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The recent surge in using wearable personalized devices has made it increasingly important to have
flexible textile-based sensor alternatives that can be comfortably worn and can sense a wide range of
body strains. Typically fabricated from rigid materials such as metals or semiconductors, conventional
strain sensors can only withstand small strains and result in bulky, inflexible, and hard-to-wear devices.
Textile strain sensors offer a new generation of devices that combine strain sensing functionality with
wearability and high stretchability. In this review, we discuss recent exciting advances in the fabrication,
performance enhancement, and applications of wearable textile strain sensors. We describe conventional
and novel approaches to achieve textile strain sensors such as coating, conducting elastomeric fiber
spinning, wrapping, coiling, coaxial fiber processing, and knitting. We also discuss how important
performance parameters such as electrical conductivity, mechanical properties, sensitivity, sensing
range, and stability are influenced by fabrication strategies to illustrate their effects on the sensing
mechanism of textile sensors. We summarize the potential applications of textile sensors in structural
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present the challenges and opportunities that exist to date in order to provide meaningful guidelines and
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Introduction

Strain sensors are devices that can convert physical deforma-
tions into measurable signals.! Traditionally fabricated from
metals or semiconductors to sense small deformations less
than 5% strain, these devices are critical for structural health
monitoring ie. detecting material fatigue in bridges, air-
planes, and rails.>® The limited range of conventional strain
sensors prohibits their use in wearable applications where
deformation can be as large as 55%. These sensors are also
inherently rigid and can be uncomfortable to wear. Recent
advances in textile-based strain sensors show that new plat-
form materials and technologies can be designed to suit large
range sensing for use in wearable applications. Sports and
recreational clothing that can track body movements*™® and
fabrics that can assist in remote health monitoring,**
virtual reality, and soft robotics® are some key demonstration
applications to date.
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Textile strain sensors can be made by coating conductive
components onto existing fabrics. While simple to fabricate,
these coated fabrics typically perform poorly during large
mechanical deformations due to the damage in conductive
circuits. An emerging alternative is to directly make elastomeric
conductive filaments or yarns and then knit or weave them into
a textile.”**2° These filaments and yarns are realized by the
recent advances in scalable fiber spinning technologies including
wet-spinning. Also gaining traction is the geometrical mani-
pulation of yarns by helically winding carbon nanotube (CNT)
sheets onto a host template to make hierarchically buckled CNT
coatings.”™**> These new types of elastomeric fibers can sense
strains as large as 600%.

With these recent advances, this review aims to provide
valuable guidelines for the fabrication of sensitive and wearable
textile strain sensors. The different evaluation methods of
sensing performance are explained to elucidate how each
exciting development fits into the field of wearable textile strain
sensors. Fiber and textile characteristics affecting performance
such as electrical and mechanical properties, sensitivity,
sensing range, stability, and wearability are discussed and some
metrics are presented to quantify these properties. The recent
developments on fabrication technologies of strain sensing fibers,
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yarns, or fabrics and their performance are described. These
methods include coating a fabric with electrically conducting
materials, making conducting elastomeric composite fibers
from blend formulations, manipulating nanomaterials into
stretchable yarns, and integrating conducting fibers or yarns
with fabrics. The sensing mechanisms of various types of textile
strain sensors are explained with the emphasis on the resistive
and capacitive types because they are more commonly used in
textile applications due to their facile fabrication and use.”® It is
shown that the textile sensors enable applications that have
direct significant impact in various sectors including health,
sports, and entertainment. These applications require sensing
various range of movements from small (i.e. facial expression,
breathing, coughing, phonation, and human pulses) to large
(i.e. human limbs) extensions. Based on these advances, we will
present our critical evaluation of the relevant knowledge gaps
and research questions in order to present opportunities that
could help shape the future developments of a truly wearable
textile sensor.

