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Wearable and Stretchable Strain Sensors: Materials,
Sensing Mechanisms, and Applications

Hamid Souri,* Hritwick Banerjee, Ardian Jusufi, Norbert Radacsi, Adam A. Stokes,
Inkyu Park, Metin Sitti, and Morteza Amjadi*

Recent advances in the design and implementation of wearable resistive, and
capacitive, and optical strain sensors are summarized herein. Wearable and
stretchable strain sensors have received extensive research interest due to
their applications in personalized healthcare, human motion detection, human-
machine interfaces, soft robotics, and beyond. The disconnection of overlapped
nanomaterials, reversible opening/closing of microcracks in sensing films,

and alteration of the tunneling resistance have been successfully adopted to
develop high-performance resistive-type sensors. On the other hand, the sensing
behavior of capacitive-type and optical strain sensors is largely governed by
their geometrical changes under stretching/releasing cycles. The sensor design
parameters, including stretchability, sensitivity, linearity, hysteresis, and dynamic
durability, are comprehensively discussed. Finally, the promising applications of
wearable strain sensors are highlighted in detail. Although considerable progress
has been made so far, wearable strain sensors are still in their prototype stage,
and several challenges in the manufacturing of integrated and multifunctional

strain sensors should be yet tackled.

1. Introduction

Strain sensors transduce external mechanical stimuli into
electrical signals."! Advances in materials science and micro-/
nanotechnology have translated commercial brittle strain gauges

to soft and robust strain sensors. Wearable
stretchable strain sensors have
drawn tremendous attention due to their
facile interaction with the human body for
a variety of applications such as health-
care monitoring®”! and human motion
detection.®"!! Recently, soft strain sensors
have shown potentials in soft robotics as
sensory skins, enabling robots to actively
interact with the surrounding environment,
including humans."*™* As in the case of
wearable applications, strain sensors must
possess high stretchability (>50%), high
sensitivity, and high durability to accommo-
date multiscale and dynamic deformations
induced by human activities. In addition,
they should be mechanically compliant to
intimately conform to the curved and soft
surfaces like the human skin, chemically
resistant to sweating, and intact to atmo-
spheric conditions such as variations in
temperature and humidity.

To date, many stretchable strain sensors
have been developed by the incorporation of advanced functional
nanomaterials into stretchable supporting materials. Nano-
materials in the form of electrically conductive networks serve
as active sensing films and stretchable electrodes for resistive-
and capacitive-type strain  sensors, respectively.[%%15718l
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In stretchable optical sensors, nanomaterials with unique optical
properties are utilized to enhance the optical sensitivity of
sensors."'??% On the other hand, elastomers and textiles are typ-
ically used as supporting substrates given their high stretchabil-
ity, human-friendliness, and durability.>")

In this Review, the recent developments in wearable and
stretchable strain sensors are discussed. The materials compo-
sitions, fabrication process, and sensing mechanisms of
resistive, capacitive, and optical sensors are studied in detail.
The sensing performance of stretchable strain sensors in terms
of stretchability, sensitivity, linearity, hysteresis, response and
recovery time, overshoot effect, and dynamic durability is
explored and compared. Finally, favorable applications of
wearable strain sensors and current challenges are highlighted,
and an outlook is presented. Unlike recent review papers
focusing on a specific type of strain sensors,'"*'72% this
Review thoroughly covers all major types of wearable strain
sensors, explicitly categorizes strain sensing parameters, and
gives a detailed sensing comparison among recently reported
wearable strain sensors. Compared with our previous Feature
article,!"! this article further reviews optical and textile-based
stretchable strain sensors and comprehensively discusses
potential applications of wearable and stretchable strain
Sensors.

2. Classification of Stretchable Strain Sensors

Resistive, capacitive, piezoelectric, triboelectric, and optical strain
sensors are the most explored stretchable strain sensors. Among
them, piezoelectric and triboelectric strain sensors usually
operate under high frequencies and cannot capture the static
strain because of the fast charge transfer.””) Therefore, their
practical use in multiscale and wearable strain sensing is still
questionable. On the other hand, resistive- and capacitive-type
strain sensors have been extensively studied in recent years
for wearable and skin-mountable strain sensing applications
given their relatively simple readout, high stretchability,
acceptable dynamic performance, and facile fabrication process
(Figure 1)."'%%”! Recently, soft and stretchable optical strain
sensors have also received considerable interest in wearable and
soft robotic applications because of their merits, such as resis-
tance to environmental factors (e.g., temperature and humidity)
and minimized sensitivity to electromagnetic interference
(Figure 1).2828% In view of the above statements, this Review
only emphasizes resistive, capacitive, and optical strain sensors.

2.1. Resistive-Type Strain Sensors

The resistive-type strain sensors based on metal foils were
initially introduced in the early 1940s and have been exploited
for the detection of limited strains up to 5%, such as small
deformations in composites and rigid bodies.*”*®! Nowadays,
the demand for wearable electronic devices has changed the
structure of resistive-type strain sensors from brittle to stretch-
able format. Stretchable strain sensors are typically composed
of active sensing materials combined with flexible and stretch-
able supporting substrates.***! The active materials are usually
in the forms of conducting micro-/nanomaterials—polymers
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composites, thin films, or conductive yarns/fabrics. In fact,
the conductive network of active materials serves as a resistor
under an applied voltage. When stretched/compressed, the
electrical resistance of the conductive network changes as a
function of the applied mechanical strain. The resistance
variations upon stretching originate from geometrical changes
(i.e., length and cross-sectional area), intrinsic resistive
response of active materials, tunneling effect, and/or discon-
nection mechanism.!"*”*% After releasing strain sensors from
tensile/compressive strains, the resistance recovers to its initial
values in a reversible manner. Thus, the deformation state can
be readily measured by recording changes in the electrical
resistance of resistive-type strain sensors.
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Figure 1. Wearable and stretchable strain sensors and their potential applications in healthcare and biomedical engineering, sport performance
monitoring, soft robotics, and gaming and virtual reality. Soft prosthetic hand. Reproduced with permission.”® Copyright 2016, American
Association for the Advancement of Science. Soft robotic gripper. Reproduced with permission.?®! Copyright 2018, Wiley-VCH. Joint motion detection.
Reproduced with permission.*?! Copyright 2015, Wiley-VCH. Smart wearable strain sensor. Reproduced with permission.B" Copyright 2017, Royal
Society of Chemistry. Wireless smart glove. Reproduced with permission.®! Copyright 2014, American Chemical Society. Soft virtual reality glove.
Reproduced with permission.?? Copyright 2019, Springer Nature. Pulse monitoring. Reproduced with permission.*®! Copyright 2016, American
Chemical Society. Respiration monitoring. Reproduced with permission.l! Copyright 2016, American Chemical Society. Whole body monitoring.
Reproduced with permission.®¥l Copyright 2018, American Chemical Society. Drug delivery. Reproduced with permission.”? Copyright 2015,
American Chemical Society. Artificial skin. Reproduced with permission.?®! Copyright 2018, American Association for the Advancement of Science.
Interactive gaming. Reproduced with permission.*®! Copyright 2019, Wiley-VCH.

2.2. Capacitive-Type Strain Sensors where ¢, is the permittivity of air, ¢, represents the dielectric
constant of the dielectric material, and G is a function of the

Wearable capacitive-type strain sensors are often fabricated  capacitor’s geometry. For example, the initial capacitance for

by sandwiching an insulating film known as a dielectric layer ~ a parallel-plate capacitor can be calculated as

between two stretchable electrodes.[Y) Under an applied voltage,

. A,
the accumulated opposite charges on each electrode cannot flow  Cy = gge, j (2)
through the dielectric layer, yielding a capacitor with an initial
capacitance of Co, which is expressed as where A, denotes the overlapped area of electrodes, and d is
the thickness of the dielectric layer. The capacitance of strain
Co = &0, G (1) sensors, which is independent of the resistance value of the
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electrodes, increases under stretching due to the geometrical
changes in the capacitive area.!"?’!

2.3. Optical Strain Sensors

Wearable optical strain sensors are typically composed
of a stretchable waveguide with a core-cladding structure
flanked by light emitter and photodetector. Since the introduc-
tion of novel fabrication techniques in electronics (e.g., soft
lithography and 3D printing), flexible polymeric waveguides
have been investigated for wearable strain sensing appli-
cations.!**?8381 The principal sensing mechanism is based
on the changes in the transmission of strain sensors upon
deformation measured by the generated light power differ-
ence between the light source and photodetector.*®! The most
recently reported stretchable optical strain sensors have
shown promising results in terms of resolution and dynamic
performance.[2%4%

2.4. Other Types of Stretchable Strain Sensors

As aforementioned, other types of stretchable strain sensors have
also been developed in the past decade. Piezoelectric and tribo-
electric strain sensors are the two major types of stretchable
strain sensors.[**™*? Piezoelectricity is a mechanism in which
the electrical voltage is directly generated under external defor-
mation due to the electrical dipole moments in piezoelectric
materials.” Strain sensors based on active materials with a high
piezoelectric coefficient can detect mechanical deformations
with high sensitivity and fast response.*” Wearable triboelectric
strain sensors have been introduced more recently. They work
based on the conversion of external deformations into electricity
by the conjunction of the triboelectric effect and electrostatic
induction. Moreover, when two thin materials with opposite tri-
bopolarity contact each other, the charge transfer at their inter-
face results in the creation of output potential.*® The amount of
the generated potential is as a function of the interaction with the
source of external load/deformation that determines the contact
conditions such as time and area. For further information
regarding flexible and stretchable piezoelectric and triboelectric
sensing devices, the reader is referred to the following
reviews.?>*7>1]

