continuous monitoring of blood
pressure. This problem can be settled by implantable wireless
Sensors.

Li et al. [91] fabricated a flexible sensor based on organic nano-
fibers. The organic piezoelectric nanofibers (OPNs) was composed
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of PVDF and hydroxylamine hydrochloride (HHE), and had excel-
lent piezoelectric stability and recoverability. The sensor showed
excellent piezoelectric conversion efficiency, stability and recover-
ability, when the sensor was implanted on the cardiovascular wall
of the pig’s heart and femoral artery (Fig. 11b), the weak pressure
changes could be monitored and recorded. Abnormal cardiovascu-
lar diseases can thus be detected in advance. In addition, the sensor
can also be used to monitor brain damage, hydrocephalus, glau-
coma, and even tumor regeneration. Park et al. [92] fabricated a
SU-8 wireless pressure sensor using a capacitive-inductive reso-
nant circuit based on MEMS technology and a polymer smart stent
based on 3D printing technology (Fig. 11c). Sensor and medicines
were integrated into the smart stand to carry out medicine treat-
ment and blood pressure monitoring for patients. Due to the bio-
compatibility of the PCL material used, after a period of medical
treatment, the stent can be biodegraded and completely absorbed
by the human body, this treatment will effectively prevent the for-
mation of atherosclerosis. Although there is a slight deviation in
the calculated blood pressure, this experiment still provides a basis
for biocompatibility and measurement effect for the application of
implantable sensors.

Adjuvant therapy

Many researches have shown that cell proliferation, adhesion
and differentiation will be greatly affected by the biophysical prop-
erties of the extracellular matrix, such as nano-topography and
bioelectricity. The surface nano-topography of biomaterial scaf-
folds can guide the formation of cytoskeletal tissue and focal adhe-
sions (FA), thereby activating downstream cells to regulate cell
behavior through cytomechanical transduction pathways. Zhang

(a)
TENG -/

\ .
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Electrode

et al. [93] proposed a piezoelectric PVDF sensor with a nano-strip
array structure. Sensors based on this material could generate sur-
face piezoelectric potentials in the millivolt range. Experimental
results showed that the nanomorphology and piezoelectricity
could improve the proliferation, adhesion and neuron-like differ-
entiation of rat bone marrow mesenchymal stem cells (rbMSCs).
Furthermore, structure design of the biological nanomaterials will
promote the repair of nerve tissue.

The main problem faced by the battery-powered implantable
sensor is how to keep continuous power supply. When the battery
is exhausted, it requires additional surgery to complete the
replacement of the battery or the entire sensor, which would cause
bleeding, inflammation and infection. Therefore, TENG has been
developed as a potential biomechanical energy harvester for self-
powering sensor in vivo. Tian et al. [94] proposed a flexible implan-
table electrical stimulator using TENG and flexible electrode
(Fig. 12a). They implanted this electrical stimulation into the femur
of rats. After a period of observation, they found that the stimulator
can be self-powered by TENG from daily exercise of rats, and the
osteoblasts had proliferated and differentiated to promote bone
tissue regeneration. Electrical stimulator can also promote bone
stabilization and reduce the occurrence of osteoporosis and frac-
tures. This work made great progress in the clinical treatment of
osteoporosis and fractures. Ouyang et al. [95] developed an
implanted symbiotic pacemaker using TENG as power supply
(Fig. 12b). They implanted it between the pig’s heart and peri-
cardium, and successfully achieved cardiac pacing and the correc-
tion of arrhythmia. The experimental results showed that the open
circuit voltage of TENG could reach 65.2V, and the energy col-
lected per heartbeat cycle was 0.495 1. Since the average thresh-
old energy required by a pacemaker was 0.377 1, this symbiotic
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Fig. 12. (a) The schematic diagram of a cell stimulation device [94]; (b) Schematic diagram of a wireless symbiotic cardiac pacemaker system [95].
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pacemaker can correct sinus arrhythmia and prevent its deteriora-
tion in a completely self-powered form.