Classification and performance factors

Imparting the strain sensing functionalities to textiles can
occur at various production stages, ie. at the fiber spinning
level, during yarn/fabric fabrication, or at the final textile
finishing stage.>* Hence, textile strain sensors can be classified
as fiber, yarn, or fabric sensors from a structural perspective.
In terms of sensing, textile strain sensors can be categorized
as resistive,”'®19?225728  capacitive,?**  piezoelectric,****
triboelectric,®® and optical (Fiber Bragg Grating).*® The resistive
and capacitive types are more commonly used in textile strain
sensors due to their facile fabrication and use,>® and hence
are the main focus of this review. When considered from
applications standpoint, textile strain sensors can be used
when mounted onto or stitched to an existing fabric,>*”>°
integrated with an elastic substrate,>*°™*> supported by a
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frame,"®'” or be self-supporting’® (without the use of sub-
strate or frame).

Resistive strain sensors are made with one textile electrode
layer. Here, the textile serves as a resistor when a voltage is
applied and changes its resistance with respect to the magni-
tude of the applied strain. The resistance change can be due to
the changes in the geometry (area (A) and length (L)) of the
textile upon stretching. It can also come from the piezoresistive
behavior, i.e. changes in resistivity (p) of the conductive material
used in the textile sensor (eqn (1)).

pL
R=— 1)

Capacitive strain sensors are composed of two textile electrode
layers separated by an insulating layer called dielectric. When direct
current (DC) voltage is applied to the sensor, opposite charges are
accumulated on the two electrodes as the current cannot flow
between them due to the presence of the insulating dielectric layer.
As the result, a capacitance (C) is generated with values that depend
on the area (4) of the textile electrodes, the distance between the
two electrodes (d), and the relative permittivity (or dielectric con-
stant, ¢;) of the dielectric material (eqn (2), ¢, is permittivity of free
space). Here, the capacitance changes predominantly as the result
of geometrical changes (i.e. A and d) with stretching and is
independent of the resistance of the textile electrodes.

goerA
C= 2
. )

It is crucial that the textile strain sensors are able to withstand
large elongation without a significant reduction in mechanical
properties. Retaining conductivity under strain during use is
also critical for applications of strain sensor textiles.*® These
attributes are very important for many applications and also
during the fabrication (e.g. weaving, knitting, and braiding) of
textiles from sensor fibers or yarns.

The sensing range (i.e. strain range at which the sensor reliably
work) should cover the full strain range of the desired application.
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Take walking as an example, the skin on the feet, waist and
joints stretches and contracts by as much as 55%.° Therefore,
textile strain sensors should be fully functional at the sensing
range of 0 to 55% strain in order to monitor these relevant body
movements. Further, a linear correlation in sensing response
(e.g- resistance or capacitance) with strain (linearity) is highly
desirable,*® as this will allow facile prediction of the strain
applied to the textile from the sensing response.’” The changes
in the sensing response of the textile strain sensor with
stretching should be large enough to be easily measured.*
The amount of the change in sensing response with respect to
stretching determines the sensitivity of the textile strain sensor
which is expressed by gauge factor (GF). GF is the magnitude of
the resistance or capacitance change over applied strain and
can be calculated by eqn (3) and (4). In these equations, R, and
C, are the resistance and capacitance of the sensor at the initial
(unstretched) state, AR and AC are the difference between the
resistance (R) and capacitance (C) at the stretched state and R,
or C, respectively, and ¢ is the applied strain ratio. A high GF
value means a highly sensitive sensor.