3. Strain Sensing Materials

A crucial step in the design of stretchable strain sensors is the
selection of appropriate materials, assembled structures, and fab-
rication methods. Various conductive materials including carbon
nanomaterials (e.g., carbon blacks [CBs], carbon nanotubes
[CNTs], graphene and its derivatives),[%>*2~7% metal nanowires
(NWs), nanofibers (NFs), and nanoparticles (NPs),®1¢71=7]
MXenes (e.g., TizC,T,), "% ionic liquid,®*®¥! hybrid
micro-/nanostructures,®* ) and conductive polymers!®’~1°"
have been utilized as active sensing materials. Regardless of
the type of stretchable strain sensors, the active materials have
been incorporated into stretchable supporting materials such

as silicone elastomers (e.g., Ecoflex and polydimethylsiloxane
[PDMS]),[68-1016.31.52.56.59.65.67.69.70.73-75.82,85,87-89,91,92.95,96,102-130]
,
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rubbers [55,57,66,76,81,94,131-135]

’

S [54,58,63,64,68,80,84-86,99,136-140]
’

thermoplastic
and medical

poly-
adhesive
films.B* 1142 Natural fiber-based materials such as cotton,
wool, and flax have also been widely used as supporting sub-

mer

strates for the fabrication of stretchable strain sensors.'*371%

Thermoplastic polyurethane (TPU),*® polystyrene-based elasto-
mers,*® and PDMSP%5! are examples of materials used in
stretchable optical strain sensors. The appropriate choice of
conductive nanomaterials and their interaction with stretchable
supporting materials greatly affect the sensing properties of
stretchable strain sensors, which will be further discussed in
the following sections. Figure 2 shows the examples of stretch-
able, wearable, and skin-mountable strain sensors. Such strain
sensors can be directly attached to highly deformable and
irregular surfaces for continuous strain monitoring without
any slippage or delamination from the target object.

4, Fabrication of Wearable Strain Sensors

Low-cost, facile, reliable, and scalable manufacturing strategies
are highly desirable for the large-scale production of wearable
strain sensors. To date, different fabrication techniques includ-
ing chemical synthesis, electrospinning, coating and sputtering,
printing, transfer patterning, liquid-phase blending, filtration,
and laser micromachining have been proposed for the fabrica-
tion of polymer-based strain sensors. Figure 3a shows the fabri-
cation process of highly sensitive strain sensors composed of
one-step chemical vapor deposition (CVD)-grown freestanding
graphene woven fabrics (GWFs) transferred onto the PDMS
substrate.'?®! The electromechanical characterizations of the
GWFs-PDMS strain sensors under various growth conditions
and GWFs orientation were investigated. Huang et al. reported
wearable strain sensors based on parallelly aligned vertical gra-
phene (PAVG) sheets and PDMS composites (Figure 3b).5?
The PAVG sheets were synthesized via the inductively coupled
plasma CVD (ICPCVD) process and were then transferred to the
PDMS film. In another approach, Wang et al. reported resistive-
type stretchable strain sensors based on the conductive network
of reduced graphene oxide (rGO) decorated on the TPU electro-
spun fibrous mats (Figure 3c).I°" The ultrasound-assisted coating
of rGO sheets on the surface of TPU fibers resulted in a 3D con-
ductive structure with tunable sensing properties. Figure 3d
shows layer-by-layer spray coating of Ti;C,T, MXene and
CNTs on an elastic latex rubber film, yielding highly stretchable
strain sensors.®! Guo et al. developed highly elastic sandwich
structured strain sensors based on the synergistic conductive
network of the CNTs/CBs hybrid film spin-coated over the
PDMS substrate.®” The 3D printing process has been used to
develop stretchable strain sensors made of chemically prepared
CNTs/graphene oxide (GO) composite dough.'** In another
work, Wang et al. reported fully 3D-printed stretchable strain
sensors using TPU/silver (Ag) microflake composite as an elec-
trode layer, PDMS as supporting substrate, and TPU/CBs/
sacrificial NaCl template as sensing layer.!"*” This novel structure
minimized inplane stretching disturbance, thereby leading to
customizable stretchable strain sensors. A stretchable strain sen-
sor has been reported by line-patterning of vertically aligned CVD-
grown CNT bundles followed by their rolling and transferring

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(d) (e)

www.advintellsyst.com

Figure 2. Photographs of stretchable, wearable, and skin-mountable strain sensors. a) A stretchable strain sensor based on the rGO/TPU composite.
Reproduced with permission.[*l Copyright 2018, Elsevier. b) A serpentine-shaped strain sensor based on the Ecoflex elastomer embedded with graphite
films. Reproduced with permission."® Copyright 2018, Elsevier. c) A strain sensor made of the carbonized cotton fabric sandwiched between Ecoflex
layers. Reproduced with permission.'*¥ Copyright 2016, Wiley-VCH. d) Stretchable strain sensors made of the carbonized silk georgette and PDMS
composite. Reproduced with permission.'*? Copyright 2017, Royal Society of Chemistry. e) An ultrastretchable capacitive-type strain sensor based on the
metal NFs-ionic hydrogels nanocomposite. Reproduced with permission.”"! Copyright 2019, Royal Society of Chemistry. f) A flexible and highly stretch-
able optical strain sensor based on the TPU/silicone fiber. Reproduced with permission.?8 Copyright 2016, American Association for the Advancement of

Science.

onto the silicone elastomer substrate (Figure 3e).°® In another
approach, highly stretchable strain sensors have been fabricated
based on rGO/deionized water (DI) solution filled in Ecoflex
channels via a simple template method./® Shi et al. reported
highly sensitive and wearable strain sensors made of a composite
film containing graphene NPs (GNPs) and PDMS.*! A medical
tape was used to transfer the GNP film onto the patterned PDMS
substrates by mechanical pressing, resulting in highly conductive
networks (surface resistance of 20-30 Qsq ) for strain sensing.
Interface-controlled conductive fibers made of Ag NWs and TPU
composite were developed for wearable sensing applications.!**!!
The effect of the bonding layer between Ag NWs and TPU fibers
on the sensing performance of wearable strain sensors were
investigated. A capacitive-type strain sensor has been reported
based on the wrinkled PDMS dielectric layer.*) The thermally
evaporated gold (Au) film on parylene electrodes was then
transferred onto the PDMS layer to construct the strain sensor.
The authors have shown improvements in the electromechanical
performance of the strain sensor when the thickness of electrodes
was controlled at the nanoscale. Laser direct writing (LDW) has
been recently introduced as an effective and scalable process
for the manufacturing of wearable sensors.****8 For instance,
LDW was used to develop stretchable strain sensor arrays by turn-
ing Ecoflex elastomer into silicon carbide conductive patterns
through the localized laser irradiation.!"*®

Apart from the polymeric supporting materials, natural
fibers, yarns, and fabrics have been activated by conductive

Adv. Intell. Syst. 2020, 2000039 2000039 (5 of 27)

materials through techniques such as carbonization process,
dip-coating, bar coating, ultrasonication, and vacuum filtra-
tion P2 1437S0 121397163 Carhonization is a  well-established
process where carbonaceous substances such as natural fibers
are broken down into elemental carbon and chemical com-
pounds by heating (Figure 4a)."**'*’| During the carbonization
process, natural fiber-based materials are heated up in a vacuum
oven in the presence of an inert gas without any oxygen from the
air, converting them into electrically conductive active materials
for strain sensing. Modal fabrics,!*®"! cotton fabrics,**¥! and silk
fabrics™*®!? have been successfully carbonized to develop free-
standing conductive structures. These active materials were then
combined with elastomers to manufacture stretchable strain sen-
sors. Despite advancements in the carbonization method, its dis-
advantages are costly equipment requirements (e.g., vacuum
furnaces), multistep and time-consuming process, high energy
consumption, and limitations for large-scale productions.***1*¢!

The dip-coating of conductive yarns/fabrics in conductive inks
is the most common coating technique for their activation. As an
example, dip-coated wool yarns and cotton fabric in the hybrid
ink of GNPs and CBs were encapsulated with the Ecoflex elasto-
mer to construct stretchable strain sensors (Figure 4b).['4314%]
In another study, a two-step dip-coating process was utilized to
fabricate stretchable strain sensors based on cotton fabric.!"”]
The cotton fabric was first dip-coated with GO followed by the
reduction process. Then, the rGO coated cotton fabric was
dip-coated in a CNT ink to improve the conductivity of the cotton

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Fabrication processes of stretchable polymer-based strain sensors. a) Fabrication of GWFs-based stretchable strain sensors. Reproduced with
permission.l'®! Copyright 2017, Royal Society of Chemistry. b) Fabrication procedure of the PAVG-based strain vector sensors through ICPCVD
process. Reproduced with permission.”? Copyright 2019, American Chemical Society. c) Fabrication of rGO/TPU electrospun fibrous mat strain
sensors. Reproduced with permission.!*” Copyright 2018, Elsevier. d) Layer-by-layer spray coating of a sandwich-like TisC,T, MXene/CNTs strain sensing
film. Reproduced with permission.®'! Copyright 2018, American Chemical Society. e) Fabrication process of strain sensors based on vertically aligned
CNTs encapsulated with Ecoflex elastomer. Reproduced with permission.¢! Copyright 2019, Wiley-VCH.