Challenges

High-performance, reliable medical monitoring systems require
flexible sensors with a variety of properties, including basic proper-
ties (e.g. sensitivity, linearity and durability) and specific properties
(e.g. self-powered, wireless communication, biocompatibility and
biodegradability). Although continuous improvements in materials,
manufacturing processes and sensing mechanisms have further
stimulated the application of flexible force sensors in the field of
healthcare, there are still many challenges in its development.

Sensitivity and linearity

Sensitivity and linearity are important parameters for sensors.
In order to have high sensing gauge factor, one common method
is to choose functional materials with large piezoresistive or piezo-
electric coefficient. Excellent linearity helps signal detecting and
processing. However, the high sensitivity and wide working range
of flexible sensors can hardly be satisfied simultaneously. Further-
more, these key performance parameters still depend on conduct-
ing tests after sensors being produced. It is difficult to maintain the
consistency of the characteristics for different batches of sensor
devices. Microstructure design of nanomaterials has been proved
to be one of the effective ways. Shi et al. [49] proposed a pressure
sensor array with bionic structure of lotus leaf by casting PDMS
precursor and spraying graphene onto its surface to form conduc-
tive elements. It has been proved that the structure could increase
the contact area of graphene material, thus improve the sensitivity
of the pressure sensor. Pang et al. [48] developed a graphene-based
pressure sensor with a randomly distributed spin microneedle
structure. The microneedle structure is clarified to improve the
compression performance of the sensor, and the random distribu-
tion expands the linear range of the sensor. However, the quantita-
tive relationship between sensor structure and sensitivity has not
been established, which should be done in the future.

Durability

Durability determines the sensor’s sustainable life. At present,
flexibility properties are still limited to sensitive components and
substrate materials. Other components in sensing system such as
energy storage devices, signal processing and transmission circuits
are still made of rigid materials. Under continuous mechanical
load, rigid electric components will be damaged or separated from
the substrate. Functional materials may also encounter the prob-
lem of periodic instability after considerable loading-unloading
cycles. Buckling, breaking and ever peeling may occur then. For
example, after about 1000 strain cycles of 0% to 2%, the peak resis-
tance of a graphene woven fabric (GWF) film decreased by 1/4 as a
result of weak interface interaction between the functional film
and the flexible PDMS substrate [96]. One possible method to
improve durability is to equip the flexible device with external
packaging to reduce core component exposure and physical dam-
age. In addition, using mechanically gradient substrates may
reduce the fracture caused by differences in mechanical properties
of materials. In particular, the tissue fluid surrounding the sensor
may cause corrosion of the implanted functional material. Thus,
how to improve the durability of flexible sensors especially
implantable sensors is still challenging.

Biocompatibility and biodegradability

No matter wearable or implantable sensors, we need to
consider the biocompatibility and biodegradability of functional

materials. For example, the potential toxicity of carbon-based
materials remains a concern of the medical community [97],
experimental results showed that excessive carbon nanotubes
injected into the lungs of mice will cause pathogenicity similar to
asbestos [96]. Thus we need to further research the immune
response for sensors used in different situations and define the bio-
compatibility standard for functional materials [98]. Meanwhile,
flexible materials that can be absorbed by human body can be used
as the substrates for sensors. For example, silk fibroin has adjusta-
ble dissolution and biodegradation rate, and it can be attached to
the surface of organs [99]. Many microbial degradants or cell
uptakes, like cellulose paper, gelatin and starch, are also candidates
for substrate materials.

Manufacturing methods of flexible sensors

In recent years, flexible force sensors have developed rapidly in
materials and processes, but there are still some limitations in
terms of cost, manufacturing efficiency and performance consis-
tency. Many flexible force sensors are still in the laboratory stage
and cannot be mass-produced. Although the production capacity
of some functional materials has been increased and the cost was
reduced, some parameters of the current manufacturing process
cannot be accurately controlled, thus, the sensing performance of
different batches of flexible devices cannot be guaranteed. The
combination of direct writing technology and low temperature
deposition provides a new method for the preparation of flexible
sensors [100]. The direct writing technology has the advantage to
print a wide range of materials and the printing process is simple,
while the low temperature forming environment provides a novel
solidification strategy and ensures the forming accuracy. For
devices with complex internal structures, organic solvents can be
used as supporting materials to maintain structural stability in
the printing process through solvent crystallization. During the
freeze-drying process after forming, solvent sublimation can form
a large number of micropores in the conductive wall, which is
expected to further improve the mechanical and electrical proper-
ties of the sensor [11]. With the continuous development of sensor
manufacturing technology, mass production of flexible sensors will
be achieved in the near future.

