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Stretchable, Skin-Mountable, and Wearable Strain Sensors
and Their Potential Applications: A Review

Morteza Amjadi, Ki-Uk Kyung, Inkyu Park,* and Metin Sitti*

There is a growing demand for flexible and soft electronic devices. In par-
ticular, stretchable, skin-mountable, and wearable strain sensors are needed
for several potential applications including personalized health-monitoring,
human motion detection, human-machine interfaces, soft robotics, and so
forth. This Feature Article presents recent advancements in the develop-
ment of flexible and stretchable strain sensors. The article shows that highly
stretchable strain sensors are successfully being developed by new mecha-
nisms such as disconnection between overlapped nanomaterials, crack prop-
agation in thin films, and tunneling effect, different from traditional strain
sensing mechanisms. Strain sensing performances of recently reported strain
sensors are comprehensively studied and discussed, showing that appro-
priate choice of composite structures as well as suitable interaction between
functional nanomaterials and polymers are essential for the high performance
strain sensing. Next, simulation results of piezoresistivity of stretchable strain
sensors by computational models are reported. Finally, potential applications
of flexible strain sensors are described. This survey reveals that flexible, skin-
mountable, and wearable strain sensors have potential in diverse applications

while several grand challenges have to be still overcome.

1. Introduction

Skin-mountable and wearable electronic devices have recently
attracted tremendous attention due to their facile interac-
tion with human body and long-term monitoring capabili-
ties. Physical, chemical, biological, and environmental status
of the human body could be monitored by various flexible
sensors with high efficiency and minimum discomfort.l-%
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Skin-mountable and wearable sensors
can be attached onto the clothing or even
directly mounted on the human skin for
the real-time monitoring of human activi-
ties.!% Besides their high efficiency, they
must fulfill several minimum require-
ments including high stretchability,
flexibility, durability, low power consump-
tion, biocompatibility, and lightweight.
These demands become even more severe
for epidermal electronic devices where
mechanical compliance like human skin
and high stretchability (¢ > 100% where €
is the strain) are required.!'12l Recently,
several types of skin-mountable and wear-
able sensors have been proposed by using
nanomaterials coupled with flexible and
stretchable polymers. Indeed, nanoma-
terials are utilized as functional sensing
elements owing to their outstanding elec-
trical, mechanical, optical, and chemical
properties while polymers are employed
as flexible support materials thanks to
their flexibility, stretchability, human-
friendliness, and durability.’}] Examples of those innovative
sensors include strain sensors,['%12-14l pressure sensors,>-17]
electronic skins (e-skins),’>1°2% and temperature sensors.>2122
Particularly, various skin-mountable and wearable strain sen-
sors have been developed because of their broad applications
in personalized heath-monitoring, human motion detection,
human-machine interfaces, and soft robotics.[1012:23-31]

This paper aims to survey fabrication processes, working
mechanisms, strain sensing performances, and applications of
stretchable strain sensors. The article is organized as follows:
first, common operation mechanisms of stretchable strain
sensors are described. Here, we summarize novel functional
nanomaterials and techniques for the fabrication of stretchable
strain sensors in details. Second, mechanisms involved in the
strain-responsive behavior of resistive-type and capacitive-type
sensors are explained. We show that the influence of traditional
mechanisms like geometrical changes and piezoresistivity of
materials on the strain sensing performance of flexible strain
sensors are very small whereas mechanisms such as disconnec-
tion between sensing elements, crack propagation in thin films,
and tunneling effect can potentially be employed for highly
stretchable and sensitive strain sensing. Third, we emphasize
the performance parameters of stretchable strain sensors in
terms of stretchability, sensitivity, linearity, hysteresis behavior,
response time, overshooting, and durability. We demonstrate
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that the selection of appropriate polymers and their interaction
with functional nanomaterials are essential for excellent and
reliable dynamic strain sensing. Fourth, recent computational
models for the simulation of the piezoresistivity of stretchable
strain sensors are reported. Fifth, we highlight the potential
applications of stretchable and sensitive strain sensors. Next
section describes current challenges in the use of flexible,
skin-mountable, and wearable sensors, especially, for body-
integrated applications. Last section provides conclusions and
future remarks of stretchable strain sensors.

2. Flexible Strain Sensors

Strain sensors transduce mechanical deformations into elec-
trical signals. Flexible and stretchable strain sensors could
mainly be classified into resistive-type and capacitive-type
sensors. Although there are several other types of strain sen-
sors including fiber Bragg grating (FBG), Raman shift, liquid
metals, triboelectricity, and piezoelectricity based strain sen-
sors, 321l practical implementation of these strain sensors for
skin-mountable and wearable applications remains still chal-
lenging largely due to their sophisticated measurement equip-
ment, low resolution, and poor dynamic performance.?-3842-4]
On the other hand, resistive-type and capacitive-type sensors
require relatively simple read-out systems and offer high flex-
ibility and stretchability.1%14334647] In this article, therefore,
we keep our focus on resistive-type and capacitive-type sensors
only. Resistive-type sensors are typically composed of electri-
cally conductive sensing films coupled with flexible substrates.
When composite structures are stretched, microstructural
changes in the sensing films lead to the change of electrical
resistance as a function of the applied strain. After release of
the strain, reestablishment of the sensing films to their original
states recovers the electrical resistance of sensors. Capacitive-
type sensors employ a highly compliant dielectric layer sand-
wiched between a pair of stretchable electrodes. Tensile strain
brings two electrodes closer and results in an increase of capac-
itance. Figure 1 illustrates several flexible, skin-mountable, and
wearable strain sensors made of functional nanomaterials and
stretchable polymer composites.

One important consideration is the choice of suitable
materials and methods for the fabrication of flexible strain
sensors. Fabrication process of flexible sensors should be
low-cost and scalable, enabling large-area and facile pro-
duction. To date, stretchable strain sensors have been fabri-
cated by using low-dimensional carbons (e.g., carbon blacks
(CBs), carbon nanotubes (CNTs), and graphene),[1:1433:47-63]
nanowires (NWs),[102964-661 - nanoparticles (NPs),[7%  and
their hybrid micro/nanostructures.[271-75]  Silicone-based
elastomers (e.g., polydimethylsiloxane (PDMS), Ecoflex,
and Dragon Skin)[101214293347,525355-57.60.6567.7176] and  rub-
bers (e.g., natural rubber and thermoplastic elastomers
(TPEs))[#48:49.51.54.59.616272.74.77.78] are the most commonly used
polymers as flexible support materials of soft strain sensors.
Although the influence of polymer types on the piezoresistivity
of low-strain gauges was noticed to be relatively small,* the
importance of appropriate polymer support for the high perfor-
mance strain sensing will be discussed later.
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Figure 1. Various flexible, skin-mountable, and wearable strain sensors made of functional nanomaterials-polymer composites. a) Resistive-type sen-
sors, and b) capacitive-type sensors. a) Reproduced with permission.[” Copyright 2014, American Chemical Society. Reproduced with permission.l'?
Reproduced with permission."l Copyright 2011, Nature Publishing Group. Reproduced with permission.!*’] Reproduced with permission.l”®l Copyright
2012, Nature Publishing Group. b) Reproduced with permission.!%>] Copyright 2013, Royal Society of Chemistry.

