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Wearable strain sensors have drawn massive awareness in various studies and industrial fields. The growing
suitability and adaptability of such systems have increased the demand for developing instruments with
improved aspects and packaging required to investigate bio-integrated gadgets, electronic skins, wearable
wellness care techniques, and smooth robotics. Despite the outstanding performance, there are enormous
challenges in the production of significant fundamental enrichments to the latest optical, mechanical,
electrical, and sensing modalities and developing these for precise detection needs. Given all these
demanding challenges, state-of-the-art wearable strain sensor technology is evolving towards a roadmap
for exploring next-level generation innovations and breakthroughs in nanotechnology, and flexible strain
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sensors incorporate the virtues of stretchability, high detection power, and several other features. Skin-
attachable wearable devices are developing as a tremendously attractive area due to their capable
applications in the fields of artificial intelligence, human—machine systems, and healthcare tools. To under-
stand and explore wearable strain sensors, this brief review describes aspects of flexible wearable strain
sensing systems along with their challenges and prospects.
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1. Introduction
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Wearable sensing technology' ™ has attracted significant attention
and has swiftly transformed from a scientific idea to an extensive
collection of traditional consumer and healthcare goods.
This rapid evolution of wearable sensors may be credited to
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numerous features, e.g., comparatively low-cost prices and
ergonomics implemented by advancements in the small sizes
of electronic components, the vast demand and use of smart-
phones and associated gadgets, a rising human yearning for
health-related awareness, and the unachieved medical require-
ments to continuously obtain correct and precise medical
quality data from the patients.® Despite the substantial pre-
liminary success, a large amount of knowledge is still required to
monitor exact information from the body. These requirements
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are still only partially met by the detecting modalities used in
contemporary wearables,'®"* which are not specific. Besides,
most wearable sensor products are still being manufactured
based on outdated techniques, which have been accessible for
decades. Even the most innovative wearables, such as continuous
transdermal glucose monitoring equipment, leverage almost
30 years of advances in enzyme electrodes using simple and
ultra-cheap finger-prick test strips of glucose."® Transcutaneous
blood glucose monitoring may be the only prevalent wearable
sensor that measures the persistent observation of underlying
explicit disease or infection."*'®

Technology has been playing larger roles in our daily lives,
which helps to meet some of the demands of modern living
while also adding to others. To fulfill these needs, there are
numerous opportunities in the textile business to increase the
usefulness and performance of textiles. The emergence of
intelligent nanotextiles'” will transform how we dress, how
our houses are furnished, and how industrial materials are
utilised. Expectations for textile performance have increased
due to the impending revolution, and there is a high demand
for “smart materials” that are more aware of their surround-
ings. A wide variety of uses for technical and functional textiles
can be found in fields ranging from the military and security to
individualized healthcare, cleanliness, and entertainment.'*°

Doctors can diagnose the disease and monitor the wellness
of the patients by using numerous outdated available diagnos-
tic tools for nearly every analyte. Nevertheless, these tests
require the drawing of blood from a patient’s body because of
their non-wearability and outdated bench-top assessment
procedures.”®* The main question of whether wearable sensor
technology can evolve for the precise and more specific
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physiological phenomena, such as monitoring the health of a
baby inside the mother’s womb by the measurement of simple
mechanical movements of the fetus, or the differentiation of a
fatal seizure from just higher physical exertion,>*>°
sportsperson or a worker about their dangerous dehydration
because of over-exercising or overwork by continuous measure-
ment of their health analysis data, still needs answers.>*%3°
Usually, wearable electronic gadgets are fabricated using wear-
able non-toxic materials, smart sensors, modules and linkages,
actuators, power sources, control and processing units, a user
interface, software, and sophisticated algorithms for data
collecting and decision-making, which are all components of
wireless communication systems. As a result, the system
processes data from factors including body temperature, blood
pressure, the patient’s level of exertion, and the concentrations
of gases, different ions, and proteins in circulation to monitor
the patient’s physiological information. The smart sensors
will be utilized in wearable electronic devices, which are sur-
rounded by conducting electrodes. However, these constituent
materials must be lightweight, highly flexible, ultrathin, stretch-
able, and with low moduli. Various state-of-the-art applications
of wearable strain sensors are illustrated in Fig. 1.