fabrics. Cataldi et al. fabricated highly conductive (=10 Qsq™")
cotton fabric nanocomposites through spray coating of
graphene-TPU dispersions and subsequent hot pressing.!"*”)
The nanocomposites showed stability to various mechanical
folding-unfolding and washing cycles, making them ideal for
wearable sensing applications. Souri and Bhattacharyya have
achieved highly conductive flax yarns by ultrasonication coating
technique using a simple ultrasonic bath and GNPs—-CBs hybrid
materials."*  Later, conductive cotton and wool fabrics
were developed using a scaled-up ultrasonication coating.!**¢!
Highly stretchable sandwich-structured strain sensors were
fabricated by the encapsulation of the conductive fabrics within
the Ecoflex elastomer. Vacuum infiltration of the GO dispersion
through cotton fabric followed by hot-pressing reduction
was also used to fabricate strain sensors with good washing
stability."! It is noted that most of the developed natural

Adv. Intell. Syst. 2020, 2000039 2000039 (6 of 27)

fiber-based strain sensors are resistive-type sensors. This
could be due to the complex and hierarchical structure of
conductive fiber materials, making them suitable for highly
sensitive strain sensing. In a recent study, Atalay et al.
also reported a capacitive-type strain sensor composed of a
porous dielectric layer and soft conductive fabric as stretchable
electrodes.!'*"

Stretchable optical sensors have been fabricated from optically
transparent polymeric materials such as hydrogels and elasto-
mers,[19:2028:38151.165,166] gigyre 5a shows the coextrusion pro-
cess to develop stretchable thermoplastic elastomer optical
fibers.*® The setup was based on two single-screw extruders that
fed the polymeric melt (a polystyrene-based elastomer as the core
material and a fluorinated polymer as cladding) into a concentric
coextrusion nozzle to form the core-cladding structure. The
fibers were then naturally cooled down and collected by a spool.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Fabrication of stretchable strain sensors based on conductive natural yarns/fabrics. a) Carbonization process for the manufacturing of
carbonized silk fabric-based stretchable strain sensors. Reproduced with permission.'*?! Copyright 2016, Wiley-VCH. b) Fabrication procedure
of GNPs-/CBs-coated cotton fabric strain sensors.'**! Copyright 2018, Royal Society of Chemistry.

Alternatively, a two-step process was used to fabricate Au
NP-loaded PDMS optical fibers in a core/cladding step-index
structure (Figure 5b).2” The liquid PDMS containing Au NPs
was first injected in a tube mold, cured, and finally ejected by
water pressure. The resulted core was then coated with the pure
PDMS cladding layer by dip- and spin-coating. In a similar
approach, Gou et al. developed a hydrogel fiber-based highly
stretchable optical strain sensor.’®® The hydrogel precursor
was injected into a silicone tube mold and cured. The core was
then ejected and dipped into the Na—alginate—polyacrylamide pre-
cursor to form a clad-coated core optical fiber. In another method,

Adv. Intell. Syst. 2020, 2000039 2000039 (7 of 27)

Qu et al. manufactured multimaterial optical and electronic fibers
using a thermal drawing scalable approach (Figure 5¢)."*! The
macroscopic preform of optical fibers was first machined, and
the assembly was then thermally drawn, yielding kilometer-long
multimaterial optical fibers for strain sensing.

5. Strain Sensing Mechanisms

This section details different strain sensing mechanisms of
resistive, capacitive, and optical strain sensors. The principal

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Fabrication of stretchable optical strain sensors. a) Coextrusion process of the stretchable thermoplastic elastomer optical waveguides.
Reproduced with permission.*® Copyright 2018, Wiley-VCH. b) Two-step fabrication of stretchable optical fibers with a core/cladding step-index
structure. Reproduced with permission.?” Copyright 2019, American Chemical Society. c) Fabrication of superelastic multimaterial optical fibers
composed of a core poly(styreneb-(ethylene-co-butylene)-b-styrene) (SEBS) copolymer and a Geniomer cladding via thermal drawing. Reproduced with

permission.l"®® Copyright 2018, Wiley-VCH.

sensing mechanism for capacitive-type and optical sensors is
their dimensional changes upon stretching. In addition to
the intrinsic resistive response of materials themselves and
geometrical effects, stretchable resistive-type strain sensors
have been successfully developed by the disconnection of
micro-/nanomaterials, tunneling effect, and creation of con-
trolled microcracks in the sensing film. These mechanisms
tune the electromechanical response of stretchable strain
sensors, depending on the type of sensing materials, their sur-
face interaction with supporting materials, and the fabrication
process.!!

Adv. Intell. Syst. 2020, 2000039 2000039 (8 of 27)

5.1. Geometrical Effect

The cross-sectional area of materials changes upon stretching
due to their Poisson’s ratio. The resistance of resistive-type strain
sensors can be altered with respect to the variations in their
length and cross-sectional area during external stretching/
releasing cycles as below!"!

R=p- (3)

T
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where L is the length of sensors, A, is the cross-sectional area of
conductive sensing films, and p is the electrical resistivity of the
sensing materials. The dominant working principle of the liquid
metal-based stretchable strain sensors is the geometrical
effect.”"71 1n the following sections, it will be shown that
the contribution of this mechanism to the overall sensing perfor-
mance of nanomaterials-based stretchable sensors may not be
significant.

The geometrical effect plays a key role in controlling the
strain sensing properties of capacitive and optical fiber strain
sensors.'?® When a capacitive-type strain sensor with the
respective length, width, and dielectric thickness of ly, wo, and
do is stretched by a strain of ¢, the length of the strain sensor
increases to (1 + ¢€)ly, whereas the width and thickness decline
t0 (1 — Velectrode€)Wo and (1 — vgielectric€)do. Therefore, the capaci-
tance of the sensor upon stretching can be derived as

C=ene (1 + E)ZO(]- — Velectrodeg)wo — ene (1 + E)ZOWO
o (1 - Vdielectricg)do o dO ( 4)
1
= offr( ZE)AO =(1+¢)Co
0

It is noted that Velectrode aNd Vgielectric are assumed equal, given
the thin nature of stretchable electrodes and softness of both
electrode and dielectric layers."! Based on the aforementioned
equation, changes in the capacitive area, as well as the thickness
of the dielectric layer, lead to the shift of the capacitance as a
function of the external deformation (stretching or compression).

The strain sensing principle of stretchable optical sensors
relies on the attenuation in the light transmission when the
stretchable optical waveguides are stretched.”®*?'>! The absor-
bance of a waveguide with the length of L can be derived from the
Beer-Lambert law!*®!

A=ecL (5)

where A is the absorbance, ¢ is the absorptivity of the optical
material, and ¢ is the concentration of chemical species in the
medium that attenuate light. When the waveguide is stretched

to e (e= %), its absorbance can be obtained from **
a
A=t A (6)

10

where a is the output power loss, and Ay = ecLy is the baseline
absorbance. Assuming that e and ¢ are constant during stretch-
ing, the output power loss of the waveguide is expressed as

a = 10ecLye (7)

The aforementioned equation reveals a linear relationship
between the output power loss of stretchable optical sensors
and the applied strain. For further details about the working
mechanism of other types of optical strain sensors (e.g., diffrac-
tion grating, photonic crystal, and surface plasmon sensors), we
refer the reader to the following review paper.l*”)

5.2. Intrinsic Resistive Response of Materials

One of the most commonly used sensing principles in both
traditional resistive-type strain gauges and newly developed
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stretchable strain sensors is the intrinsic resistive response of
the sensing materials. This effect is defined as the change in
the electrical resistance of a material in response to external
deformations, and is the fundamental mechanism of semicon-
ductor (e.g., silicon and germanium)-based strain sensors.
Upon the mechanical deformation, the resistance of sensors dra-
matically increases due to the change in the bandgap on inter-
atomic spacing.?**7*% Semiconducting CNTs and oxide NWs
(e.g., zinc oxide NWs) bear ultrahigh resistive response, which
resulted in the development of highly sensitive strain sensors
by their incorporation into highly stretchable substrates.?**!]
Nevertheless, large mechanical mismatch and weak interfacial
adhesion between micro-/nanoscale materials and stretchable
supporting materials dramatically lower the contribution of their
intrinsic resistive response to the overall sensing performance of
stretchable strain sensors.!"'!

5.3. Disconnection Mechanism

In resistive-type strain sensors, the strain sensing behavior can
be attributed to the changes in the conduction network upon
stretching/releasing loads.””?! Based on the percolation theory,
there is a threshold for the minimum number of nanomaterials
to establish conducting paths within a film or composite. When
the adjacent nanomaterials are connected, electrons can pass
through the established conducting network."***! Upon
stretching the resistive-type strain sensors, some of these nano-
materials lose their overlapped area and electrical connection,
thereby increasing the overall electrical resistance of strain sen-
sors. The disconnection originates from large stiffness mismatch
between nanomaterials and stretchable supporting materials,
leading to the slippage and debonding of nanomaterials upon
large stretching. Stretchable strain sensors based on NWs and
flakes particularly take advantage of the disconnection mecha-
nism.[18375357 1441721 gor instance, the resistance shift in
stretchable strain sensors made of Ti3C,T, MXene/CNTs films
coated over the latex substrate was reported to be due to the
changes in the overlapping areas and interconnecting pathways
during cyclic stretching-releasing.®"! Similar behavior has been
observed in the conductive network of Au nanosheets dropcast
on the Ecoflex substrate.'*® Upon stretching, the nanosheets slip
toward the direction of the external load, decreasing the contact
area between them and thus increasing the overall resistance of
the strain sensor.