Stretchable strain sensors were fabricated through dif-
ferent processes including filtration method,[1947:8.71.73.79.80]
printing technology,””:¢>071 transferring and micromolding
methods,14505255,56.58601 coating  techniques,#9:5461:63727879]
liquid phase mixing,[12°1:52:60.6271.7781] and chemical synthesis
methods.[1#5%:56.7682] We have recently reported highly stretch-
able and sensitive strain sensors based on the silver nanow-
ires (AgNWs)-elastomer nanocomposites.'%* The AgNW
network thin films were first coated on a donor substrate
and then were transferred to the PDMS matrix by filtration
technique (Figure 2a).1%%384 The robust nanocomposites
of AgNW fillers and PDMS matrix with different network
densities were then tested for strain sensing. Hempel et al.
demonstrated flexible and sensitive strain sensors by spray
coating of graphene flakes on polyethylene terephthalate
(PET) substrates (Figure 2b).’*l Properties of thin films such
as transparency and electrical conductivity were controlled
by the amount of the sprayed solution. In another approach,
chemical vapor deposition (CVD) method was utilized for
direct growth of CNT and graphene thin films. In this
method, carbon feedstock gases were supplied on a substrate
decorated with catalyst particles under high temperature con-
dition (> 800 °C). The grown thin films were then transferred
to flexible substrates by different transfer techniques.l>>#! For
instance, graphene thin films grown on the Ni catalyst layer
were transferred to the PDMS substrate by PDMS stamps.
The resulting graphene-PDMS composites were characterized
for strain sensing (Figure 2c).”®! Highly stretchable and soft
strain sensors were reported by Muth et al. using embedded
3D printing technique where the viscous nanomaterial ink
was directly embedded in elastomer films through a deposi-
tion nozzle (Figure 2d).5”) Figure 2e illustrates the solution
mixing procedure for the fabrication of nanocomposite struc-
tures. Nanomaterial fillers and liquid-phase polymers are vig-
orously mixed together to obtain nanocomposite structures.
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Kong et al. reported stretchable sensors based on the CBs-
PDMS nanocomposite films prepared by the solution mixing
method.?l Cohen et al. reported a highly elastic capacitive-
type sensor based on the percolation network of CNTs. The
CNT percolation network thin films were transfer-printed
onto silicone dielectric layers.”® In another approach, the pat-
terned AgNW percolation networks were transferred to PDMS
by filtration method.®>”?) The AgNWs-PDMS nanocompos-
ites formed highly stretchable and stable electrodes. Then,
two opposite stretchable electrodes were brought together
with a laminated Ecoflex dielectric layer.[°°] Highly transparent
and stretchable strain sensors were demonstrated by Cai
et al. using transparent CNT percolation thin films syn-
thesized by the floating catalyst chemical vapor deposition
(FCCVD) method.33 The conductance and optical transpar-
ency of thin films were controlled by the growth parameters.
Stretchable electrodes were typically made of the percolation
network of one-dimensional (1D) nanomaterials (e.g., CNTs
and AgNWs) that maintain stable and reliable electromechan-
ical properties at high strains.[33-358657986 For detailed fab-
rication processes of flexible electronic devices, we refer the
reader to the following review papers.[6-5887-89]

3. Strain-Responsive Mechanism

Strain sensors respond to the applied strain with different
mechanisms, depending on the type of materials, micro/nano-
structures, and fabrication process. Strain-resistance response
of traditional strain gauges originates from geometrical effects
and piezoresistivity of materials themselves. Unlike traditional
strain gauges, mechanisms such as disconnection between
sensing elements, crack propagation in thin films, and tun-
neling effect have been utilized to develop stretchable strain
Sensors.
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Figure 2. Fabrication processes of stretchable strain sensors. a) Filtration method; transferring thin films from a donor substrate to a polymer-targeted
substrate by penetration of the liquid polymers. Reproduced with permission.®l b) Coating technique; coating of material solutions on the top of flex-
ible polymers to form nanomaterial thin films-polymer composites; inset: graphene thin film air-spray coated on the PET substrate. Reproduced with
permission.?¥l Copyright 2012, American Chemical Society. c) Transferring process; transmitting thin films from one substrate to another substrate
by using an intermediate substrate. Reproduced with permission.’’] Copyright 2013, Elsevier. d) Printing technology; printing nanomaterial inks onto
flexible polymer substrates by deposition nuzzles. Reproduced with permission.’). e) Solution mixing; fabrication of nanomaterial fillers-polymers

nanocomposites. Reproduced with permission.’? Copyright 2014, Elsevier.

3.1. Geometrical Effect

When materials are stretched, they tend to contract in trans-
verse direction of stretching based on the Poissor's ratio of v.
For a conductor, the resistance is given by R = pL/A, where p is
the electrical resistivity, L is the length, and A is the cross-sec-
tional area of the conductor. Resistance of a conductor increases
upon elongation in length and shrinkage in cross-sectional
area. Dimensional changes are the piezoresistive and piezoca-
pacitance mechanisms of commercially available metal-based
resistive-type and stretchable capacitive-type sensors, respec-
tively.*% Upon stretching, capacitive-type sensors sustain
change of capacitive area and decrease in the thickness of the
dielectric layer, resulting in an increase of capacitance.l3%586>86l
Consider a parallel-plate capacitor with initial length (Iy), width
(wp), and thickness (dy) of the dielectric layer. The initial capaci-
tance Cj is given by:

low,
Co =&y, — 1
0 = &€& a4 (1)
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where g, and €, donate dielectric constant of vacuum and rela-
tive permittivity of dielectric media, respectively. When the
sensor is stretched to a given strain ¢, the length of capacitor
increases to (1+¢)l, while the width and thickness of dielec-
tric layer decrease to (1—Vejectrode)Wo and (1—Vgielectric)do Where
Velectrode a0d Vgiclectric are the Poisson’s ratios for the stretch-
able electrodes and dielectric layer, respectively. For stretchable
strain sensors, if we assume that both stretchable electrodes
and dielectric layer have same Poisson’s ratio, then the capaci-
tance upon stretching could be calculated as:

(14 &)1 (1= Veteatrode ) Wo (1+&)lowy
C=¢gpe, =£,¢,
’ (1 - Vdielecm'c)do 0 do (2)
=(1+¢)Cy

Here, the capacitance of capacitive-type sensors increases as a
linear function of the applied strain. It should be noted that this
linear function is limited to a certain amount of strain. If the
applied strain is too large, linear relationship between different axes
via the Poisson's ratio is not valid anymore for the utilized polymer.

Adv. Funct. Mater. 2016,
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3.2. Piezoresistive Effect

Change in the resistance of materials caused by the struc-
tural deformations is known as piezoresistivity. In this case,
the relative change of resistance could be written as: AR/R =
(1 + 2v)e + Ap/p. The former term expresses the influence of
geometrical changes, while latter indicates the piezoresistivity of
materials themselves. Piezoresistivity of some metals and metal-
alloys may increase the resistance of strain gauges to few times
whereas semiconductor materials such as silicon and germa-
nium can enhance the resistance change of sensors to several
orders of magnitudes, induced by the change of the bandgap
on inter-atomic spacing.'2?**¥ In addition, nanoscale mate-
rials such as individual CNT and zinc oxide nanowire (ZnONW)
showed ultrahigh piezoresistivity owning to their chirality and
change in barrier height, respectively.>+#:82:90.92.95-9] Therefore,
highly sensitive strain gauges could be achieved by semiconduc-
tors or nanoscale materials. However, the stretchability of skin-
mountable and wearable strain sensors (& > 50%) far exceeds
the measurement limit of conventional strain gauges made of
metals and semiconductors (¢ < 5%).1>*l Moreover, technical
difficulties, inhomogeneous electromechanical properties, and
poor stretchability have prevented the widespread use of single
nanotube or nanowire as strain sensors. To overcome these
shortcomings, unlike traditional strain sensing mechanisms,
several new approaches have been proposed for achieving highly
stretchable and sensitive strain sensors by forming composites
of functional nanomaterials and stretchable polymers. Even in
this case, the contribution of the piezoresistivity of nanomate-
rials on the total resistance-strain behavior of stretchable strain
sensors may be expected to be low due to the large elastic mis-
match as well as weak interfacial adhesion strength between
nanomaterials and polymers, yielding negligible deformations
of nanomaterials upon stretching,[10:32:34:42,90,100]