In this brief review, our focus will be on wearable technologies
that can extract data from the interior of the body, but without the
need to implant a sensor within the body. Typical environmental
sensors and limb-movement accelerometers are not in the scope
of this review. This report focuses on the new borderline of
wearable techniques and terms traditionally utilized by analytical
chemists. In brief, this report describes the categorization of
wearable strain sensors,*** the basic physics principles of the
body-to-signal transduction method, the state of the art, unsettled
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challenges, and finally, comments on the prospects. The authors
believe that the outcomes of this mini-review will serve as a basic
text for beginners in the field of wearable sensors, and it will also
be helpful to experienced researchers in wearables by expanding
the knowledge of challenging sensing modalities and the vital
obstacles that are being faced by wearable sensors and devices.

2. Historical viewpoint

There is a long history of wearable strain sensors. Some are
briefly described herein. Wearables were first realized in the
Apollo Space Program during the early 1960s, when scientists
were well aware of the physical extremes of humans on this
mission. They recognized the need for some specific non-
invasive sensors®® to continuously monitor the health status
of astronauts, as well as transmit real-time data back to earth.
Wearable sensors fulfilled this job in a very efficient manner.
These sensors included an electrocardiogram (Fig. 2(a)), and a
heated thermistor to sense breathing by measuring the cooling due
to inhaled and exhaled air movement from the mouth. Within very
little time, pulse oximetry proved itself as an entirely safe and
standard measurement technique during general anesthesia
(Fig. 2(b)). There was also a biosensor probe for the precise
measurement of glucose in the body (Fig. 2(c)).>* Wireless
electrocardiogram (EKG) (Fig. 2(d)) heart rate monitors started
as standard equipment in 1977. Wearable monitors first gained
popularity in the early 1980s and started being used by the
common man in the late 1980s.

Leland Clark and Ann Lyons from the Cincinnati Children’s
hospital developed the first precise glucose enzyme sensing
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Fig. 1 Potential state-of-the-art applications of wearable strain sensors.
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Fig. 2 Some historical glimpses of wearable sensors: (a) pulse oximetry for wearing on the fingertip, (b) wearable sensors used during the Apollo Space
Program, (c) an early wearable digital glucose sensor for diabetic patients, and (d) ‘Sport Tester PE2000" heart rate monitor by Polar. (Adapted and

reprinted with permissions,> Copyright 2018, Royal Society of Chemistry).

electrode in 1962. However, it took a long time to realize the
non-invasive wearable sensor. Electro-osmotic flow, also known
as reverse iontophoresis, involves generating interstitial fluid
through paracellular pathways so that the negatively charged
plasma membranes can promote a moving electro-osmotic
sheath of Na' ions. Cygnus Inc. was granted FDA approval for
its Glucowatch, which was a significant novel noninvasive
approach to diabetes monitoring since diabetes can be deadly
if glucose monitoring is not performed accurately. However, to
date, non-invasive wearable chemical sensors are still unavailable
as popular products®® (the broadly used transcutaneous glucose
monitors are invasive and are not a part of this review).

Commercially available wearable sensors like watches by
Fitbit and Apple and medical patches by Medtronic’s SEEQ
cardiac monitoring system are examples of the latest wearable
strain sensors, which indicate the advancement of technology;
the current wearable sensors consist of simple electrical and
optical measurement components on the skin.

3. Wearable sensing mechanism

Inertial motion and plantar force sensors can empirically
monitor the movement of the human body. The miniaturized
size of these sensors makes them wearable. The measurement
of linear acceleration, angular velocity, and the direction of
human body movements allow inertial motion sensors to
distinguish the postural sway of humans. Also, the measurement
of the coefficient of performance (COP) path at the plantar surface
of the foot and stance/swing time during walking enables plantar
force sensors to perceive the postural sway and gait variability.
Flexible and wearable electronics that can be implanted into
clothing have recently drawn increasing interest.*”*® In such a

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

flexible system, information on mechanical deformation has
always been an important research topic.**** The gauge factor
of a strain sensor is low to facilitate a higher strain sensing range.
Further, the mechanical properties of fundamentally fragile mate-
rials are incompatible with those of textiles for integrated systems.

Another approach is to fabricate sensing devices from soft
and flexible materials. Composites of polymers and conductive
fillers have been successfully demonstrated for this purpose.
Such materials can sense mechanical strain by the electron
tunneling effect between adjacent particles or by sensing the
resistance change due to the opening and closing of micro-
cracks by mechanical deformation.**>° These schemes have shown
more extensive strain sensing ranges with similar gauge factors
compared to rigid materials. Furthermore, they can be integrated
into textiles with low manufacturing costs. The conductive compo-
sites are usually obtained by mixing an insulating polymer with
carbon black powders or carbon nanotubes. In general, these
flexible strain sensors are fabricated based on thin-film technolo-
gies with limited placements and configurations.