5.4. Crack Generation in Conductive Films

The cracks appear and propagate in brittle thin films coated over
the top surface of soft polymers or natural fibers upon stretching
due to their mechanical mismatch with the supporting materials.
Cracks intend to initiate at the stress-concentrated areas.
Although cracks are undesirable for structural designs, the gen-
eration of microcracks in conductive thin films has been success-
fully utilized to develop highly sensitive strain sensors. The
opening and enlargement of microcracks have been observed
in CNT-based strain sensors,10%138173.174] graphene-based strain
sensors and its derivatives,®*”'"”) metal NW- and NPs/&¢-116175-180L,
based strain sensors. The rapid separation of nanomaterials
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at the microcrack edges dramatically limits the electrical conduc-
tion paths within the thin films, leading to a significant increase
in the electrical resistance of strain sensors under the applied
tensile strain."® Most recently, controlled crack propagation
has been used as an effective mechanism to greatly promote
the sensitivity of stretchable sensitive strain sensors./®11¢14%:179]
For instance, a strain sensor based on the cut-through channel
cracks of the Au thin film on PDMS substrate was fabricated, and
the effect of the channel cracks on the sensitivity and electrome-
chanical response were explored."'®! Amijadi et al. fabricated
ultrasensitive and stretchable strain sensors based on the control-
lable and reversible parallel microcracks in graphite films bar
coated over the plasma-exposed Ecoflex elastomer (Figure 6a).!
The length and density of microcracks were increased by the
applied strain, and microcrack edges were reconnected upon
releasing, ensuring the recovery of the electrical resistance after
the complete strain release. In natural fiber-based strain sensors,
the fiber breakage in the direction of the applied strain leads to the
crack propagation and subsequent increase in electrical resis-
tance.'*>14¢1%8] Researchers have fabricated natural fiber strain
sensors with high sensitivity and stretchability based on controlled
crack propagation and fiber breakage (Figure Gb).[**%48149:152

5.5. Tunneling Effect

Tunneling occurs when electrons pass through a nonconduc-
tive material filled between closely distanced conductive

(@)

www.advintellsyst.com

nanomaterials.®) Conductive nanocomposites made of func-
tional nanomaterials and polymer matrices have not only direct
electrical paths through connected nanomaterials but also
tunneling conduction between adjacent nanomaterials.!"'*37)
The minimum distance in which electrons pass through the
nonconductive barrier to creating quantum tunneling junctions
is called cut-off distance. The cut-off distance depends on
several factors, including the type of insulating material, conduc-
tive fillers, and processing parameters.”! The tunneling resis-
tance originated from the quantum electron junctions can be
calculated via Simmon’s theory!”!

14 h2d 4rd
Rumnel = 5= = ————exp| ——v/2mi 8
el = 27 = 42 TmAeXp< A m) @)

where V denotes the electrical potential, J is the tunneling
current density, A is the cross-sectional area of the tunneling
junction, d represents the distance between adjacent nanomate-
rials, his Plank’s constant, e is the single-electron charge, m is the
electron mass, and 4 is the height of energy barrier for the non-
conductive barrier. The dominant strain-responsive mechanism
of the CNTs-based nanocomposite strain sensors arises from the
changes in the tunneling resistance.*°**®! In nanocomposite
strain sensors, CNTs are often entangled and self-folded within
polymeric matrices. When stretched, entangled CNTs are more
susceptible to unfold rather than sliding, leading to the changes
in the tunneling resistance among neighboring CNTs.”! It is

|

Releasing cycle

0%

50% 70%

50 %

200 um

10um

Figure 6. Crack generation in active materials coated over flexible supporting materials. a) Parallel microcrack opening in the graphite thin film coated on the
Ecoflex substrate upon stretching. Reproduced with permission. Copyright 2016, American Chemical Society. b) Photographs and microscopic images of a
carbonized cotton strain sensor during stretching, resulting in fiber and yarn breakage. Reproduced with permission."® Copyright 2016, Wiley-VCH.
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important to point out that the tunneling effect differs from the
disconnection mechanism where many connected networks are
separated due to the slippage of nanomaterials within polymer
matrices.

6. Design Parameters for Stretchable Strain
Sensors

The strain sensing performance of stretchable strain sensors can
be fully characterized by design variables, including stretchabil-
ity, sensitivity, linearity, hysteresis, response and recovery time,
and dynamic durability. In this section, we compare the sensing
parameters of the recently reported stretchable strain sensors.

6.1. Stretchability

The stretchability of a strain sensor reflects the maximum strain
where the sensor maintains its physical integrity and response
stability. This parameter mainly depends on the type of matrix
or substrate, fabrication process, and the aspect ratio of
micro-/nanomaterials used as sensing elements.”! The stretch-
ability of the recently reported strain sensors varies greatly
from 2% to 1400% (Table 1 and 2). Figure 7a shows the electro-
mechanical behavior of a highly stretchable strain sensor
(stretchability ~500%) based on a polymer composite consisting
of graphene, poly(acrylic acid) (PAA), and amorphous calcium
carbonate (ACC)."*! In this composite, graphene nanosheets
and calcium ions (Ca*") formed a double crosslinkers with
low stiffness that could play a key role in achieving high stretch-
ability. Xu et al. reported an ultrastretchable capacitive-type strain
sensor based on ionic hydrogels and conductive Ag NF nanocom-
posites as a dielectric layer and stretchable electrodes, respec-
tively.”! The high stretchability of the dielectric layer and
robustness of the electrodes were the key parameters in the sta-
bility of the sensor even at strains as large as 1000%. In general,
the stretchability of strain sensors enhances using 2D or 3D
nanomaterials rather than 1D nanomaterials because of their
higher aspect ratio, facilitating the formation of the robust
percolation network under large strains (Table 1). For instance,
strain sensors based on the high aspect ratio metal NWs
(e.g., Ag NWs) and CNTs often possess high stretchability of
over 50%. Some of the recent strain sensors based on conductive
natural fibers/fabrics have also shown high stretchability
(>100%).14>146148] Eor instance, carbonized plain weave silk
and cotton fabrics sandwiched between two layers of Ecoflex have
shown stretchability up to 500% and 140%, respectively.!'*®161]
Stretchable optical strain sensors based on thermoplastic
elastomer,*® graphene/PDMS nanocomposite fibers,'”’ PDMS
waveguides,>) and TPU/silicone fibers’®® have demonstrated
stretchability up to 300%, 150%, 100%, and 85%, respectively.

6.2. Sensitivity

The sensitivity of a strain sensor is quantified by the gauge factor
(GF), which is defined as the ratio of the relative change of
the output signal to the applied strain.!'?”) The GF value of
stretchable strain sensors depends on various factors, including
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sensing elements, microstructure, sensing mechanism, and
fabrication process.”>*! For resistive-type strain sensors, the
corresponding GF is defined as GF = (AR/Ro)/e where AR/R,
is the relative change of resistance and ¢ is the applied strain.
A resistive-type strain sensor made of the fragmented CNT
paper-PDMS composite showed an ultrahigh sensitivity up to
107 at 50% strain.''"! The high sensitivity was attributed to
the separation of CNT networks in the cracked areas. In another
study, Ma et al. developed highly stretchable and ultrasensitive
(GF of 88443 at 350% strain) strain sensors based on an open
mesh structure made of the 3D-printed graphene and PDMS
nanocomposites followed by plasma treatment, polyethylenei-
mine coating, and finally deposition and reduction of GO par-
ticles.!"®¥ The high GF mainly originated from the sliding and
disconnection of rGO at low strain range, whereas the open
mesh structure could enhance the sensitivity at high strain levels.

The natural fiber-based resistive-type strain sensors have
shown a wide range of GF values from 1.2 to 102351
(Table 2).1437145. 1481991 1t hag been shown that the GF of natural
fiber strain sensors can be controlled through geometric engi-
neering (Figure 8a)."**) Moreover, the serpentine-shaped active
materials exhibited lower sensitivity than a straight one due to
the less increased displacement at the direction of the applied
strain. In another work, a strain sensor based on the fragmented
conductive cotton fabric—Ecoflex composite showed ultrahigh
sensitivity up to 102 351 within the strain range of 342-400%
(Figure 8b).'*"!

Theoretically, the maximum achievable GF of capacitive-type
strain sensors with the parallel-plate structure is 1 (GF = (AC)/
Coe = ((1+€)Co— Co)/Coe =1), meaning that most of the
stretchable capacitive-type sensors have GFs smaller than this
limit (GFs < 1).I" For instance, a CBs—filled elastomer composite
and silicone elastomer-based strain sensor showed high stretch-
ability up to 500% with GFs up to 0.98.°% The GF value of 0.82
has been reported for stretchable capacitive-type sensors using
hollow elastomeric fibers filled with liquid metal networks.!®!
Despite this theoretical limitation of capacitive-type sensors,
some recent works have demonstrated the possibility of sensitiv-
ity enhancement (GF > 1) through geometric engineering and
novel materials formulation.>”! For instance, Nur et al. devel-
oped a capacitive-type strain sensor using a part of ultrathin wrin-
kled Au-film electrodes and achieved a GF of around 3 under
140% tensile strain (Figure 7b)."! Another highly sensitive
capacitive-type sensor has been reported using ionic hydrogels
and Ag NFs nanocomposite as a dielectric layer and flexible
anisotropic conductive film coated with Ag NFs as electrodes.”"!
The strain sensor showed a high GF of 165 under the ultrahigh
strain of 1000%. The incorporation of Ag NFs greatly improved
the hydrogel-metal interface, hence incremented the sensitivity.