3.3. Disconnection Mechanism

In conductive thin films made of nanomaterial conductive net-
work, electrons can pass through overlapped nanomaterials
within the percolation network. Stretching of thin films causes
some connected nanomaterials to lose their overlapped area
and electrical connection, consequently, increases the electrical
resistance. In microstructural point of view, disconnection of
overlapped nanomaterials under stretching is caused by the slip-
page of nanomaterials due to the weak interfacial binding and
large stiffness mismatch between nanomaterials and stretch-
able polymers.[1%42190] Stretchable and sensitive strain sensors
were reported using thin films of NW networks and graphene
flakes based on the disconnection mechanism.[1%:29:5461,63.75.90]
We investigated the strain sensing mechanism of AgNWs—
PDMS nanocomposites.1%64 AgNWs with tensile strength
of 0.92%-1.64% and Young’s modulus of 81-176 GPa were
embedded on a much softer PDMS layer with Young’s modulus
of 0.4-3.5 MPa.[108310L102] nder stretching cycle, AgNW fillers
slid inside the PDMS matrix due to much larger elongation
of the PDMS matrix. Sliding of NWs resulted in disconnec-
tion at some NW-NW junctions. More stretching led to more
disconnection between NWs and thus increased the electrical
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resistance. Similar mechanism was identified for the piezore-
sistivity of ZnONW thin films coated on PDMS substrates.?’]
Another class of strain sensors was reported by graphene flakes
coated on flexible support materials. When composite films
were stretched, graphene flakes slid in the direction of elonga-
tion, decreased the overlapped area between connected flakes
and increased the contact resistance in the flake-flake junc-
tions.[#75463] Recently, few microstructure based (e.g., inter-
locked microstructure) strain sensors were also reported.>10%]
Here, rather than disconnection between overlapped nanoma-
terials upon stretching, microstructural deformation was uti-
lized to change the output electrical signal. For instance, when
two opposing conductive interlocked microdome arrays were
laminated and stretched in the lateral direction, the contact area
between the microdomes was dramatically decreased, which
led to considerable increase in the electrical resistance.[1%’]

3.4. Crack Propagation

Cracks originate and propagate in brittle thin films coated on
the top of soft polymer layers upon stretching. Indeed, cracks
intend to initiate at the stress concentrated areas to release
the accommodated stress. Microcracks were generated in
CNT, silver nanoparticle (AgNP), gold nanowire (AuNW), and
graphene thin films coated on flexible substrates under stre
tching,[10:1456.63.67.104105] Stretching led opening and enlarge-
ment of microcracks in thin films, critically limiting the elec-
trical conduction through thin films due to the separation of
several microcrack edges.['%l Moreover, the electrical resistance
of thin films drastically increased by the applied strain. This
mechanism was employed to develop highly sensitive and flex-
ible strain sensors. Figures 3a and 3b show microcrack opening
in the AgNP and CNT thin films under stretching, respec-
tively.'*7%l Figure 3c depicts the in situ tracking of microstruc-
ture morphology of the graphene thin film—PDMS composite
film under various strains. The density and size of microcracks
were increased by the applied strain and recovered to their
initial states after release of thin films. Moreover, microcrack
edges were reconnected upon release of the applied strain,
ensuring complete recovery of the electrical resistance.”l

3.5. Tunneling Effect

Crossing of electrons through a nonconductive barrier is called
tunneling. Electrons can tunnel through closely spaced adjacent
nanomaterials.'*3*71197] Very thin insulating polymer layers
were experimentally observed in the CNTs-polymer nanocom-
posites where several CNT-CNT junctions were separated from
direct electrical connection, but with possible tunneling conduc-
tion.13>42108 Within a certain cut-off distance between neighboring
nanomaterials, electrons can path through polymer thin layers
and form quantum tunneling junctions. The tunneling resistance
between two adjacent nanomaterials can be approximately esti-
mated by Simmons’s theory for tunneling resistance:[10:3442]

vV_ hd (4_;;«1

Rturme=—=7 2 2’ 3
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Figure 3. Microcrack generation in thin films coated on flexible support materials. a) Microcrack opening in the AgNP thin film patterned on the
PDMS substrate upon stretching. Reproduced with permission.[”) Copyright 2014, Royal Society of Chemistry. b) Gap opening in the aligned CNT thin
film by the elongation of the PDMS substrate. Reproduced with permission." Copyright 2011, Nature Publishing Group. c) Microcrack initiation and
propagation on the graphene thin film—PDMS composite under stretching and microcrack recovery under releasing cycle. Reproduced with permis-

sion.”¢l Copyright 2012, Nature Publishing Group.

where V is the electrical potential difference, A is the cross
sectional area of the tunneling junction, J is the tunneling cur-
rent density, h is Plank’s constant, d is the distance between
adjacent nanomaterials, e is the single electron charge, m is
the mass of electron, and A is the height of energy barrier for
polymers. The cut-off tunneling distance depends on several
factors such as type of conductive materials, type of insulating
media, and processing parameters.’! For example, cut-off dis-
tances of the AgNW-PDMS-AgNW and CNT—polymer—CNT
channels were reported to be about 0.58 and 1-1.8 nm, respec-
tively.l1%421%7 The tunneling cut-off distance between two par-
allel graphene sheets insulated with polymers was determined
to be around 2-3 nm.[1911% This value is larger than the cut-off
distances for AgNWs or CNTs because of the highly crumpled
nature of graphene sheets.''% The dominant strain-responsive
mechanism of the (CNTs or graphene)—polymer nanocompos-
ites based strain sensors was discovered to be the tunneling
effect.[3435,6271.82,90.107.108.110]  Moreover, single CNT and
monolayer graphene possess high tensile strength up to 40%
and 30% with fully reversible structural geometry due to the
energy absorption of the carbonic hexagonal honeycomb struc-
ture.?*>>%] Therefore, CNTs and graphene could be regarded as
elastic nanomaterials. The (CNTs or graphene)—polymer nano-
composites consist of numerous CNTs or graphene flakes that
are entangled and folded in complex networks inside the polymer
matrices. When an external strain is applied, unfolding of
entangled elastic nanomaterials is more probable than sliding
in their axial directions, changing the tunneling resistance. This
mechanism is different from the disconnection mechanism

wileyonlinelibrary.com
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where several connected junctions are separated due to the
sliding of rigid nanomaterials inside the polymer matrices.

4. Performance of Stretchable Strain Sensors

Strain sensing performance of stretchable strain sensors has
been characterized by different performance parameters such
as stretchability, sensitivity or gauge factor (GF), linearity,
hysteresis, response and recovery time, overshoot behavior,
durability, etc. These parameters are crucial for stretchable
and wearable strain sensor characterization since large, long-
duration, and frequent strains may be applied to the strain sen-
sors during such applications.