4. Classification of wearable sensors

In this section of the review article, we discuss optical, mechanical,
electrical, and chemical sensors. The primary body-to-signal
transduction method for each sensing modality presented is
also explained in brief, and the real-life devices and their
practical illustrations are discussed. Newly developed wearable
physical sensors have enough stretchability and flexibility
to resist the deformations caused by human activities.> ™
For example, portable sensors measure physical factors in a
patient’s body condition, including the temperature of the body
and skin, wrist, blood pressure, and skin fatigue. These aspects

Mater. Adv,, 2023, 4,1444-1459 | 1447
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critically indicate the complete health of a person. With this
measuring capability, physical sensors can measure these
physical parameters and can electronically monitor the
human-machine interface, skin, or overall patient health.>*™”

4.1. Pressure sensors

Pressure ranges vary differently from one part or target of the
body to another to measure the parameters. For wearable
pressure sensors, pressure ranges can be divided into three
different categories, namely a range of low pressure (100 kPa),>®
which includes a person’s weight or high-altitude atmospheric
pressure.®® Diseases related to the eyes, heart, damaged vocal
cords, etc., can be monitored by sensing the changes in some
different types of pressure. The extensive studies on portable
pressure sensors have opened a pathway for their utilization in
personal health-related wellness and medical diagnostic instru-
ments. Many sensing mechanisms, including piezoresistivity,
piezoelectricity, and capacitance, can be used to convert physi-
cal stimuli into measurable electric signals. The basic principle
of piezoelectric pressure sensors is founded on the piezoelectric
effect, which is the change in the electrical charge that occurs
in some specific solid materials as a result of the pressure
applied on them. The following equations can indicate
pressure-induced electricity:

D; = SQSZ'J‘O'EJ' + dyO'J and JI = SijEUj + dIJEJ (1)

where, S, E, o, 0, &, & o0, d and D denote the mechanical
compliance matrix, electric field, the stress induced by applied
pressure, the strain induced by applied pressure, the electrical
permittivity of free space, the relative electrical permittivity, the
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piezoelectric coefficient, and the electric displacement vector.
i, j, and I, J, are different indices. The d3; and dj; are the
transverse and longitudinal coefficients. Therefore, the piezo-
electric effect is the induction of polarization in the dipole as a
result of the pressure applied to the material. This polarization
is proportional to the applied pressure. The piezoelectric pres-
sure sensors are extensively used to detect different dynamic
pressures, e.g., sound vibrations, owing to their rapid response
time and comparatively low energy consumption. PbTiO;,
BaTiOs, PVDF, and P(VDF-TrFE) are some of the appropriate
materials used in the fabrication of piezoelectric pressure
sensors. A representative material for a film-type sensor, known
as P,°°®* is used extensively to manufacture wearable pressure
sensors. An ultrathin and ultra-high- quality PZT sheet is used
as a component of a capacitor, and it connects to the gate
electrodes of a FET (Fig. 3(a)). FETs intensify the piezoelectric
output of the PZT and change it to an output current. This is a very
thin and lightweight device with high sensitivity (~0.005 Pa) and
fast response time (0.1 ms). It can be softly attached to the neck/
throat or wrist to monitor blood pressure®*®® (Fig. 3(b)).

The human skin can successfully adopt this wearable porous
PSR pressure sensor for several applications, e.g., man-machine
interface, sanitary healthcare observations, and remotely control-
ling robots (Fig. 3(c)). Researchers have not only developed
pressure sensors based on the microstructure and porous struc-
tures, but they have also successfully developed piezoresistive
pressure sensors based on several other materials.®*®® Gong
et al. successfully fabricated a highly sensitive flexible pressure
sensor by inserting gold nanowires (AuNWs) between two
PDMS films.®® The Au-NW-incorporated flexible pressure sensors

0.00 -= 6 1000 2000 3000
4 Apciod £6033r0 (673

Time (s)

P HHSHS
S &SP
Applied pressure (kPa)