GF = ART/RO (3)
GF = A¢/C (a)

&

The sensing response should also have no (or low) hysteresis.
Hysteresis is present when at a specific strain in a cyclic defor-
mation, the sensing signal in loading (stretching) is different
than that in unloading (relaxation). The textile strain sensor
should also represent high stability when cyclically stretched
and relaxed. Cyclic stability refers to the ability of the sensing
response to return to its original (unstretched) value after
unloading (removal of strain) as well as the ability of the sensor
to exhibit similar sensing response at various cycles.*® As a
garment is repeatedly stretched when worn, it is important for
wearable applications that the textile strain sensor is stable in
more than 100 000 stretching-releasing cycles; this is based on
the conservative estimation that the textile sensor is worn about
five hours per day for one year and is stretched and relaxed
every minute. Also, strain can be applied at various frequencies
during wear. To be able to reliably detect fast motions such
as kicking, the textile strain sensor needs to be stable at
high frequency deformations (>1 Hz). Deviation from the ideal
strain sensing behavior are observed from the non-linear
response or when there is hysteresis in resistance during cyclic
tests.

For wearable applications, it is required that textile strain
sensors are lightweight, have the feel of a textile, and are
comfortable to wear.*® In this context, washability also becomes
important. Good environmental stability is also necessary
for practical applications as textiles are exposed to various
environmental (e.g. temperature and humidity) conditions during
use.”” From the manufacturing perspective, the fabrication of
textile strain sensors should be easily scalable and economically
viable.

This journal is © The Royal Society of Chemistry 2018
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Fabrication approaches

Textile strain sensors can be fabricated through various
approaches such as coating of conductive materials on fiber,
yarn, or fabric, using conducting fibrous structures, spinning
composite or coaxial fibers, geometrical manipulation of yarns
(e.g- buckling and coiling), and knitting. These approaches are
discussed in detail in the following sections. The properties of
various textile strain sensors reported in the literature, are
summarized in Table 1.

Coating techniques

Coating fibers, yarns, or fabrics with conductive materials is a
facile method of fabricating textile strain sensors. This can be
carried out through in situ chemical polymerization, vapor-
phase polymerization, dip-coating, spray coating, roller coating,
and rod coating. Coating approaches can lead to textile strain
sensors with high sensitivity and relatively high sensing range.
However, high linearity and cycling stability can be challenging
to achieve through coating.

On fabrics. In an early work, polypyrrole (PPy)-coated Lycra
fabric strain sensor has been achieved by using a chemical
polymerization approach.” This approach is suitable for
producing coated fabrics with conducting polymers such as
PPy and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS). A common practice is soaking the fabric in a
monomer solution in the presence of a dopant. A separate
solution containing an oxidant is added to that mixture to
initiate the polymerization process. Alternatively, the fabric can
be placed in a solution containing the monomer, the oxidant,
and the dopant altogether.””® The optimized polymerization
condition for the PPy-coated Lycra fabric achieved sensing up
to 60% strain. The resistance of the PPy-coated Lycra fabric
decreased with the application of strain with GFs of ~—3.5
(at 20% strain).

The PPy-coated Tactel/Lycra fabric fabricated by a vapor-
phase polymerization (VPP) approach achieved more uniform
coating than the in situ chemical polymerization approach
(Fig. 1a).*® Here, the textile substrate is soaked in a solution
of oxidant and dopant and is then exposed to the vapor of the
monomer, resulting in a thin conducting polymer layer on the
textile substrate.*®>® The PPy-coated fabric obtained by the VPP
approach®’ sensed by increasing resistance with stretching and
showed a higher sensitivity (GF of ~80 at 50% strain) and a
slightly lower sensing range (50% strain) compared to the
fabric coated with the in situ polymerization approach.

Conducting polymer composite (CPC) coatings have also
been used for fabricating textile strain sensors.*® A poly[styrene-
b-(ethylene-co-butylene)-b-styrene] (SEBS)/carbon black (CB) dis-
persion in chloroform was prepared and deposited onto a nylon
fabric by the aid of a mask and then the electrical connections
were established using two stainless steel yarns. While CPC
typically leads to a high adhesion of the conducting material to
the textile substrate, this approach results in materials with
relatively low conductivities due to the presence of non-
conducting polymer material in the coating layer. For instance
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(continued)

Table 1

Mater.
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Sensing
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Conductivity

(Sem™)
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break (%)

Sensing
component

Stretchable
component

Type

Fabrication

mechanism method

Sensing

Horiz.