4.1. Stretchability

Stretchability of strain sensors is diverse, depending on the type
of strain sensors, nanomaterials, micro/nanostructures, and
even fabrication process. Highly stretchable (€ = 280%) resis-
tive-type sensors were reported based on the aligned CNT thin
film—PDMS composites.'Y! High stretchability was achieved by
highly homogeneous microcrack propagation in the CNT thin
film as well as lateral interconnection between aligned CNTs
upon stretching. In parallel, ultra-high stretchable (& = 300%)
capacitive-type sensors were presented by using percolating
CNT network-silicone elastomer composites owning to the
high stretchability of the dielectric layer and robustness of the

Adv. Funct. Mater. 2016,
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Table 1. Summary of performance results of recently reported stretchable strain sensors.

Reference Type of sensor Materials Stretchability (%) Gauge factor Linearity

[10] Resistive AgNWs—-PDMS 70 2-14 Linear up to 40%
[17] Resistive CNTs—Ecoflex 500 1-2.5 Linear

[12] Resistive CBs—-PDMS 30 29.1 Linear

[14] Resistive Aligned CNTs—PDMS 280 0.82 Two linear regions
[29] Resistive ZnONWs—-PDMS 50 114 Linear

[33] Capacitive CNTs-Dragon-skin elastomer 300 0.97 Linear

[46] Resistive Graphene foam-PDMS 70 15-29 Linear

[57] Resistive CBs—-TPE 80 20 Nonlinear
[52] Resistive CBs—PDMS 10 1.8-5.5 Two linear regions
[53] Capacitive CNTs—Ecoflex 150 1 Linear

[57] Resistive CBs—Ecoflex 400 3.8 Nonlinear
[58] Capacitive CNTs-silicone elastomer 100 0.99 Linear

[61] Resistive Graphene—rubber 800 10-35 Nonlinear
[65] Capacitive AgNWs—Ecoflex 50 0.7 Linear

[70] Resistive Platinum (Pt)-PDMS 2 2,000 Nonlinear
[74] Resistive AuNWSs—PANI-rubber 149.6 20.4-61.4 Linear

[75] Resistive AgNWs—PEDOT:PSS/PU?) 100 1.07-12.4 Nonlinear
[105] Resistive AuNWs—latex rubber 350 6.9-9.9 Linear

[137] Resistive CNTs—PEDOT:PSS/PU 100 8.7-62.3 Nonlinear

3 (PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrenesulfonate and PU: polyurethane).

CNT-based stretchable electrodes.¥l The stretchability of strain
sensors was considerably improved by using 1D nanomaterials-
polymers composites (Table 1).[1029335974 Ag 1D nanomaterials
have high aspect ratio, the effective percolation networks can
be easily formed and the thin films can sustain stable electro-
mechanical characteristics even for high strain levels. The CB,
NP, and graphene thin films based strain sensors typically
exhibited low stretchability (€ < 109),[12:36:50-52:54:55.67-70.74.76]
except for the crumpled graphene-nanocellulose nanopaper
composite (¢ = 100%), fragmentized graphene foam (FGF)-
PDMS nanocomposites (€ = 70%), graphene-rubber composites
(€ = 800%), and CBs-TPE nanocomposite (¢ = 80%) strain
sensors where stretchability was improved by their special 3D
fibrous structures (Figure 4a and 4b).[*475161 The low stretcha-
bility of the CBs, NPs, and graphene based strain sensors could
be explained by the lack of robust percolating networks of the
low aspect ratio nanomaterials.

4.2. Sensitivity or Gauge Factor (GF)

Slope of the relative change of the electrical signal, often
resistance or capacitance, versus applied strain reflects GFs of
strain sensors. GFs are given by GFs = (AR/Ry)/€ and GFs =
(AC/Cp)/e for resistive-type and capacitive-type sensors,
respectively. Conventional metal-foil based strain gauges pos-
sess GFs in the range of 2-5 and semiconductor based strain
sensors might bear GFs of 100 or larger.'%>*! For stretch-
able strain sensors, the value of GFs is diverse, depending on
the piezoresistive mechanisms, nanomaterials, and micro/
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nanostructures of strain sensors. The CNTs—Ecoflex nano-
composite based resistive-type sensors showed GFs of 1-2.5
by the change of the tunneling resistance upon stretching.'!
The AgNWs-PDMS nanocomposite based resistive-type sensors
exhibited tunable GFs in the range of 2-14.'% GFs were con-
trolled by number density of the AgNW percolation network.
Lower density networks resulted in more effective disconnec-
tion between NW-NW junctions and thus higher GFs. Despite
the enhancement of sensitivity by lowering the network density
for several strain sensors,[1011:465461] the stretchability of strain
sensors was considerably decreased (Figure 5a). Highly sensi-
tive (GFs = 116) resistive-strain sensors have been reported by
using ZnONWs-polymer composites. The high GF has been
achieved by the unique “nanobrush” structure (Figure 4c) as
well as the growth of short ZnONWs (=3 pm), leading to large
number of disconnections between ZnONW-ZnONW junc-
tions by the applied strain.??) In another approach, ultra-high
sensitive (GFs > 1000) have been illustrated using graphene
thin films-polymer composites, employing high-density micro-
crack generation in the crisscross configuration (Figure 3c).”l
Despite the high sensitivity of microcracks based strain sen-
sors, they typically exhibited low stretchability (€ < 309%).5670.76]
Generally, stretchable strain sensors based on microcrack and
disconnection mechanisms showed higher sensitivity than
other piezoresistive mechanisms.['%344676] Even though capac-
itive-type sensors possessed high stretchability, they exhibited
very low sensitivity (GF < 1) due to theoretical limitations
(GFs = (AC/Cy)/e=((1 + &) Cy—Cy)/eCy = 1). For example, AgNW
network based stretchable strain sensors with PDMS and Eco-
flex dielectric layers showed GFs of 1 and 0.7, respectively.[®#3]
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On the other hand, GF of 0.97 was dem-
onstrated by using CNT percolation net-
work electrodes and Dragon-Skin dielectric
layer.33]

4.3. Linearity

Linearity is an important parameter for
stretchable strain sensors because very large
strains should be accommodated by strain
sensors. Nonlinearity of sensors makes the
calibration process complex and difficult.
Nonlinearity is one of the main drawbacks of
almost resistive-type strain sensors (Table 1).
Generally, once the microstructure of thin
films undergoes change from “homoge-
neous morphology” to “nonhomogeneous
morphology” upon stretching, strain sensors
respond to the applied strain with a nonlinear
manner.'%*l For example, inhomogeneous
microcrack generation and propagation in
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Figure 4. Hybrid nanomaterials and structures used in flexible strain sensors. a) 3D robust thin £l de of NP h fak
network of crumpled graphene and cellulose fibrils. Reproduced with permission.*’1 b) 3D per- 1 Hims made o § or graphene flakes
colation network of FGF-PDMS nanocomposites. Reproduced with permission.l“él c) ZnONW led to high nonlinear response of strain
hybrid nanobrush structures for high strain sensing; inset, high resolution microscopic image. ~ sensors  (Figure 5b).B667.6976.1041  Further-
Reproduced with permission.?’l d) Ni coated CNT hybrid structure for linear strain sensing. ~more, change of the “homogeneous per-