Fig. 3 Wearable pressure sensing gadgets. (a) A schematic diagram of the cross-section of the pressure sensor and its contacts in an accompanying
transistor. (b) The pressure sensor positioned on a wrist and neck to measure instantaneous variations in blood pressure’® (reprinted with permission
2014, Copyright, Nature Publishing Group (NPQ)). (c) Printed pressure sensor mounted on a commercially available elastomeric patch. The arrays of the
sensor consist of four channels of pressure sensors’® (reprinted with permission 2014, Copyright, John Wiley and Sons). (d) The skin-mounted sensor
directly above the artery of the wrist (scale bar 3 cm). (e) The heartbeat is measured by sensing the physical force under healthy and exercising
conditions”? (reprinted with permission 2014, Copyright, Nature Publishing Group (NPG)). (f) A picture representation of pressure-sensitive graphene
FETs. (g) A plot of changes in normalized drain current versus pressure applied on the device”* (reprinted with permission 2014, Copyright, Nature
Publishing Group (NPG)); (figure reproduced with permission,®* Copyright 2017, from MDPI, Polymer).
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delivered real-time blood pressure monitoring with high precision
and sensitivity, as shown in Fig. 3(d) and (e).

As is evident from the name, capacitors make up capacitive
pressure sensors. Fundamentally, the magnitude of capacitance
varies with the thickness of the layer of dielectric material. The
capacitance C may be expressed by the relation C = ¢y¢,(A/d), where
A is the overlapping area between the two plates, d is the thickness
of the dielectric material, &, is the electrical permittivity of free
space, and ¢, is the relative static electrical permittivity of the
dielectric. As an inference, the capacitance increases while
externally applied pressure reduces the thickness. To alter the
pressure-dependent thickness, materials with small modulus
values, such as polyurethane (PU), PDMS, and eco-flex are
generally used. Sun et al. fabricated a pressure sensor com-
prised of a stretchable and transparent dielectric material
crammed in between two flexible ion conductors.*"*® Owing
to its transparency, stretchability, and better biocompatibility
with the human body, this sensor can be applied in implan-
table or wearable electronic gadgets. Park et al. also developed a
flexible and highly sensitive capacitive pressure sensor by
raising an air gap between a single-walled carbon nanotube
(SWCNT) film and a porous PDMS film.”* Nevertheless, capa-
citive pressure sensors have certain restrictions, such as slow
response time and low sensitivity due to the small modulus of
the elastomer used in the fabrication. The use of air as a
dielectric layer improves sensitivity. To resolve this issue, Zang
et al. successfully demonstrated a flexible pressure sensor with
remarkably high sensitivity in the low-pressure region, which
was constructed on a suspended FET gate electrode.” It can be
worn on the wrist and can monitor pulse waves. The pressure
sensors described above are sensitive and can detect precise
pressure intervals. However, a pressure sensor capable of
detecting a wide range of pressures for diverse applications is

(a)
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always needed. Very recently, Shin et al. also demonstrated an
alternative approach to fabricating a pressure sensor array®*
filled with an air dielectric layer using folding panels (Fig. 3(f)).
The sensor can be used successfully over a vast interval in
tactile sensing, as shown in Fig. 3(g). All the results above have
established that pressure sensing devices are arising as promis-
ing candidates for monitoring human movements, individual
healthcare, and wellness.

4.2. Strain sensors

While a person moves, small and large deformations occur.
Wearable strain sensors must be able to precisely detect and
observe the movements of the targeted organs of the human
body continuously, whether this movement is generated from
the faint vibration of the vocal cords or the activities of the
joints; therefore, there is a need for flexible strain sensors.
Because of the flexibility requirements, the strain sensors must
consist of a flexible and stretchable material, and this differ-
entiates them from conventional silicon-based strain sensors.”®
The constituent material of wearable strain sensors must be
mechanically reliable, stretchable, sensitive, should have the
property of hysteresis, and must produce a linear form of the
output signal.”” The classification of wearable strain sensors is
according to the working mechanism used for sensing. Piezo-
resistive strain sensors notice the deformations within the
targeted body organ primarily by variations in the resistance.
The following well-known equation may describe the change in
the resistance of the materials used in piezoresistive strain
sensors: R = p(1/4), where p is resistivity, [ is the length, and 4 is
the area of the cross-section of the constituent material used in
the piezoresistive sensor. A and I are both geometrical factors,
and the piezoresistivity of the used materials induces changes
in p. When a metal or semiconductor is deformed, its

)i o NN\
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" “”’“”Mﬂf\ﬁﬂu I
‘“"“ww\ MJM W

hme (s)

lonically
Conductive
Fluid
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Fig. 4 Some examples of wearable strain sensors: (a) schematic cross-sectional diagram of the strain sensor comprised of 3-layers stacked in a
nanohybrid structure. (b) Time-dependent resistance variations AR/Rq of the sensors®? (reprinted with permission, American Chemical Society, Copyright