In wearable optical strain sensors, the sensitivity is quantified
by the stretch-dependent output power loss of stretchable wave-
guides under mechanical deformations.”! For example, the
sensitivity of a fiber strain sensor based on the TPU core and
a highly absorptive silicone composite cladding was around
18.75dB e ".*®l The sensitivities of stretchable strain sensors
made of thermoplastic elastomer and dye-doped PDMS optical
fibers were around 10 and 3.62dBe™", respectively.*®*>! In
another research, Gu et al. achieved high sensitivity (GF ~ 30)
for their optical-type stretchable strain sensor based on the
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Table 1. Summary of performance results of recently reported polymer-based stretchable strain sensors.

System Sensor type Stretchability [%] Linearity GF Response time [ms] Reference
rGO/TPU Resistive 100 Two linear regions 11-79 200 [64]
rGO/DI/Ecoflex Resistive 400 Two linear regions 2.5-31.6 60.3 [65]
Graphene/silicone rubber Resistive 12 Two linear regions 27.7-164.5 50 [66]
AgNWs/PU fiber/PDMS Resistive 60 Nonlinear Up to 9557 120 [121]
Graphene/CNTs/PDMS Resistive 85 Two linear regions 35 30 [91]
Vertical graphene nanosheets/PDMS Resistive 110 Linear 32 0.96 [59]
CNTs/CBs/silicone rubber/PDMS Resistive 120 Linear 1.25 60 [92]
CNFs/GNPs/PDMS Resistive 50 Linear Up to 7.04 132 [95]
CNTs/Ecoflex fibers Resistive 600 Two linear regions Up to 1378 295 [181]
CNTs nanopaper /PDMS Resistive 100 Three linear regions Up to 2.21 50 [105]
Ni NWs/Ecoflex Resistive 100 Three linear regions Up to 200 0.32 [119]
PAVG/PDMS Resistive 10 Linear 5.87-10.28 112 [52]
NiNPs/rGO/PU sponge/PDMS Resistive 65 Two linear regions Up to 3360.1 100 [117]
GNPs/CBs/CNTs/PU yarns Resistive 350 Linear 2.14 65 [172]
CNTs/prestretched PDMS Resistive 100 Two linear regions 6-87 65 [109]
CNTs/PDMS Resistive 20 Linear 1140 0.2 [110]
CNTs/PDA/elastic bands Resistive 920 Four linear regions 5.06-129.2 220 [182]
GWFs/PDMS Resistive 3 Linear 223 72 [126]
Ti;C,T,/PDMS Resistive 53 Linear 178.4 130 [10]
CBs/CNTs/silicone rubber Resistive 50 Linear 2.18 125 [133]
Au NPs/abrasive paper Resistive 0.59 Linear Up to 75.8 20 [177]
CNTs/TPU fiber Resistive 320 Two linear regions 22.1-97.5 200 [137]
CNTs/prestretched TPU Resistive 300 Three linear regions 428.5-83982.8 70 [138]
Carbon fragments/PDMS Resistive 80 Two linear regions 2.2-62.8 60 [122]
Aligned rGO/TPU fibers/PDMS Resistive 150 Linear 593 160 [113]
Ag nanodendrites/ nitrile rubber substrate Resistive 105 Two linear regions Up to 294.3 18 [76]
rGO/PDMS Resistive 350 Three linear regions 18.5-88443 145 [183]
CNTs/Au NPs/prestretched PDMS Resistive 50 Two linear regions Up to 70 60 [184]
Parylene/Au film/prestretched elastomeric Capacitive 140 Linear 3.05 NA [15]
adhesive

Ag NFs/ionic hydrogels Capacitive 1000 Linear 165 320 [71]
Au NPs/PDMS Optical 100 Linear 9.54dB/e <12 20]
TPU/silicone fiber Optical 85 Linear 18.75 dB/e NA [28]
PDMS fibers Optical 100 Linear 3.62dB/e NA [151]
Polystyrene-based elastomer Optical 300 Nonlinear 10dB/e NA [38]
Graphene/PDMS fibers Optical 100 Linear 13.5dB/e NA [19]

change of optical transmittance of the CNTs—embedded Ecoflex
film."*? They defined the GF as AI/Iye, in which ATand I, are the
change in the light intensity and the initial light intensity,
respectively.

6.3. Linearity

The linearity of a strain sensor is quantified by the coefficient of
determination (R?) obtained from a linear regression. A linear
strain sensor has a larger R? value with a negligible deviation
of the output signal from a straight line. In contrast, a strain

Adv. Intell. Syst. 2020, 2000039 2000039 (12 of 27)

sensor is considered to be nonlinear if R is small."'" The linear
response of stretchable strain sensors over a large strain range is
highly desirable as the nonlinearity adds complexity to the cali-
bration and data processing of the output signal.l'! Overall, the
linearity of capacitive and optical strain sensors is greater than
that of resistive-type strain sensors (Table 1 and 2). The nonlinear
response of resistive-type strain sensors is attributed to the non-
homogeneous microstructural and morphological changes in the
sensing films upon stretching.!'! CNT polymer nanocomposite-
based strain sensors have typically exhibited nonlinear electro-
mechanical response.P*¢%192123] The majority of recently
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Table 2. Summary of performance results of recently reported resistive-type textile strain sensors.

System Stretchability [%] Linearity GF Response time [ms] Reference
Carbonized silk fabric/Ecoflex 500 Two linear regions 9.6-37.5 70 [149]
rGO/cotton bandage 57 Two linear regions 416-3667 20 [163]
GNPs/CBs/fragmented cotton fabric/Ecoflex 400 Three linear regions 95.64-102351 97 [145]
GNPs/CBs/flax yarn/Ecoflex 12.5 Linear Up to 5.62 209 [144]
GNPs/CBs/wool yarn/Ecoflex 200 Two linear regions 5.05-7.75 172 [143]
Carbonized silk georgette/PDMS 100 Two linear regions 29.7-173 70 [152]
GNPs/CBs/wool fabric/Ecoflex 150 Two linear regions Up to 0.5 NA [146]
GNPs/CBs/cotton fabric/Ecoflex 150 Two linear regions 1.67-6.05 NA [146]
Carbonized cotton/Ecoflex 140 Two linear regions 25-64 NA [148]
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Figure 7. Electromechanical performance of various polymer-based stretchable strain sensors. a) Cyclic stretching-releasing of the sandwiched gra-
phene-/PAA-/ACC-based strain sensor, showing its ability to measure both small and large strains. Reproduced with permission.'*"! Copyright
2019, Wiley-VCH. b) Capacitive response of the wrinkled Au-film electrodes-based strain sensor during loading and unloading cycles with high GF
and linearity. Reproduced with permission.l") Copyright 2018, American Chemical Society. c) Relative resistance changes of the cracked-based
CNTs-TPU strain sensor with high sensitivity and linear response in three strain ranges. Reproduced with permission.*® Copyright 2019,
American Chemical Society. d) Hysteresis loops of a Ti;C,T,~AgNW-=poly(dopamine) /Ni** strain sensor subjected to 5000 stretching and releasing
cycles. Reproduced with permission.®% Copyright 2019, American Chemical Society. e) Response and recovery time of the rGO/DI strain sensor,
indicating its fast response and recovery to external loads. Reproduced with permission.[%® Copyright 2018, Royal Society of Chemistry.
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Figure 8. Electromechanical performance of conductive natural fiber-based stretchable strain sensors. a) Controlling the sensitivity of strain sensors
based on conductive wool yarns—Ecoflex composite by geometric engineering. Reproduced with permission.'*®} Copyright 2019, Elsevier.

b) Electromechanical performance of the fragmented conductive cotton fabric—Ecoflex composite strain sensor. Reproduced with permissio

1451

Copyright 2018, Royal Society of Chemistry. ¢) Durability of the carbonized silk georgette-based strain sensor to 10 000 stretch-release cycles.
Reproduced with permission.['®2l Copyright 2017, Royal Society of Chemistry.

reported resistive-type strain sensors have shown linear response
in two or three regions (Table 1 and 2).°%°1%71451%9 gor
instance, a self-healing and highly stretchable ionogel-based
strain sensor illustrated electromechanical response in two linear
regions (0-800% and 800-1400%) in its entire working strain
range.’” In another study, a highly stretchable strain sensor
based on the fragmented conductive cotton fabric responded to
the applied strain in three linear regions (0-231%, 231-342%,
and 342-400%) (Figure 7c).*® Some of the stretchable strain
sensors have also shown excellent linearity. Shintake et al.,**
Nur et al,[*”! Atalay et al, ' Xy et al,"Y and Ling et al.[18¢]
reported capacitive-type strain sensors that are linear up to 500%,
140%, 80%, 1000%, and 100% strains, respectively.

The response of stretchable optical strain sensors is typically
highly linear. Optical strain sensors based on the PDMS elasto-
mer showed high linearity up to the tested range (0-100%) of
tensile strain.">!) In another study, a TPU/silicone stretchable
optical waveguide showed high linearity up to 85% of tensile
strain.”® Although most of the optical strain sensors show a lin-
ear response, a nonlinear response was also observed for a highly
stretchable optical strain sensor made of a polystyrene-based core
and a fluorinated polymer cladding.*®

On an overall basis, the development of strain sensors
with highly stretchable, sensitive, and linear electromechanical
response is still a grand challenge. A trade-off relationship
between “high stretchability and linearity” and “high sensitivity”
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has often been observed in the majority of stretchable strain sen-
sors (Table 1 and 2). Highly sensitive strain sensors typically
show high nonlinearity (or linearity in multiple regions) and
limited stretchability, and vice versa. For example, stretchable
strain sensors based on the formation of microcracks and discon-
nection mechanism have exhibited higher sensitivities compared
with those with other sensing mechanisms, but with high
nonlinearity.