Reproduced with permission.22 Copyright 2013, Elsevier. colation network” to the “inhomogeneous
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Figure 5. a) Sensitivity enhancement by lowering the density of percolation network through amount of drop-casted FGF. Reproduced with permis-
sion.*®1 b) High nonlinear response of the graphene microcracked thin films upon stretching. Reproduced with permission.’8! Copyright 2012, Nature
Publishing Group. c) High linear response with negligible hysteresis behavior of the CNTs—PDMS composite capacitive-type sensors. Reproduced with
permission.*3l Copyright 2013, Nature Publishing Group. d) Hysteresis of the AuNWSs—latex rubber composite resistive-type strain sensors. Reproduced
with permission.'%! Copyright 2015, John Wiley and Sons.
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percolation network” for the low-density AgNW network sen-
sors was found as the main reason of nonlinearity.'” CNTs-
polymer composites based strain sensors typically exhibited
nonlinear electromechanical performance with low sensi-
tivity.32424849.59.7L11-13] Both gensitivity and linearity of the
CNTs-polymer composites were improved by their hybrid struc-
tures. For instance, metal-coated CNT-epoxy nanocomposites
(GFs = 155) (Figure 4d) and CNTs-graphite flake hybrid thin
film coated on PET (GFs = 7.8) showed high linearity and sen-
sitivity, but with very low stretchability (e < 1.5%).32727378.114]
Capacitive-type sensors showed excellent linearity, but with
low sensitivity (Figure 5c and Figure 6).°%%] In overall, we
found a trade-off relationship between “high sensitivity” and
“high linearity and stretchability” in majority of strain sensors
(Figure 6).10495L72] Furthermore, high sensitive strain sensors
need considerable structural deformations upon stretching
whereas high stretchable sensors should be morphologically
intact under large stretching and both features could not be
achieved through simple thin film structures. Highly sensitive
strain sensors typically responded to the applied strain with
high nonlinearity and low stretchability, and vice versa. There-
fore, development of strain sensors with both high stretchability
(€2 100%) and highly sensitivity (GFs > 50) is still a grand chal-
lenge (Figure 6).

4.4. Hysteresis

Hysteresis becomes important when strain sensors are under
dynamic load, for example, the use of sensors for skin-mount-
able and wearable applications. Large hysteresis behavior leads
to the irreversible sensing performance of sensors upon dynamic
loadings.*>%0 Capacitive-type sensors exhibited better hyster-
esis performance than resistive-type strain sensors (Figures 5c
and 5d).[1033.65.105] Moreover, the performance of capacitive-type
strain sensors relies on the stable overlapped area between
opposing electrodes, but not conductance history of electrodes.
On the other hand, strain sensing of resistive-type strain sen-
sors is highly affected by the conductance change of thin films,
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Figure 6. Averaged gauge factors as a function of maximum stretcha-
bility of recently reported resistive-type and capacitive-type strain sensors.
Development of strain sensors with high stretchability, sensitivity, and
linearity is still challenging (orange colored region).
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causing larger hysteresis behavior. Hysteresis is mainly caused
by the viscoelastic nature of polymers as well as the interaction
between nanomaterial fillers and polymers.[10425259.601 Degpite
the negligible hysteresis for strains up to 40%, we observed
high hysteresis in the response of the AgNWs-PDMS nano-
composite sensors for larger strains, caused by the hysteresis
behavior of PDMS elastomer itself.[1%60.66:115] For strain sensors
made of nanomaterial fillers inside polymer matrices in the
form of nanocomposites, interaction between nanomaterials
and polymers could be another possible reason for hysteresis.
Strong interfacial binding between elastic nanomaterials (e.g.,
CNT and graphene) and polymers would give better strain
sensing performances.l*¢6277116 When the binding is weak,
elastic nanomaterials can slide inside the polymer matrices
upon high stretching while they cannot rapidly slide back to
their original positions after complete release of strain, resulting
in high hysteresis behavior.*l On the contrary, very weak inter-
facial adhesion between rigid nanomaterials (e.g., metal NWs)
and polymers is demanded for the full recovery of the nanoma-
terials to their initial positions upon releasing. If the interfacial
binding is strong enough, friction force between rigid nanoma-
terials and polymers can lead to buckling and facture of nano-
materials at the releasing cycle.ll®®3] Large hysteresis behavior
of the CNT-polymer nanocomposite strain sensors can be
explained by our proposed model since several researchers have
pointed the weak interfacial binding between CNTs and poly-
mers.[1434:4252,53,62,100.116] Thege studies highlight the importance
of polymer materials and their interaction with sensing thin
films in stretchable sensors for high performance strain sensing.

4.5. Response and Recovery Time

Response time determines how quickly the strain sensors
move toward steady state response. Response delay exists in all
polymer based strain sensors due to the viscoelastic nature of
polymers.'%19] A 90% time constant (Tggs) is commonly used
as the standard response time value for stretchable sensors.!'%!
The AgNWs-PDMS and ZnONWs—polystyrene composites
based resistive-type strain sensors showed response time of
200 ms and 140 ms, respectively.1%2% The CNTs—Ecoflex nano-
composite based resistive-type strain sensors showed response
time of 332 ms. The larger response time of the CNTs—Ecoflex
nanocomposite strain sensors could be due to the ultra-softness
of the Ecoflex elastomer, providing lower force for the quick
reestablishment of the CNT percolation network.''! Capaci-
tive-type strain sensors showed faster response time.**l For
example, AgNWs and CNTs based capacitive-type strain sensors
possessed response time of 50 and 100 ms, respectively.>6%]
Recovery time is another important performance parameter of
stretchable strain sensors under dynamic loads. Recovery time
of capacitive-type sensors was reported to be in sub-second scale
(100 ms for Ref. [33]), while it was noticed to be few seconds for
resistive-type sensors. For the aligned CNT thin films-PDMS
and CBs—elastomer composites strain sensors, as examples, the
recovery time was about 5 and 100 s, respectively.'**!l Nano-
composites based strain sensors exhibited longer recovery time
due to the friction force between fillers and polymer matrices,
leading to slow recovery of conductive network.[
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4.6. Overshoot Behavior

Overshooting was reported for both resistive-type and capac-
itive-type stretchable sensors due to the stress relaxation of
polymers.[14:33:4457.67.HLI17.118] Moreover, resistive-type sensors
exhibited larger overshooting behavior than capacitive-type
sensors. In fact, when the strain is suddenly reserved at the
end of the stretching cycle, polymers intend to release their
stress instantly by mechanical deformations.''!l Moreover,
internal structures of polymers respond to the mechanical
stress by molecular or molecular segment motions. These
internal structural changes may not affect the permittivity of
the dielectric layer considerably, causing a small overshoot
behavior of capacitive-type strain sensors. On the other hand,
this small deformation may change the distance between
several nanomaterials and the total resistance of resistive-
type strain sensors. The overshoot values are believed to be
dependent on the viscoelasticity of polymers, GFs of strain
sensors, and strain rate.

4.7. Dynamic Durability

Dynamic durability represents the endurance of strain sensors
to the long-term stretching/releasing cycles with stable elec-
trical functionality and mechanical integrity. Durability is more
important for skin-mountable and wearable strain sensors since
very large, complex, and dynamic strains should be accom-
modated by strain sensors. Degradation of the performance
of strain sensors was reported by several researchers mainly
caused by the fatigue and plastic deformation of polymer sub-
strates under high strains and fracture and buckling of sensing
nanomaterials.1%%] However, a few stretchable strain sensors
have also been reported with remarkable dynamic durability.
For example, high durability of 3300 and 1800 stretching/
releasing cycles for strain sensors made of the CNTs/PDMS
and CNTs/Dragon rubber composites both under strain of up
to =~ 200% have been demonstrated.'**3 The high durability of
sensors was probably due to the high elastic behavior of CNTs,
preventing plastic deformation and facture of CNTs under
dynamic loading.