30

High linearity (at
200% strain)

200 cycles (at
200% strain)

Up to 200% ~0.6 (at 200% strain)

(150° bend-

ing,

N/A (resistance
179 Qem ™)

N/A

CNT

Fiber Ecoflex

Capacitance Wrapping/

buckling/
twisting

Low hysteresis (at
200% strain)

1700 rad

-1

m

twisting)
Up to

32

High linearity (at
100% strain)

N/A

~0.82 (at ~100 strain) N/A

N/A

N/A

EGaln

Yarn Hytrel

Capacitance LM injection

~100%

84

N/A Non-linear

Up to 250% 0.35 (at 100% strain)

0.005-0.03

700-800

Ionic con-

Fiber Silicone (Dra-

Capacitance Multicore-shell

Low hysteresis (at
150% strain)

~78% after 1000 High linearity (at

cycles (at 100%

strain)

ductor (gly-

gonskin 10)

printing

cerol mixture)

31

Up to 100% 1.23 (at 100% strain)

N/A

Silver-plated N/A
knitted fabric

Fabric Silicone

Capacitance Laser cutting

100% strain)

elastomer

Low hysteresis (at
100% strain)
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in the SEBS/CB-coated fabric, a maximum electrical conduc-
tivity of ~0.05 S cm ™" was obtained for a CB concentration of
~28 vol%. This coated fabric showed strain sensing behavior
until the breaking strain (~45% strain) with a GF of ~80
(15-45% strain). The resistance response of the coated fabric
showed a non-linear relationship with strain when the fabric
was stretched more than 15%.

Textile strain sensors can be achieved by dip-coating textiles
in a solution or dispersion of a conductive material. For
example, after 5 min of soaking, a Spandex fabric in aqueous
PEDOT:PSS dispersion resulted in an electrically conductive
(~0.06 S cm™ ") stretchable fabric (Fig. 1b).>* Multiple soaking
and drying was shown to increase the conductivity of the fabric,
reaching a maximum conductivity of ~1.7 S ecm "' after
10 dipping cycles. Further increase in dipping cycles only resulted
in the delamination of coating from the Spandex substrate. The
conductivity was also found to depend on the weaving pattern,
porosity, and hydrophilicity of the fabric substrate.”* While the
PEDOT:PSS-coated Spandex fabric remained highly stretchable
(~200%), its conductivity decreased ~70% after 5 days of
storage in air. The conductivity of the fabric increased with
stretching with some hysteresis in the resistance response;
~13% and ~ 65% conductivity losses were observed after relaxa-
tion from 20% and 100% strains, respectively.

Silver-coated (Ag-coated) fabric strain sensors were also
fabricated by dip-coating plasma-cleaned knitted polyester fabrics
in a reactive silver ink for 5 min and then annealing at 90 °C for
15 min (Fig. 1c).>> Although the resistance response of the
Ag-coated fabric decreased with stretching below 6% strain, it
increased when the fabric was stretched to 50%. The Ag-coated
fabric sensor showed high stability under 1000 stretching—
releasing cycles at 10% strain with an estimated GF of ~ —5.
While the Ag-coated fabric showed a small resistance change
after 30 min washing with water, the resistance increased by
~5 times after washing the fabric for 70 min due to the
exfoliation of the Ag coating, which indicated low washability.
Recently, a waterproof rGO/single wall carbon nanotube (SWCNT)
coated fabric strain and pressure sensor was achieved by a
sequential dip coating of a cotton fabric in GO and SWCNT
dispersions (Fig. 1d).>® The resulting fabric could sense bending
strains of up to ~11.6% (Fig. 1e-g). The fabric showed a GF of
~5.4 (lower than rGO coated cotton fabric, GF ~ 6.1) at the
bending region of 3.3-5.5%, which decreased to ~1 at bending
strain of 9.3-11.6% (Fig. 1h). While the resistance of the rGO
coated fabric decreased ~9% after 10> cycles at 11.6% strain,
increasing the SWCNT content significantly enhanced the
sensing stability. The rGO/SWCNT coated fabric displayed
unchanged sensing response after 10 times of washing.