Multifunctional induction

Health monitoring systems are often required to test multiple
physiological parameters to obtain comprehensive health informa-
tion. The measurement of different parameters can be realized by
adding different types of sensing equipment. However, it may
increase the equipment volume and the difficulty of wiring. There-
fore, the development of a multi-function sensor capable of detect-
ing different stimuli at the same time is particularly important. For
example, Hua et al. [101] proposed a highly stretchable and com-
pliant matrix network (SCMN). As a multi-sensory electronic skin,
SCMN could detect multiple parameters at the same time, includ-
ing temperature, in-plane strain, relative humidity (RH), ultraviolet
(UV), magnetic field pressure and proximity. In addition, SCMN
also had an adjustable sensing range and large area scalability.
The creation of SCMN has laid a solid foundation for the develop-
ment of multi-functional monitoring system in the field of health
monitoring. However, there are still some problems with multi-
function monitoring. For example, during signal acquisition,
mutual interference in multi-function monitoring may cause data
distortion. Therefore, how to enhance the recognition ability of
functionally integrated sensors under synchronous excitation is
particularly important.
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Conclusion

In this review, we introduce the materials, manufacturing tech-
nologies, sensing mechanisms and applications of flexible force
sensors in the field of health monitoring, and summarize the chal-
lenges that flexible force sensors face during development. Firstly,
the materials used to manufacture flexible force sensors can be
divided into three categories: carbon-based materials, metal mate-
rials and polymer materials. For wearable sensors, the develop-
ment of nanomaterials and effective structural design have
become important directions for further improvement, because it
will lead to higher sensitivity and linearity. For implantable sen-
sors, more attention should be paid to the material’s biocompati-
bility, biodegradation rate and potential toxicity. Secondly, we
should adopt advanced manufacturing techniques to improve the
mechanical properties of the sensor. The current advanced 3D
printing technologies used to manufacture flexible force sensors
include direct ink writing, stereolithography, digital light process-
ing, fused deposition modeling and selective laser sintering, an
improvement to these existing 3D printing technologies, has pro-
ven to be an effective approach, for example, direct ink writing
can be used in combination with low temperature deposition to
improve the curing speed of materials and the accuracy of proto-
typing. Next, we should adopt smart sensing mechanisms, which
include resistive, capacitive, piezoelectric and triboelectric. How
to make the existing sensing mechanism more stable and reliable
and develop new sensing mechanism should be the future
research directions. The continuous advancement of new materi-
als, advanced manufacturing technologies and smart sensing
mechanisms has greatly prompted the improvement of the perfor-
mance of flexible force sensors, these high-performance sensors
will be widely used in wearable and implantable health monitor-
ing fields. For wearable sensors, the monitoring of body movement
and vital signs has been found to be an applicable scenario, the
development of miniaturized and multifunctional integrated
wearable electronics could be one of the future research directions.
For implantable areas, physiological parameter monitoring and
adjuvant therapy are applicable scenarios. Long-term challenges
include energy supply and data transmission. Although piezoelec-
tric and triboelectric sensors can generate electricity, how to make
energy harvesting greater than consumption is the problem that
should be addressed in the future. Radio frequency (RF) circuits
have proved to be an effective way of data transmission, but
how to achieve lossless transmission of signals is a problem. In
summary, flexible force sensors are promising for health monitor-
ing, and their application in personalized and preventive medicine
will provide powerful socio-economic benefits and improve peo-
ple’s quality of life.
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