In summary, the advantages of capacitive-type sensors are
obvious-they possessed high linearity, stretchability, and low
hysteresis performance. However, capacitive-type sensors
were suffering from very low GFs (GFs < 1) (Table 1). In addi-
tion, unpredictable capacitive response due to the unstable
overlaps between capacitive areas and capacitive interaction
with human body are other drawbacks of capacitive-type
stretchable sensors.13365]  Although resistive-type strain
sensors possessed high GFs, they typically responded to the
applied strain with high hysteresis and nonlinearity, espe-
cially in the case of nanocomposites based strain sensors.

5. Computational Analysis

Piezoresistive mechanisms of several stretchable strain sen-
sors are not fully understood yet due to difficulties and limita-
tions associated with experimental setup. The main challenge,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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therefore, is in situ tracking of the microstructure of strain sen-
sors under dynamic loadings. New computational models and
numerical methods have thus become growing areas of interest
to further discover the mechanics behind the strain-responsive
behavior of strain sensors.[10:14:42,5467.76]

We conducted a comprehensive numerical simulation on
the piezoresistivity of the AgNWs-PDMS nanocomposite
based stretchable strain sensors.'%¢ AgNWs were randomly
assigned into the PDMS matrix to construct the 3D network
model. The position and orientation of each NW were calcu-
lated by using space coordinate system. Junction identification
was then investigated for all pair of NWs. Moreover, junctions
between two adjacent NWs were classified as: (i) Complete con-
nection without contact resistance, (ii) Fully disconnected NWs,
and (iii) Tunneling current between neighboring NWs within a
cut-off distance of 0.58 nm. The total resistance of strain sensor
was then calculated by using 3D network resistor model under
different strains. Figure 7a shows the relative change of resist-
ance versus applied strains from 0% to 100% calculated by
numerical simulation, in a great agreement with experimental
results. Figure 7b illustrates the number of disconnected NWs
and tunneling junctions upon stretching. The number of dis-
connected NWs linearly increased with the applied strain
whereas tunneling junctions were very small and their piezore-
sistive effect were negligible. Morphological changes in the
low and high density AgNW networks were also investigated
by numerical analysis. Figures 7c and 7d illustrate the top
projected view of the low and high density AgNW networks,
respectively. As shown in Figure 7c, bottlenecks emerged in the
low-density AgNW network. Bottleneck locations critically lim-
ited the electrical conductivity upon stretching, resulting in a
sharp increase of the resistance with a nonlinear fashion. On
the other hand, emergence of the bottlenecks was less probable
in the case of the high-density network because of large number
of connected NWs within the percolation network (Figure 7d).
Furthermore, the change of the low-density network from
“homogeneous morphology” to the “inhomogeneous mor-
phology” induced nonlinearity in the piezoresistive response.
The effect of the aspect ratio of NWs on the stretchability and
linearity of strain sensors was further studied. Strain sensors
made of longer NWs exhibited better linearity, but with lower
sensitivity. Moreover, more NW-NW junctions contributed into
the piezoresistive effect for short NW networks, resulting in
higher sensitivity.[®4]

The simulation of strain-responsive mechanism for stretch-
able strain sensors made of the overlapped graphene flakes
coated on polymer layers was also reported.’+7¢1%4 The per-
colation network of the randomly orientated circular graphene
flakes with uniform size distribution was analyzed.'*] Figure 8a
shows the percolation network of the randomly assigned gra-
phene flakes. The total resistance of the thin film was calcu-
lated by the resistor network analysis, considering resistance
of graphene flakes and contact resistance among overlapped
graphene flakes. Figure 8b illustrates the voltage drop across
the percolation network of the graphene thin film under
strain. More stretching led more increase of the contact resist-
ance through decrease of the overlapping areas. As depicted in
Figure 8c and 8d, the sensitivity of strain sensors was tuned by
the control of either thickness or initial resistance of the thin
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Figure 7. Simulation of the piezoresistivity of the AgNW percolating networks. a) Relative change of the resistance versus applied strain-both simula-
tion and experiment. b) Change in the number of disconnected NWs and tunneling junctions upon stretching. c) Bottleneck locations in the case of the
low-density networks. d) Change of the network morphology for the high-density network. Reproduced with permission.['” Copyright 2014, American

Chemical Society.

films. GFs increased by the thinner films due to the fewer
electrical connections of the low-density network. Similarly,
Hempel et al. considered the effect of the number density on
the strain-responsive behavior of graphene thin films.*l More
sensitive strain sensors were achieved by the lower number
density of graphene flake thin films. In the low-density percola-
tion, few conduction clusters contributed into the electrical con-
ductivity and reorientation of the percolation network steeply
increased the electrical resistance.

Strain-responsive mechanism of the AgNP thin film pat-
terned on the PDMS substrate was demonstrated by Lee
et al.l’”) AgNPs were randomly distributed on the PDMS sub-
strate (Figure 9a). The adhesion in the interface of AgNP-AgNP
and AgNP-PDMS was assumed as elastic bonds with maximum
allowable strains, randomly assigned throughout the thin film.
If the strain between AgNPs exceeded the maximum allow-
able strain, the cohesive force between AgNPs disappeared and
breakage between NPs happened. The top projected view of
the thin film stretched from 0% to 25% and then released to
0% is illustrated in Figure 9a. Under stretching, microcracks
were opened and propagated throughout the thin film. More
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stretching created larger and longer microcracks. The resist-
ance of the strain sensor was gradually increased by the applied
strain with a nonlinear fashion (Figure 9b). Piezoresistive
response of the strain sensors with pre-crack condition was also
calculated (Figure 9b). Thin films with initially assigned micro-
cracks possessed more sensitivity than that of the uniform thin
film. The stress concentration near pre-cracked tips may foster
larger and longer cracks, resulting in larger resistance change
in the pre-cracked thin films.

Conductivity and piezoresistivity of CNTs—polymer nano-
composites were computationally studied by considering CNTs
as rigid capped cylinders with zero contact resistance in CNT-
CNT junctions. Neglecting the intrinsic piezoresistivity of
CNTs, elastic behavior of individual CNT as well as deforma-
tion of CNT walls transversely in the CNT-CNT junctions over-
estimated the overall conductance and piezoresistive behavior
of CNTs—polymer nanocomposites.?>112119120] Recently, the
validation of simulation results was remarkably improved
by considering the deformation of CNT walls in the contact
areas.'"2121] It was demonstrated that the increase of the con-
tact resistance due to the increase of the intrinsic resistance
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Figure 8. Computational analysis of the graphene thin film strain sensors. a) Percolation network of the randomly assigned graphene flakes. b) Voltage
drop in the two ends of the graphene thin film upon stretching due to the decrease of the overlapped area. c) The effect of the thin film thickness on
the piezoresistivity of the graphene thin films. d) Enhancement of sensitivity by increasing the base resistance of the graphene thin film based strain
sensors. Reproduced with permission.'® Copyright 2013, Royal Society of Chemistry.

of CNT cause by the wall deformation is significant. Simula-
tions indicated that the tunneling resistance change is the main
mechanism of the piezoresistivity of CNTs—polymer nanocom-
posite strain sensors.197108110.112] The nonlinearity of CNTs—
polymer nanocomposite strain sensors was referred to the
nonlinear tunneling effect. Moreover, the effects of parameters
such as size, shape, tunneling area, and height of barrier on
the piezoresistivity of the CNTs—polymer nanocomposites were
extensively studied.*>108112119] However, all abovementioned
papers explored the piezoresistivity of the CNTs—polymer nano-
composites under small strains (¢ < 1%).3542107122] Sirain-
responsive behavior of CNTs—polymer nanocomposites at
larger strains needs further investigations.