6.4. Hysteresis

Hysteresis of a strain sensor is defined as the dependency
of its current state (i.e., output signal of cycle n) on its history
(i.e., output signal of cycles 1 to n— 1) (Figure 7d). Hysteresis
is an important factor of any strain sensor, especially in wearable
applications where strain sensors are frequently subjected to
dynamic loading conditions.”?! High hysteresis behavior leads
to the nonmonotonic response of a strain sensor under cyclic
loading.*'% Overall, capacitive-type strain sensors show less
hysteresis than resistive and optical strain sensors.!"?*37]
This could be explained by the fact that the performance of
capacitive-type strain sensors relies on the stable overlapped
area between the pair of electrodes.l!! In stretchable resistive
strain sensors, the viscoelastic nature of the polymeric substrates,
as well as their interaction with active nanomaterials contribute
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to the hysteresis behavior. In addition, the reconnection of nano-
materials (e.g., ohmic or tunneling contact) during the release
cycle takes time and can be even irreversible though they return
to the original positions. As a result, strong interfacial bonding
between the active sensing nanomaterial and substrate or matrix
minimizes the hysteresis.[?*”1*>145] Conversely, weak binding
retards the fast recovery of nanomaterials to their initial positions
during the releasing cycle, leading to a high hysteresis effect.
The CNTs-based strain sensors have been reported to have
higher hysteresis behavior compared with other nanomaterials,
mainly due to the weak interfacial bonding between CNTs and
polymers.''"*3 In contrast, very strong interfacial binding could
result in buckling and fracture of nanomaterials. Therefore, an
optimal interfacial adhesion between rigid nanomaterials and
stretchable substrate/matrix materials gives the best hysteresis
performance in resistive-type strain sensors.

The stretchable optical strain sensors have also exhibited
negligible hysteresis compared to resistive-type strains sensors.
For instance, strain sensors made of TPU/silicone and PDMS
fibers responded to dynamic strains with almost no hysteresis
effect.?®*>Y In contrast, a thermoplastic elastomer-based optical
strain sensor showed little hysteresis in cyclic strain.*®! Overall,
the negligible hysteresis in the response of capacitive and optical
stretchable strain sensors can be attributed to the fact that their
response does not rely on the formation of ohmic contact or
tunneling conduction between nanomaterials, which can often
be irreversible over repeated stretching—releasing cycles.

6.5. Response and Recovery Time

The response time of a strain sensor is expressed as the amount
of time needed for the sensor to reach a steady-state response.
This time could be delayed due to the viscoelastic behavior of
elastomers, as one of the key elements of stretchable strain sen-
sors.!l Response time can be either directly measured from the
experiment (Figure 7e) or theoretically calculated through 90%
time constant.®2*1*>145] Stretchable strain sensors have illus-
trated diverse response times ranging from 0.2 to 320 ms
(Table 1 and 2). PDMS-based resistive strain sensors showed
faster response time compared with those made of the Ecoflex
elastomer, mainly due to the ultrasoftness of Ecoflex providing
lower recovery force for the rapid reformation of conductive per-
colative networks of active nanomaterials during the releasing
cycle.”) Natural fiber-based stretchable strain sensors have
shown short response time, making them an ideal alternative
for wearable applications (Table 2).**71*>*8l Another crucial
performance parameter of a stretchable strain sensor, especially
under cyclic loads, is recovery time, which could be in the order
of sub-seconds to a few seconds.l?”*0*1 Generally, stretchable
strain sensors based on nanocomposites have shown longer
recovery time largely because of the existence of friction between
conductive fillers and polymer matrices. This friction force delays
the recovery of conductive networks in the releasing cycle.*!

6.6. Overshoot Behavior

Overshooting in the output signal of sensors has been reported
in many stretchable strain sensors.!! The main reason for such
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a behavior is the stress relaxation of polymeric substrates or
matrices. Wearable resistive-type strain sensors have typically
demonstrated larger overshoot compared with capacitive and
optical sensors. This is due to the instant stress release of poly-
meric substrates or matrices when strain sensors are subjected to
a suddenly applied strain."**”! The internal structure of poly-
mers and their movement under external load also contribute
to overshooting behavior. In the case of capacitive-type strain sen-
sors, these movements have minimum effect on the permittivity
of the dielectric layer; hence small overshooting occurs in their
response. In contrast, the internal structure movements can alter
the location of conductive nanomaterials, directly affecting the
overall resistance of strain sensors.!"l Therefore, the overshooting
is more pronounced in the resistive-type strain sensors. In addi-
tion to the aforementioned parameters, strain rate and viscoelas-
ticity of polymers influence the overshooting behavior of strain
sensors. We believe that overshooting can be minimized by tun-
ing the molecular or molecular segment motions of polymeric
substrates under large strains.!) In addition, the optimized inter-
action between active materials and substrates is necessary so
that the stress relaxation of the substrate would have less effect
on the structural movement of the active materials.!"!

6.7. Dynamic Durability

The endurance of a strain sensor to long-term stretching—
releasing cycles is a crucial factor that is known as dynamic
durability. A durable strain sensor possesses stable response
and mechanical integrity during long-term cyclic loads.
Durable strain sensors are ideal for wearable strain sensing
applications where large and dynamic strains should be accom-
modated by them. Highly durable and stretchable strain sensors
have been recently reported in which they have shown remark-
able dynamic durability up to 20000 stretching-releasing
Cycles[62,64,l11,112,122,138,139,177,182,187,188] even at very hlgh Stl’ain
levels (150%).72! Wang et al. stepped even beyond this limit
and developed a strain sensor based on CNTs/cotton/TPU
core-spun yarn that was durable up to 300000 cycles at 40%
strain."®! The high durability of the strain sensor could be
due to the highly elastic behavior of CNTs, avoiding their plastic
deformation and fracture under dynamic loading. As an example
of natural fiber-based strain sensors, a sensor based on the car-
bonized silk georgette fabric encapsulated with PDMS showed
excellent dynamic durability up to 10000 stretching-releasing
cycles (Figure 8c).!"*?

7. Applications of Stretchable Strain Sensors

There are several applications for stretchable strain sensors
ranging from the detection of various human body movements
(respiration, heartbeat, body joints, etc.) to human-machine
interaction, interactive gaming, and virtual reality.

7.1. Healthcare and Biomedical Engineering

Stretchable strain sensors are important healthcare monitoring
devices because they continuously capture a wide range of body
motions from large joint movements to subtle deformations
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originated from physiological signals (e.g., pulse or respiration  conventional electrocardiogram (ECG) signals. Figure 9 d,e show
rates). To monitor the low strains, highly sensitive sensors are  the comparison of the ACG signals of the volunteer recorded
needed to give high resolution and accurate signal variations in the rest mode and after exercise. Notably, the sensor could
in response to tiny deformations.!'”® Figure 9a shows a stretch-  simultaneously capture respiration rate and ACG. The respira-
able strain sensor attached to the radial artery of the wrist for ~ tion rate was increased from 12min~' before exercise to
pulse rate monitoring.”® The resistance of the sensor increased 26 min " after exercise. As shown in figures, the signal ampli-
in each cardiac cycle due to the minute strains induced by the  tude of the sensor greatly enhanced during the exercise, showing
blood flow pressure. Furthermore, the sensor was able to suffi- larger strains accommodated by the sensor due to the deep
ciently identify the pulse features, such as percussion, tidal, and  breathing. In contrast, the period of the cardiac cycle decreased
diastolic waves. Figure 9b shows an e-skin apexcardiogram  from 0.85 to 0.54 s after exercise. Continuous monitoring of the
(ACG) strain sensor for tracking the temporal volume and pres-  heart performance and respiration by means of wearable strain
sure changes in the heart.”” The metal NPs—elastomer compos-  sensors can, therefore, provide useful medical information for
ite sensor was attached to the apex region in the fifth intercostal ~ the early diagnosis of various diseases, including asthma, ane-
space, and its response was measured in real time. Figure 9c  mia, heart failure, and embolism.!®7%19%

shows the recorded ACG waveform for a healthy volunteer, Stretchable strain sensors have also been utilized for the phonetic
revealing accurate detection of hemodynamic parameters, such  recognition and detection of emotional expression.[***3671148]
as the opening and closing events of the atrioventricular valve =~ To monitor the phonetics, a carbonized cotton fabric-based
(points “O” and “C”), rapid ventricular filling wave (O-F region), stretchable strain sensor was attached to the throat of a volunteer
slow ventricular filling wave (F-L region), ventricular filling to detect the tiny muscle movements during speaking
(peak “A”), ventricular contraction (peak “E”), and end-systolic  (Figure 9f).'*¥) When the wearer pronounced different words
shoulder (ESS). These results were further validated by (“Cotton,” “Sensor,” and “Hello”), the strain sensor produced
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Figure 9. Low-strain applications of stretchable and highly sensitive strain sensors. a) The resistance change of a stretchable strain sensor with respect to
the blood flow pressure in the wrist. Reproduced with permission.”®! Copyright 2019, Wiley-VCH. b) Schematic illustration of the locations of the
mounted ACG sensor and photograph of the metal NPs—PDMS composite ACG strain sensor. c) Response of the sensor at different locations and
its comparison with the ECG signal. d) Response of the ACG sensor of the volunteer in the rest state. ) Response of the ACG sensor after exercise.
b—e) Reproduced with permission.”?! Copyright 2016, Wiley-VCH. f) Output signal of a carbonized cotton fabric-based stretchable strain sensor placed
onto the throat during the speaking. Reproduced with permission.l'*¥ Copyright 2016, Wiley-VCH. g) Capacitive-response of the Ag NFs-ionic hydrogel
nanocomposite strain sensor attached to the mouth during smiling action. h) Response of the Ag NFs-ionic hydrogel nanocomposite strain sensor to the
eye closing—opening movements. g,h) Reproduced with permission.’"! Copyright 2019, Royal Society of Chemistry.
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repeatable and distinguishable signals for each word with unique
amplitude and waveform. The phonation recognition using wear-
able strain sensors is beneficial in human-machine interaction
and phonation rehabilitation.”*! Figure 9g,h show the capability
of wearable strain sensors in identifying facial and emotional
expressions. A stretchable capacitive-type strain sensor was
mounted around the mouth and corner of the eye, and its
capacitive-response was measured during smiling and eye
closing—opening movements, respectively.””! As shown in the
figures, the strain sensor detected both actions with high
sensitivity and reversible response. Monitoring of psychological
distress through human emotions such as smiling and wrinkling
is a useful tool for the assessment of diseases like Alzheimer’s
disease.l”")