2015). (c) Optical micrograph of a graphene woven fabric’s relative change of resistance. (d) Relative resistance variation between 0% and 0.2% strain

96

(reprinted with permission, John Wiley & Sons, Copyright 2014). (e) Representation of the multicore—shell printing procedure for a fiber-type capacitive
strain sensor. (f) Normalized decay-time response of the sensor (reprinted with permission John Wiley & Sons,®” Copyright 2015).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interatomic spacing changes and as a result, its bandgap
changes. This change is often expressed as the gauge factor,
AR/R of strain sensors. Consequently, because of substantial
changes in resistivity, semiconductors have a high gauge factor.
Carbon black, zinc oxide (ZnO), and CNT are some examples of
semiconducting materials for use as piezoresistive strain
sensors.”>”* " Roh et al. embedded single-walled carbon nano-
tubes in a conductive elastomer polyurethane-poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PU-PEDOT:PSS) to fabricate
the strain sensor®® as shown in Fig. 4(a). This sensor exhibited
a gauge factor of 62, stretchability of 100% strain, and 62%
transmittance®>® in the visible range (Fig. 4(b)). Furthermore,
deformations may lead to changes in the resistance (Fig. 4(c)) as
a result of disconnections in the network geometry or cracks by the
applied force or pressure. CNTs, graphene flakes/films, and metal
nanowires (mNWs) are some examples (Fig. 4(d)) of materials
possessing a conductive network. While these materials are
stretched or bent under external force, there may be the sliding
of atoms or molecules within the network, which produces a
measurable change in resistance.®*®*®® Frutiger et al demon-
strated a capacitive strain sensor®” analogous to fiber using silicon
elastomer and conductive ionic fluid (Fig. 4(g) and (h)). The strain
can also be detected using the property of the piezoelectric effect of
some explicit materials.®® Various oxides have been used to develop
a piezoelectric strain sensor.**' Recently, a flexible piezoelectric
sensor based on a ZnSnO; nano/microwire was fabricated success-
fully by Wu et al; interestingly, the gauge factor of the sensor was
3740 at 0.35% strain.””> There is no requirement for an external
power source for piezoelectric strain sensors as they are mostly self-
powered. However, the main challenges are still stretchability and
flexibility because of the unsuitable mechanical properties of piezo-
electric substances.”"***

4.3. Piezoresistive sensors

Several transduction mechanisms with capacitance, piezoresis-
tivity, piezoelectricity, etc., are available for converting tactile
stimuli into electrical signals.”>®”'° Every transduction
method has its characteristic features (Fig. 5), which are pre-
sented in the paragraph below. Accordingly, R is the resistance
of the conductive material, A is the conductor’s cross-sectional
area, L is its length, and p is its resistivity. Wearable electronics
frequently exploit the piezoresistive effect. The variation of
resistance with the applied pressure and its transduction into
electrical signals is the foundation principle of piezoresistive
sensors (Fig. 5(a)). These sensors have been studied intensively
due to the fact of their remarkably intense pixel density,
comparatively simple device structure, and protected read-out
mechanism algorithms.'®! The suitability of piezoresistive sen-
sors over vast pressure ranges makes the precise measurement
of large strains possible. The variation of contact resistance (R.)
between two materials is governed by the applied forces (F) and
is the primary source of the change in the electrical signal.'*>
The resistance of a pressure sensor changes as a consequence
of the pressure applied to the device. The power law, R, ~ F~ /2,
confirms the remarkably high sensitivity of piezoresistive sen-
sors in low-pressure regimes and their relatively wide operating
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ranges. Additionally, these devices have a fast response
speed.'®?

The term capacitance characterizes the ability of a body
to store electrical charge. An applied pressure produces a
deflection in the plate, followed by a change in the capacitance
of the used parallel-plate capacitor (Fig. 5(b)). These changes
don’t need to be linear and they may be of the order of several
picofarads (pF). By changing the pressure-induced capacitance,
the frequency of an oscillator can be controlled, or the coupling
of an alternating current (AC) signal through a network
can be varied. These sensors tend to exhibit low sensitivity
due to the relatively small changes in the parallel plate
capacitance.