Electrical transport in graphene flakes dispersed in polymers
in the form of nanocomposites was also investigated by using
tunneling percolation and Monte Carlo simulations.[19%110]
Oskouyi et al. investigated the strain-responsive behavior of
graphene—polymer nanocomposites considering several factors
such as size and aspect ratio of graphene flakes, electrical proper-
ties of polymers, and different tunneling cut-off distances.['% It
was demonstrated that volume fraction of conductive fillers plays
an important role in the piezoresistivity of the graphene-
polymer nanocomposites. However, elastic behavior of gra-
phene flakes inside polymer matrices, intrinsic piezoresistivity

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of graphene flakes, and crumpled and wrinkled nature of gra-
phene flakes were neglected in all previously reported papers.

6. Applications

There are numerous potential applications for flexible strain
sensors. For example, low-strain gauges can be implemented
for the structural health-monitoring,12*!24 mass measure-
ment,['2>120] pressure sensing,®”8! etc. On the other hand,
highly stretchable and sensitive strain sensors could be utilized
as body-integrated electronic devices. They can be attached onto
the clothing or directly laminated on the human skin for the
body strain measurement, ranging from minute skin motions
induced by respiration and heartbeat to human body large
strains like bending/straightening of body joints. In addition,
soft strain sensors would be beneficial for the strain measure-
ment in soft-bodied robots.

6.1. Biomedical Applications
Health-care and good quality medication are becoming very

complex and difficult due to the raise in the population.
Remote and personalized health-monitoring are promising
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Figure 9. Computational analysis of the AgNP thin film strain sensors. a) Morphological changes in the microstructure of the AgNP thin film under
stretching and releasing; microcrack opening propagation upon stretching. b) Relative change of the resistance versus applied strain for AgNP thin
films with and without pre-crack conditions. Reproduced with permission.[®”) Copyright 2014, Royal Society of Chemistry.

solutions to expand the capability of current medical systems,
extend the health-care range into the community, and improve
the diagnosis and early treatments.3#127:128] Nowadays, high
attention is directed to wearable technologies owning to their
easy implementation, early diagnosis, and long-term moni-
toring capabilities.!'”127.128] Figure 10 shows the conceptual
representation of the remote and personalized health-mon-
itoring by the use of wearable sensors.l'?’] Wearable sensors
gather physiological and environmental data from human
body in a natural way. Measured data could be blood pressure
and oxygen saturation,*!8] breathing rate,*1056.10] heart-
beat,>% human body temperature,>?! movements,['%1214 and
beyond. Wireless or internet communications could be used to
transmit the measured data from wearable sensors to a mobile
phone or an access point and alter a medical center. For emer-
gency situations, an alarm message is sent to an emergency
service center to provide immediate assistance. After sufficient
medical treatment, health-care professionals can remotely
monitor patient’s status and make medical decisions.127:128]
Among wearable sensors, stretchable strain sensors can
potentially function for several biomedical applications. Such
sensors should be highly stretchable and flexible to mimic
complex and large deformations of the human skin or clothing
and sufficiently possess high sensitivity to be able to detect
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minute skin strains induced by blood flow pulse or respira-
tion. Figure 11a shows in vitro blood pressure monitoring
using a flexible capacitive-type sensor. The sensor was wrapped
around the carotid artery of a pig and diameter changes of
the vessel due to the blood flow pressure were measured. The
designed sensor showed fast response time (50 ms) and sensi-
tivity (0.045% mmHg) for the blood pressures in the range of
0-200 mmHg.* The sensor responded to the dynamic blood
pressure with a good strain sensing performance and meas-
ured pressure ranges were well-matched with the real data
(Figure 11b). In another approach, highly sensitive, skin-
mountable, and wearable strain sensors have been developed
for the tiny skin motion detection induced by phonation,
facial expression, tissue swelling, wound healing, breathing,
and pulse.'25675105] Inget of Figure 1lc illustrates a resis-
tive-type sensor fixed to the chest area. The response of the
sensor to the breathing both in still (black) and movement
(red) sates is depicted in Figure 11c. Peaks and valleys repre-
sent the stretching and shrinkage of the chest upon respira-
tion, respectively. Heartbeat measurement of the sensor while
attached to the wrist is shown in Figure 11d. The pulse num-
bers in still (black) and exercise (red) states were 38 and 46 in
30 s, respectively, which both are within the normal range of
a healthy person.l’®l Long-term monitoring of blood flow pulse
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Figure 10. A conceptual schematic of remote and personalized health-care systems; collection of patients’ physiological information by wearable
sensors and then transmission of sensors’ data to a medical center via wireless networks or internet; alerting emergency center, medical doctors, and
family members in the case of emergency situation for medical assistant. Reproduced with permission.[?”} Copyright 2012, BioMed Central.

and respiration rate, as vital signs, can be potentially employed
for the personalized health-monitoring and early diagnosis of
diseases. Patellar reflex test was conducted by using a stretch-
able capacitive-type sensor.®! The sensor was attached onto
the knee while the person was sat with naturally relaxed leg
(Figure 11e). At this state, a large strain was accommodated by
the sensor since the knee was fully bent. To test the patellar
reflex, a hammer was used to tap the patellar tendon ligament.
As a normal response, the leg should straighten and then come
to its initial position quickly. Figure 11f clearly indicates that
the capacitance of the sensor was decreased suddenly and then
returned to its initial value. Overall, there are several biomed-
ical applications for skin-mountable and wearable strain sen-
sors. Resistive-type sensors would be beneficial for low-strain
motions due to their high sensitivities while capacitive-type
sensors show better performances in terms of linearity, low
hysteresis, and fast response for high-strain motions.

6.2. Sports Performance Monitoring

Skin-mountable and wearable strain sensors can function for
the sport performance monitoring by mounting them in dif-
ferent parts of the body. Figures 12a and 12b show the output
signal of skin-mountable strain sensors attached to the wrist
and elbow.'!l The resistance of strain sensors increased upon
bending of wrist and elbow and then recovered to its original
value after straightening them. The sensory information can
be used for the body movement analysis during sport activities.
Figure 12c illustrates a rosette-type stretchable strain sensors
made of three independent CBs-PDMS nanocomposite strain
sensors (e.g., Sy, Sy, and S3) with 120° of each other.’?] Rosette-
type strain sensors are capable of measuring the principle
strains and their directions under in-plane deformations.['>%>3]
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Figure 12d shows the response of the rosette-type sensor when
it was uniaxially stretched in the direction of S;. As shown in
the figure, the change of resistance for the S; was larger than
that of S, and S; due to the direction of stretching. The data
could be potentially used for the tissue swelling and expansion
monitoring during sport performances for the body fitness or
wellness analysis.[11:12°255:128] Ag another application, stretch-
able strain sensors were mounted on the knee joint and dif-
ferent knee motion patterns such as walking, running, and
jumping from squatting were monitored (Figure 12e).l'*]
Skin-mountable and wearable strain sensors, therefore, are
beneficial for the continuous health and wellness monitoring,
human-friendly rehabilitation, and evaluation of athletes’ sport
performances.[14¢1.6%]