For large-strain human motion detection, stretchable strain
sensors have been attached to finger, wrist, elbow, and knee
joints to track the body activities.***>¢! Figure 10a shows an
overlapped CNT stretchable strain sensor fixed to the joints of
the index finger and its corresponding output signal during
repeated bending—straightening of the finger."® The resistance
of the sensor increased when the bending angle increased in a
stepwise manner. A similar electromechanical response was
observed when the sensor was mounted onto the elbow joint
(Figure 10b). The strain sensor successfully measured the
accommodated strain under the fully bent elbow, corresponding
to strains as large as 60%.°°% Figure 10c shows the resistive
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response of a graphene fiber stretchable strain sensor placed onto
the knee.l”l The sensor differentiated various knee-related move-
ments, including flexing-extending, walking, jogging, jumping,
and squatting—jumping. These results could be beneficial in
biomechanics, physiology, and kinesiology applications.®

7.2. Sport Performance Monitoring

Wearable strain sensors offer new integrated platforms for
assessing the biomechanical and physiological parameters of
athletes.[""?) Stretchable strain sensors can intimately couple
with different locations of the body, resulting in highly localized
tracking of sport activities.''*?! Real-time monitoring of biophys-
ical parameters such as respiration and heart rates through wear-
able strain sensors provides deep insights into the physiological
health state of athletes before, during, and after physical activities
(Figure 9). Figure 11a shows the use of wearable graphene-fiber
strain sensors for monitoring the gesture of a soccer player
during the shooting event."”? The strain sensors were attached
to the knee, ankle, and elbow of the player, and their sensory
response was recorded. As shown in the figure, the strain sensors
were able to monitor the entire process of soccer shots, providing
detailed data for the analysis of the shooting gesture. In another
example, wearable strain sensors were attached to the knee, and
the gesture of squatting and leg lifting was successfully moni-
tored (Figure 11b,c)."®! These results suggest that wearable
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Figure 10. Applications of stretchable strain sensors in the large-strain motion detection. a) Response of a stretchable strain sensor to the finger bending
motions. b) Resistance change of a strain sensor under elbow bending movements. a,b) Reproduced with permission.*®! Copyright 2019, Wiley-VCH.
c) Photograph and response of a graphene fiber strain sensor attached to the knee under flexing/extending, walking, jogging, jumping, and squatting-

jumping. Reproduced with permission.”! Copyright 2015, Wiley-VCH.
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Figure 11. Wearable strain sensors for the analysis of sport performance. a) Photographs of a soccer play during the shooting event and corresponding
response of strain sensors attached to the knee, ankle, and elbow. Reproduced with permission.'®? Copyright 2018, Elsevier. b) Response of a stretchable
strain sensor attached to the knee during squatting movements. c) Response of a stretchable strain sensor attached to the knee during leg lifting.

b,c) Reproduced with permission.'®"! Copyright 2017, Wiley-VCH.

and stretchable strain sensors are desirable for the continuous
monitoring of health and wellness conditions, human-friendly
rehabilitation, and evaluation of athletes’ sport performance.!'!

7.3. Interactive Gaming and Virtual Reality

As another potential application, wearable strain sensors can
serve as motion sensors for entertainment technology and virtual
reality.!"#3%3%193 Figure 12a shows an example of the interactive
gaming using stretchable strain sensors. Graphene strain sen-
sors were attached to the hand fingers, and their resistance
changes upon bending-straightening of the fingers were used
as commands to play a video game.'* As body movements
are needed for posture-driven gaming, wearable sensors may
find applications in medical training, home-rehabilitation, and
physiotherapy.*** Figure 12b shows an integrated smart glove
system made of wearable optical fiber-based strain sensors
placed in each finger for capturing the hand movements.*®
The finger positioning data were used to control a virtual

Adv. Intell. Syst. 2020, 2000039 2000039 (18 of 27)

3D hand model in real time. In another work, Amjadi et al.
developed a fully integrated smart glove composed of the Ag
NWs-PDMS nanocomposite-based wearable sensors and a
miniaturized multifunctional electronic chip, and demonstrated
successful control of an avatar in the virtual environment.®
Thus, wearable strain sensors could be used to intuitively interact
with the virtual environment or to control internet-of-things
devices and teleoperated robotic systems.!"¢%38

7.4. Soft Robotics and Neuromechanics

Emerging technologies in stretchable strain sensors are
increasingly enabling novel proprioceptive interactions with
unstructured environments. For instance, a fully functional soft
prosthetic hand with integrated stretchable optoelectronic
strain sensors has been developed to effectively differentiate
ripe tomatoes from unripe ones.”® Qu et al. attached super-
elastic fiber strain sensors to soft robotic fingers for haptic
perception.’*® Larson et al. reported a hyperelastic light-emitting
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Figure 12. Application of stretchable strain sensors in gaming and virtual reality. a) Interactive gaming using a graphene-based stretchable sensor.
Reproduced with permission.l'”®! Copyright 2018, Wiley-VCH. b) An integrated smart glove system featuring optical fiber-based strain sensors in each
figure for the control of a virtual hand model. Reproduced with permission.*® Copyright 2018, Wiley-VCH.

capacitor (HLEC)-based tactile sensing platform that can change
illuminance and capacitance under deformation (Figure 13a).**
HLEC skin was embedded into a soft crawling robot that changes
the capacitance (up to 1000%) upon pneumatic actuation.
Even though pneumatic actuation is heavily utilized in the
field of soft robotics, the use of sensory feedback is still
in its nascent stage.'®’**! To improve the combination of
pneumatic actuators with stretchable strain sensors, a sensorized
actuated glove has been developed to perform accurate finger
kinematics with dexterity and control for rehabilitation applica-
tions.?® In a similar study, Cheng et al. demonstrated a
pneumatic actuator with the capability of the bending angle
monitoring using a hydrogel-based stretchable strain sensor
(Figure 13b).l"*%! Stretchable microcracks-based strain sensors have
been integrated with a two-finger soft robotic gripper for activity
monitoring (Figure 13c).”! It has been shown that the touch status,
contact force, and bending position of the soft gripper finger could
be tracked via the intertwined strain sensors. In another study,
Truby et al. 3D-printed ionically conductive gels with the soft soma-
tosensitive actuators (SSAs) for strain sensing (Figure 13d).l*’!
They demonstrated the combination of the sensor and actuators
in haptic and proprioceptive sensing applications.

Soft and stretchable strain sensors could play a major role in
the study of morphological intelligence. Applications include
smart rehabilitative devices, gesture recognition based on haptic
feedback, soft robotic grippers, and in building artificial electronic
skin (e-skin).[??3078201-207) Eor example, Guo et al. built a
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stretchable optical strain sensor that can further be used for soft
rehabilitative gloves and biomechanics research for ultrasensitive
physiological activities.*” Similarly, in minimally invasive surgery,
there is a great demand to combine biocompatible soft sensors with
surgical instruments for better navigation and control.?*® In this
regard, Banerjee et al. demonstrated successful cadaver trials that
incorporate soft sensing for effective drug delivery, as well as vari-
able stiffness modulation based on origami engineering,?>2')
Wearable and skin-mountable sensors could be helpful in
robophysical models to provide insight in the neuromechanics
of locomotion.'™*'*1 Neuromechanics pertains to multiple
physiological systems interacting to generate behavior in living
organisms (Figure 14a). Attempting to decipher the neurome-
chanics of the locomotion involves the capturing of neuronal activ-
ity, the dynamics of the musculo-skeletal system, as well as the
interaction of the body with the external environment. To gain
insight in the underlying processes of reflexes and passive
dynamics, one can integrate stretchable strain sensors for sensory
feedback (Figure 14b). For example, a liquid metal-based hypere-
lastic strain sensor has shown a great promise to effectively
measure the human gait.”’® In a recent study, Kim et al. demon-
strated a similar soft exosuit that promised to reduce metabolic
rates while a person is subjected to motion vis-a-vis running.***!
Robots are increasingly envisaged to enter into tasks that
involve contact with humans. To make a safer human—machine
interaction, it is needed to redesign robots that mimic soft natu-
ral organisms (Figure 14c). In this regard, animal locomotion
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Figure 13. Applications of strain sensors in soft robotics. a) HLEC-based strain sensor for monitoring the degree of the pneumatic actuation in
a soft robotic crawler. Reproduced with permission.!'®! Copyright 2016, American Association for the Advancement of Science. b) A pneumatic actuator
bending angle monitoring with a hydrogel-based stretchable strain sensor. Reproduced with permission.!"*®! Copyright 2019, Wiley-VCH. c) Microcracks-
based strain sensors integrated into a soft robotic gripper. Reproduced with permission.!! Copyright 2016, American Chemical Society. d) A soft gripper
composed of SSAs with embedded curvature, and fine and deep contact sensors. Reproduced with permission.” Copyright 2018, Wiley-VCH.

provides great fundamental motivation for roboticists to design
softer robots.[?*”! For instance, the neuromechanics of axial mus-
cle cocontraction during undulatory swimming can be effectively
modeled using pairs of soft actuators, yielding
discovery of maximum thrust via body stiffness modulation by
Jusufi et al.,*'® thus, facilitating exploration of a wider parameter
space than live animal experimentation alone.*'*?*!] Moreover
Wright et al. integrated a soft strain sensor with a soft actuator
to monitor the undulation of a soft robotic fish (Figure 14d).l"”)
These findings demonstrate an immediate need to integrate
stretchable strain sensors as a closed-loop solution for the body
caudal-fin swimming that can improve maneuverability of bio-
logically inspired robots (Figure 14e).”?>"**! These novel soft
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active materials based sensing solutions, once integrated, will
result in the design and manufacturing of more life-like machines.