The OFETs can be categorized among the most meticulously
studied electronic components. A typical OFET structure com-
prises a semiconductor layer, a gate dielectric layer, source-
drain electrodes, and a gate electrode. In a typical device
structure, the gate dielectric layer is positioned between the
gate electrode and the semiconductor layer. As a gate voltage is
applied, the charge carriers gather at the interface of the
dielectric/organic layer and establish a conductive channel
and finally, current drifts from the source to drain electrodes
while applying a source-drain bias.'**"'°

Piezoelectricity is also one of the frequently followed trans-
duction methods to fabricate pressure sensors. Piezoelectricity
denotes the generation of electrical charges in some specific
solid materials as a result of the applied mechanical stress.'%” It is
the presence of electric dipole moments in solids that contributes
to the generation of the piezoelectric effect (Fig. 5(c)). Piezoelectric
sensors can be used in a wide range of applications for the
detection of dynamic pressures such as sound vibrations,
owing to their remarkably high sensitivity and ultrafast response
time. Piezoelectric sensors are promising for the development
of ultra-low-power-consuming or even self-powered pressure
sensors.' %

4.4. Wearable humidity sensors based on porous graphene:

One of the most important physiological markers that may be
utilized to track a person’s health and activity levels is respiration.
The porous graphene network is flexible, light, and extremely
conductive, thus making it a good candidate for a humidity
sensor for respiration monitoring. Graphene oxide (GO),
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PED-
OT:PSS), and Ag colloids (AC) were employed to modify the
porous graphene to improve the sensing performance. At
various relative humidities (RH), the characteristics of porous-
based graphene networks have been studied. The porous
graphene sensors are capable of monitoring various breathing
patterns, including mouth and nasal respiration, and normal
and deep respiration. Additionally, the sensors record the
signal changes before and after water consumption, demon-
strating the capacity to monitor health processes. Furthermore,
the humidity sensor showed the ability to detect physiological
activities including skin moisture, and speaking and whistling
rhythms, which could be promising for clinical respiration
monitoring.'**"

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5. Promising state-of-the-art strain
sensing applications

Due to the excellent flexibility and fitting exhibited by flexible stress
sensing materials, they have great potential in many applications,
especially in the monitoring of stress and stress distribution on
surfaces with three-dimensional irregular curved structures. The
chemical fabrication process for flexible (humidity) stress sensors
based on porous graphene network has been shown, step-by-step in
Fig. 6(a)-(g). The process is initiated with a nickel foam template,
then a graphene layer is prepared on the foam using CVD, followed
by acidic chemical etching to obtain a porous network, chemical
modification of this porous network, and finally transferring the as-
obtained porous network to a flexible PET substrate. Flexible stress-
sensing materials are commonly used in applications with different

(b)
cvD

(a)

(9)

HCI etching

types of stress regions.®***>™'* The applications include ultra-low
stress (<1 Pa) signal monitoring such as sound capture; weak
stress (<1 kPa) signal acquisition, such as ultra-sensitive electronic
skin, and touchpads; low stress (<10 kPa) signal detection, includ-
ing motion monitoring in daily activities; and medium pressure
(<100 kPa) signal acquisition, which includes plantar pressure
collection."'*""°

The current applications of wearable, flexible stress sensors are
mainly concentrated in the fields of human physiological signal
monitoring, motion and gesture recognition, flexible touch switches,
electronic skin, and robots, which are introduced briefly below.

5.1. Human physiological signal monitoring

The flexible wearable stress sensors can realize real-time and
long-term evaluation and feedback of individual physiological

(C) Surface (d) —GO——

modification ﬁ - ,,‘,;

Woc o

® e | .
éQo Lead wire _AC
& &
PET o~ S

Fig. 6 Detailed step-by-step diagram of the fabrication process for devices. (A) A template made of nickel foam. (b) Using the CVD process, a graphene
layer was created on the nickel foam. (c) A porous graphene network was created by etching the nickel skeleton with a solution of hydrochloric acid.
(d) To obtain the surface-modified samples, the porous graphene networks were submerged in GO, PEDOT: PSS, and AC solutions. (e) Copper wires
were led out after the modified samples were put into a flexible PET substrate. (f) The graphene/nickel foam image. (g) The image of the porous graphene
network sensor demonstrates its ability to bend and stretch. Adapted and reprinted with permission,'* Copyright 2018, Elsevier.
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American Chemical Society. (b) Roll-to-roll gravure printing enabled mass production of high-performance flexible chemical sensors at low cost.