6.3. Human-Machine Interfaces, Soft Robotics, and Haptics

The major goal of current technologies is to build smart
human-machine interfaces, and one can achieve this by the
use of wearable sensory systems. The signals from wearable
strain sensors can be utilized to actuate smart robots. For
instance, various smart gloves were developed using stretch-
able, skin-mountable, and wearable strain sensors.[10143357]
The strain sensors were attached to the fingers of gloves for
the bending angle measurement of finger joints (Figure 13a).
When a finger joint was bent, the bending strain was accom-
modated by the strain sensors, causing change in the electrical
signal (Figure 13b). When the finger was straightened, the
strain sensor relaxed and the strain was decreased, accom-
panied by recovery of electrical signal (Figure 13a).[10:3347:65]
Figure 13c illustrates the remote control of a gripper robot
by wearable strain sensors. The information of sensors was
wirelessly transferred from smart glove to the gripper robot.
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Bending/straightening of fingers was utilized to control the
robot for performing different tasks.”* Remote control of
slave robots by smart glove systems would be beneficial in per-
forming surgical procedures or delicate and dangerous works
that may be out of reach for the human body.'*143347] Smart
glove systems developed by wearable sensors are advanta-
geous over conventional systems based on the optical fibers
and metal-strain gauges (cyber glove) in terms of high-strain
sensing capabilities, fabrication cost, and simplicity.l>7¢ Flex-
ible and soft strain sensors would also be useful in soft-bodied
robots for providing input to the feedback controllers as well as
sensory artificial skins, allowing soft robots to sense the envi-
ronment and interact with surrounding objects.?*31 A sensory
array of strain sensors can serve as artificial skins of robots
for haptic perception and surface strain distribution map-
ping.l*670.113] Figure 13d depicts a flexible artificial skin made
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of 8 x 8 arrays of strain sensors.”" The artificial skin was able
to sense both static and dynamic pressures by placing a piece
of PDMS and a flapping ladybird on top of the sensory array,
respectively (Figure 13e).

6.4. Virtual Reality and Entertainment Technology

As another potential impact, skin-mountable and wearable
strain sensors can be utilized as motion sensors and input
gears for virtual reality and interactive gaming. Figure 14a
depicts posture-driven gaming by wearable motion sensors
attached to the human body. Since the movement of the
human body is required for posture-driven gaming, wearable
sensors can also be used for medical training, home-rehabil-
itation, and therapy applications.'”] Figure 14b illustrates an
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integrated smart glove system made of five wearable strain
sensors and custom-made data acquisition (DAQ) chip. An
avatar was successfully controlled in the virtual environ-
ment by output signals of strain sensors.' This approach
has several advantages over the vision-based activity recog-
nition (motion detection by set of cameras and image pro-
cessing) in terms of mobility, space requirement, cost, and
resolution.[6+129-131]

7. Current Challenges

As discussed above, achievement of strain sensors with both
high stretchability and high sensitivity is still a grand challenge,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

especially, for personalized health-care applications where
highly sensitive and soft sensors are required. Although there
have been some efforts to achieve unidirectional and rosette-
configuration sensors, 1144521131 gtrain sensor architectures
capable of measuring decoupled strains in multi-directions
and multi-plane deformations for large sensory array appli-
cations (e.g., robot skin sensors) have not been reported yet.
Furthermore, strain and pressure sensitivities are coupled in
many reported strain sensors.®>193132 Therefore, new mate-
rial approaches and micro/nanostructure designs are required
to enable decoupled strain and pressure sensing for flexible
sensors.[132]

Another significant challenge is packaging of flexible sen-
sors with power, signal conditioning, communication, and
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data management units. To date, several approaches have been  electrodes with buckled structures or serpentine-shapes,
utilized for data measurement of flexible sensors. In majority ~ liquid metals, and non-brittle conductive pastes) (Figures 15a
of works, the sensor response was measured by conventional ~— and 15b).[1246:8%113.133.134 Moreover, most of the efforts were
data acquisition systems through rigid wiring of flexible devoted in the sensing performance improvement rather
sensors with deformable interconnections (e.g., stretchable than addressing the sensor packaging and integration. Some

Figure 14. a) Posture-driven gaming by wearable motion sensors attached to the body. Reproduced with permission.l'?’l Copyright 2012, BioMed
Central. b) Control of an avatar in the virtual environment by a smart glove made of five wearable strain sensors. Reproduced with permission.['%
Copyright 2014, American Chemical Society.
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papers reported custom-made data management boards made
of commercial rigid electronic circuits as mobile platforms
that can be integrated with flexible sensors.'%13%] However,
the size of these boards is typically not small (in cm scale) and
integration of such rigid elements with soft sensors seems
impractical. Recently, soft microfluidic assembly of commer-
cial and chip-scale components (e.g., sensors, circuits, and
radios) was demonstrated to be promising for body-integrated
applications.!'3*] But, the fabrication of such system is com-
plex and time-consuming and its long-term applicability is
not proved yet. In another approach, flexible energy storage
and communication modules that could be directly assembled
with flexible sensors have recently been reported.['3-141 How-
ever, the integration of all sensor, power, and communication
modules in a soft and compact device with high reliability,
robustness, and long-term monitoring capability has not been
achieved yet.??] Further investigations are needed for solving
such challenge.

Conformal attachment of strain sensors on the human body
is another important consideration for the highly efficient body
strain measurements. Weak adhesion can lead to sliding of sen-
sors from skin, inducing noise in the response of strain sensors
and underestimating the actual strain. To avoid this problem,
strain sensors can be attached onto the human skin with the
aid of intermediate adhesive layers,['>-1556128] microhair adhe-
sive structures2] as an example, ensuring conformal con-
tact (Figure 15c and 15d) or design of strain sensors with equal
or greater mechanical compliance than that of the human skin.
For example, soft elastomers like Ecoflex with Young’s modulus

wileyonlinelibrary.com
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of 125 kPa keep same stiffness as that of the human skin
(Young's modulus of 25-220 kPa).[146-148]

8. Conclusions

We presented a comprehensive review on the recent techno-
logical advances of stretchable, skin-mountable, and wearable
strain sensors. To understand the physical phenomenon behind
the strain-responsive mechanisms of strain sensors in micro-
structural view, recent outcomes of several papers in this field
were categorized. We found that unlike conventional strate-
gies, several new approaches such as disconnection between
overlapped nanomaterials, crack propagation in thin films,
and tunneling effect have been persuaded to develop high per-
formance stretchable strain sensors. We then compared the
performance parameters of stretchable strain sensors and dis-
cussed their dynamic characteristics. Appropriate selection of
functional nanomaterials and flexible substrates can yield sig-
nificant improvement in the dynamic performance of strain
sensors. Capacitive-type sensors offer excellent stretchability,
linearity, and hysteresis performance while their sensitivity
is very low. On the other hand, resistive-type sensors possess
higher sensitivity and stretchability, but with hysteresis and
nonlinear behaviors. We believe that stretchable strain sensors
can potentially function for many applications such as biomedi-
cine, robotics, and entertainment technology. However, chal-
lenges such as a certain degree of hysteresis, high dynamic
responses with low overshoot and decay, robust and flexible
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packaging, and conformal attachment to the human body have
to be overcome.
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