Roboticists are increasingly cooperating with biologists to
study mechanisms via soft robotic physical models with more
animal like capabilities.”’* These physical models can provide
a tool for biologists to test a larger parameter space than would
be possible with live animal experimentation, and thus assist in
hypothesis testing of locomotion dynamics, swimming behavior,
and how the muscle and skeletal systems adapt functionalities in
complex environments (e.g., in sand, soils, and land). In this con-
text, stretchable strain sensors have potential to provide
reliable sensory feedback that can yield robust capabilities.
The modeling of animal locomotion while moving in a granular
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Figure 14. Applications of soft strain sensors in locomotion, biorobotics, and neuromechanics. a) Soft and stretchable strain sensors for comparative
physiology and biomechanics study (electronic whiskers). Reproduced with permission.”'>! Copyright 2018, Wiley-VCH. b) Study of fish fin mimicking
undulation swimming and midline kinematics with the aid of soft robotics fish-inspired physical model. Left panel (1, Il, and 1l): Reproduced with
permission.?'”! Copyright 2003, Company of Biologists LTD. Right panel (Soft Robotic Fish-Inspired Physical Model): Reproduced with permission.2'®
Copyright 2017, Mary Ann Liebert, Inc. c) Stretchable strain sensors enhance biomimetic pumping systems that model aquatic organisms. d) Hyperelastic
soft sensors enable curvature estimation of body caudal fin swimming in a soft robotic fish. Reproduced with permission."®”! Copyright 2019, IEEE.
e) Animal movement represented by a neuromechanical system diagram. Soft sensory feedback bridges the gap between robotics-inspired biology with
the bioinspired robotics. Reproduced with permission.?'*! Copyright 2017, American Institute of Physics.

medium, stretchable sensors can be intertwined with the robot
body that can provide information about slip and average
inclination.?” In the process of developing more life-like
robustness, soft strain sensors can be utilized to test model
systems of locomotion in nature (e.g., gecko, cockroach, mud-
skipper, and salamander) to reveal striking fundamentals
(Figure 14a,d).?'®#2%??7] Beyond comparative biomechanics
research, applications of stretchable sensors could potentially
extend to include diagnostics in veterinary care.

8. Limitations and Challenges
With recent advances in materials science and functional

microstructures/nanomaterials, wearable strain sensors have

Adv. Intell. Syst. 2020, 2000039 2000039 (21 of 27)

demonstrated promising sensing performance for the potential
applications in human motion detection and soft robotics.
However, several challenges associated with the design, integra-
tion, and safety of wearable and stretchable strain sensors still
exist. Herein, we address some of the major challenges in the
design of high-performance wearable strain sensors for their
practical implementation.

First, the development of stretchable strain sensors capable of
measuring decoupled strains in multidirections and multiplane
deformations is still challenging.!""”® Further research activities
should be directed to novel sensing architecture, 3D structures,
and metamaterials to overcome this limitation.””®! Despite the
intense research in the design of wearable strain sensors offering
both high stretchability and sensitivity in recent years, the
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majority of the current stretchable strain sensors suffer from
nonlinear response and hysteresis behavior, making calibration
process complicated for high-strain applications like human
motion detection where large and dynamic strains are subjected
strain sensors." In addition, the output signal of many reported
strain sensors is vulnerable to pressure as well as variations in
environmental conditions such as changes in temperature and
humidity. A recent study revealed a significant influence of
temperature and humidity changes on the strain sensing behav-
ior of CNTs-PDMS nanocomposite strain sensors.”??) Thus,
new material approaches, advance packaging strategies, and
micro-/nanostructure designs are required to eliminate these
unwanted interferences.!'””**%3! For example, a temperature
self-compensated hybrid film composed of graphite and CNTs
has been proposed to decouple the effect of the temperature
change on the response of strain sensors.[**”! Super-hydrophobic
coatings have been utilized to prevent the penetration of water
molecules into the strain sensing films.?****?l Zhang et al. have
reported that sandwiching CNTs—Ecoflex nanocomposite strain
sensors between two layers of Ecoflex can greatly enhance their
endurance to humidity variations.?**

Second, conformal adhesion of wearable strain sensors onto
the soft skin is another important consideration for noise-free
and accurate strain monitoring.'"*” The weak interfacial adhe-
sion between wearable sensors and skin leads to their sliding
and delamination from the skin. To date, several strategies,
including pressure-sensitive adhesives,2**?**! gecko-inspired
structures,?****”) swellable microneedle arrays,***?*% and ultra-
thin packaging?®*>**' have been pursued to improve the skin
adhesion. Nonetheless, high adhesion strength on the skin is still
challenging, given its soft, irregular, rough, and textured struc-
ture. Drotlef et al. have recently addressed this by developing
a flexible skin—adhesive film composed of PDMS microfibers
decorated with vinylsiloxane tips.l'*”! Direct crosslinking of the
viscous vinylsiloxane tips on the skin surface greatly enhanced
the skin adhesion strength (up to 18 kPa) due to the excellent
shape adaptation of microfiber tips to the multiscale roughness
of the skin. Wearable strain sensors integrated with skin—
adhesive composite microfibers showed amplified signal quality
because of their conformal attachment to the skin.

Third, another key challenge in the design of wearable sensors
is to achieve a high level of biocompatibility and health safety
upon their prolonged application to the skin.**?! The majority
of wearable strain sensors are made of polymeric films and pla-
nar structures, which in turn can prevent the circulation of the
fresh air in the attached area and thereby can increase the chance
of skin irritation, bacterial infection, and patients’ discomfort.**%
To overcome this, limited attempts have been made to develop
breathable wearable devices utilizing 3D microarchitectures,
structured fiber films, and porous polymers.'>*19%243] A recent
study has shown significant suppression of the skin inflamma-
tion by designing nanomesh, ultrathin, and gas-permeable
wearable devices.***! Therefore, the research focus should move
toward the development of wearable strain sensors using more
biocompatible and clinically acceptable materials.

Last but not least, along with the notable advancements
in wearable strain sensors, considerable efforts have been
made to develop other types of wearable electronic devices,
including flexible wireless communication,****”1 highly
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stretchable energy storage and harvesting devices,**#72%"

electronic circuits,*>*22%% displays,***?**! memories,*>***")
and interconnections.**®*>% However, it is still very challenging
to achieve compact, fully functional, and reliable integration of all
these components mainly because of the technical complexity in
the manufacturing process."**% Consequently, further research
efforts are critically needed for device integration and digital
manufacturing (e.g., 3D printing and laser micromachining)
toward multifunctional wearable devices with greater functional-
ities and longer lifetime.'*****! In another practical approach,
wearable devices have been hybridized with custom-made
commercial silicon-based electronic chips.[B1212617264 These
miniaturized chips power the wearable devices, collect and
calibrate the sensory information, and transmit the acquired data
to a mobile device (e.g., computer, smartphone, and tablet) via
wireless communication. For instance, an integrated smart glove
system has been developed containing wearable strain sensors
and a custom-made miniaturized electronic chip for data acqui-
sition, calibration, and wireless communication.®! In another
example, Gao et al. integrated soft multimodal biosensors with
a flexible printed circuit board (FPCB) made of a memory chip,
rechargeable battery, microcontroller, and wireless communica-
tion module for sweat sensing and analysis.**" Although there
was a large mechanical mismatch between the FPCB and
wearable biosensors and the skin, their miniaturized designs
and compact integration have shown potentials in point-of-care
devices.

9. Conclusions and Future Outlook

The recent technological advances in the development of stretch-
able and wearable strain sensors were summarized in this
Review. Capacitive-type sensors offer excellent stretchability, lin-
earity, and negligible hysteresis, but they have poor sensitivity.
The sensitivity and stretchability of resistive-type sensors have
been greatly improved through advanced materials and structural
engineering. However, they often suffer from hysteresis and
nonlinear electromechanical response. The drawbacks of stretch-
able optical strain sensors are their poor dynamic performance
and long-term durability, and relatively slow response time.
Therefore, several challenges associated with the design of
high-performance, multidirectional, skin conformal, breathable,
and integrated wearable strain sensors should be further
addressed. Potential application areas while improving the pres-
ent state-of-the-art sensing platform include body stimulators,
wearable healthcare, assistive devices, smart surgical devices,
drug delivery monitoring, as well as in artificial organ research.
In addition, building multifunctional strain sensors will enhance
biological understanding and will formulate novel and exciting
hypotheses for the live-organisms investigation. Similarly, func-
tional nanomaterial composites for soft sensing will help with
biomechanics, veterinary care, and animal welfare in general.
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