Reproduced from ref.110 Copyright 2018 American Chemical Society.

data by avoiding the burden of heavy instruments and the
storage of complicated cables. They can continuously perceive,
acquire and transmit physiological signals such as the pulse
and blood pressure of the human body without being affected
by daily activities and can realize better personal medical
treatment.”®”7'>°123 Currently, researchers have designed
and developed a variety of flexible sweat sensors (Fig. 7) that
monitor the pulse, blood pressure, and respiratory rate. Bao
et al. designed a flexible stress sensor (Fig. 8(a)) with a micro-
hair structure'* that fits well on the surface of the human body
and uses the micro-hair structure to adhere to the skin to
monitor the depth. Wang et al. integrated the sensor with
the breathing mask'* to form a device that can monitor the
respiratory rate of the human body and can accurately observe
the breathing process in different states of the human body in
real-time (Fig. 8(b)). To observe the pulsation of blood vessels,
Lee et al. prepared a bending-insensitive stress sensor'>®*°
based on graphene and carbon tube composites, which can
continuously monitor the pressure on the artificial heart and
blood vessel wall in real-time without being affected by activities
such as human limb bending (Fig. 8(c)).

5.2. Motion and gesture recognition

Statistical data shows that when humans communicate, the
amount of information transmitted by language is about 7%,
and expressions and physical movements express about 50% of
the messages. Therefore, facial expression recognition and
gesture recognition have gradually become research
hotspots.** A flexible and lightweight stress-strain sensor
matrix can be placed on the face or different joints to analyze
the expression and posture of the human body."*** It is safe
to wear without any harmful effects, and the cost-effective mass

1452 | Mater. Adv., 2023, 4,1444-1459

production of such devices is also possible. Su et al. laced
multiple flexible stress sensors'®® on the forehead, eyebrows,
nose, chin, and corners of the mouth for the multi-recognition
of body expressions. Multi-channel linkage was used for
smiles, laughter, surprise, sadness, fear, frustration, anger,
and relaxation to identify the eight primary facial expressions.
The same stress-strain sensor can also be integrated directly into
the joints and muscles to detect movement of the joints or
muscles™®® of the human body. The realization of the detection
function of the joint activity of the human body can be applied
in the medical field, such as in physical therapy rehabilitation,
and prostheses.

Self-powered body motion skin sensors fabricated using
triboelectric nanogenerator'*” (TENGs) can be categorized into
several groups based on the triboelectric materials™*® used.
The first type is built on materials that can be stretched, such
as rubber and silicone elastomers. A stretchable rubber-based
(SR-based) TENG was reported by Yin et al.,"*° which makes use
of the triboelectricity between a stretchable rubber and an
aluminum (Al) film, as shown in Fig. 9(a)-(c). The SR-based
TENG operates on a novel theoretical foundation. It causes in-
plane charge separation between rubber and Al instead of
rubber shifting in position, which results in the potential
difference between the Al electrode and the ground. Fig. 9(d)-
(f) illustrates the soft, stretchable triboelectric band described by
the author, which is made of a rubber tube filled with physio-
logical saline.

5.3. Electronic skin and a flexible wearable touch switch

Electronic skin'*°"**? is a flexible sensor device that mimics the

human skin’s perception and collection of external stimulus
signals. Its main feature is the ability to monitor the stress

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with permission from ref. 130. Copyright 2015 John Wiley and Sons).

distribution at the pixel points in the 3D surface in real
time.®%**37113 Electronic skin was prepared by Liu et al.**® using
an elastic carbon sponge obtained by the carbonization of
melamine, which utilizes inter-digitated electrodes to increase
sensitivity. The ability of the material to contact the electrode'*’
results in stress distribution and the magnitude is determined
by scanning the rate of change of resistance at each pixel in the
sensor dot matrix. The case shown is a schematic diagram for
detecting the areas and sizes of different chess pieces.

Similar to electronic skin, after integration, the trajectory of
the finger or other object moving on the sensor can be
observed, and the stress between them can also be recorded
by the sensor array so that it can be applied to the flexible
touch-field,****° (Fig. 10(a)). There are integrated sensor com-
ponents with different shapes on the wristband, and wireless
manipulation of the wrist band for household appliances.""
They have been proven to be useful for Washable Electronic
Textiles'®> as Self-Powered Touch/Gesture Tribo-Sensors for
Intelligent Human-Machine Interactions (Fig. 10(b)). Flexible
touch panels may also achieve the remote control of the turning
on and off of household appliances such as lamps, fans, and
microwave ovens via signal amplifiers (Fig. 10(c)), relays, wire-
less transmission (Fig. 10) and receiving devices."*?

5.4. Robots and intelligent interaction

The stress sensor can accurately capture the fine movements of
the human body or humanoid robots and can thus be applied
to the field of robots and intelligent interactions.'®*

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

At present, the stress sensors used in robotics or intelligent
interaction fields are mainly multi-channel work. Similar to
expression recognition, the multi-channel sensors are used to
monitor the stress and strain of different parts, and the action or
posture of the object to be tested is judged in real-time.'®'"%
Fig. 11(a)—(c) are the applications of robot motion recognition,
somatosensory games, and wrist movement digitization.

6. Challenges in wearable strain
sensing technology

There has been profound progress in the clever use of flexible
and stretchable wearable sensors in this field throughout
the years. The latest achievements and continuous advance-
ment of the technology have proved the sensing conductors to
be promising candidates in numerous profound applications to
detect the motion of the human body by utilizing the simple
principle of the variation of resistance in terms of a measurable
electric current under ambient distortions, and thus an all-new
sector of consumer health care has emerged. Numerous sen-
sing devices concerning health-centered applications, which
were just a theoretical possibility, have turned into reality.
However, lots of significant challenges still exist on the long
path towards precision and more diverse applications. For the
further development of more innovative and versatile devices, a
robust understanding of the transduction mechanism is a must
because it is the most critical part of enhancing the overall

Mater. Adv., 2023, 4,1444-1459 | 1453
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the abdomen during expiration and inspiration. (c) Optical images of the device on the knee at different bending angles and voltage responses when

bending the knee at different angles and different rates.** (

Reprinted with permission Copyright 2015, John Wiley & Sons). (d) The typical device structure

of the TENG band. (e) Schematic illustration of the skin TENG band for body motion detection.*® (Reprinted with permission Copyright 2018, Elsevier).

(f) Schematic illustration of the skin TENG band for identification. (Reprinted with permission Copyright 2018, Elsevier).

detection precision and further enhancement of the gain factor
of the transduced signal obtained as a result of deformations.
Recently, the resistance and hence the current variation in
strain sensors were proved to be produced due to numerous
mechanisms, including piezoresistivity, the connection-dis-
connection mechanism, geometry effect, and tunneling effect.
The scientific community needs to focus on further sharpening
the knowledge and the understanding of robust mechanical
properties to develop highly intelligent sensors for monitoring
the specifically targeted organs of the human body; failure to do
this could result in worse situations for individuals.

For the precise measurement of the data, a secure data read-
write mechanism in severe circumstances is also of vital
importance for real-world applications, along with a stable
and diverse signal output.

7. Conclusions and outlooks

In this review, we have presented a compressive study on the
recent progress of wearable strain sensors and advanced appli-
cations. The latest research outcomes of several papers in the
field were considered to provide a glimpse of the state-of-the-art

1454 | Mater. Adv, 2023, 4,1444-1459
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technology and to understand the physical phenomena behind
the strain-responsive mechanisms of strain sensors at the
microscale. Lots of conventional approaches, including several
new ones such as disconnection between overlapped nano-
materials, crack proliferation in thin films, and the tunneling
effect, have been used for the development of highly efficient
flexible strain sensors.

After speedy progress on wearable strain sensors in the
previous few decades, incredible advancements have been
achieved, thus making the use of pressure sensors in real-life
electronic applications possible. The thriving development of
organic electronics inspired the unprecedented advancement
of flexible pressure sensors with sensitive response proficien-
cies. Ultrasensitive, stretchable, and flexible pressure sensors
are currently emerging as ideal candidates for wearable well-
ness monitoring applications. These accomplishments and
potential applications have enabled flexible pressure sensors
to be a crucial component of upcoming electronics.

We strongly believe that stretchable, flexible strain sensors
can serve as a vital component for several applications such as
biomedicine, robotics, and entertainment sectors. However,
high dynamic response with low overshoot and decay, a certain

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photodetector gadgets using the mask-free direct-writing method™® (reprinted with permission Copyright 2021, Elsevier). (c) Flexible composite

pressure sensors for underwater monitoring (left); pulse wave curves and response signals under different conditions.
Copyright 2022, American Chemical Society). (d) Photographs of the increased light intensity.

Chemical Society).

162 (

Fig. 11 (a) Motion-sensing game with a wearable stress sensor system
and digitalization of hand motion with a smart glove integrated with sensors.

degree of hysteresis, robust and flexible packaging, and con-
formal attachment to the targeted organs of the human body
still need to be achieved.
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