Spray coating can also be used to deposit layers of con-
ducting materials on fabrics to achieve fabric strain sensors.
The thickness of the coating could easily be controlled by the
number of spraying layers.>® For instance, by spray coating a
fabric with piezoresistive ZnO nanowires (NW), a textile strain
sensor was produced (Fig. 1i).** This fabric sensor was prepared
by first spray coating chemically modified CNT and chemi-
cally exfoliated rGO suspensions on oxygen plasma treated

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (a) SEM images a plain-knitted fabric before and after coating with PPy using an in situ chemical polymerization approach. Adapted with
permission.*® Copyright 2010 Elsevier Ltd. (b) Photos of a Spandex fabric before and after soaking with PEDOT:PSS. Adapted with permission.>! Copyright

2010 American Chemical Society. (c) Schematic illustration of the fabrication process of silver-coated fabric strain sensor. Adapted with permission.

52

Copyright 2017 John Wiley & Sons, Inc. (d) Schematic illustration of the fabrication process, (e and f) testing setup, and (g and h) strain sensing properties
of rGO/SWCNT coated fabric strain sensor. Adapted with permission.>® Copyright 2010 American Chemical Society. (i) Schematic illustration of the
fabrication of ZnO coated fabric strain sensor. Adapted with permission.** Copyright 2017 John Wiley & Sons, Inc.

poly(ethylene terephthalate) (PET) fabric. After drying, well-
aligned ZnO NW were grown on the CNT/rGO coated fabric
using a hydrothermal method at 90 °C and the structure was
embedded within a polydimethylsiloxane (PDMS) layer to pro-
tect the sensor assembly from mechanical deformations. The
ZnO NW@CNT/rGO coated fabric could sense low bending
strains of up to ~6.2% with a GF of ~7.6 that is higher than

This journal is © The Royal Society of Chemistry 2018

the film counterpart (GF ~ 4.57). The sensing response was
found to be stable for 200 cycles at bending rates for up to 1 Hz.

Textile strain sensors were also fabricated via vacuum filtra-
tion of GO aqueous dispersion on a cotton fabric (3 x 1 cm?);
GO reduction was carried out by hot pressing at 180 °C.>
Sensing in stretching (increased resistance by ~ 10 times) and
in compression (decreased resistance by ~ 2.3 times) was found
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stable for 400 cycles. The washability test revealed a ~33%
increase in resistance after 10 washing cycles with detergent at
60 °C for 30 min.

On fibers or on yarns. Fiber and yarn strain sensors are also
made by coating with conductive materials. For example, poly-
aniline (PANI)-coated PU fibers prepared by in situ polymeriza-
tion showed a maximum conductivity of ~0.01 S cm™" at PANI
content of ~7 wt%.>” These fibers could detect strains of up to
~1500% and had a GF of ~3 at 400% strain. However, the
strain sensing became irreversible with significant hysteresis

View Article Online
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when stretched to 50% for 5 cycles. Also, the conductivity
decreased by 1000 times after washing with water for 5 min.
A fiber strain sensor was also fabricated by coating PEDOT on
polyester fiber using the in situ polymerization approach and
then coating with poly(methyl methacrylate) PMMA for encap-
sulation of conductive layer (Fig. 2a).>” The fiber sewn onto
a fabric could sense up to 20% strain and showed a negative
GF of ~—0.76 (resistance decreased with stretching). A con-
siderable increase in the resistance response was observed
when the PEDOT-coated fiber sensor was repeatedly stretched

Fig. 2 (a) Schematic illustration of in situ polymerization of PEDOT on a PS fiber and photos of the coated fiber after being sewn on a fabric. Adapted

with permission.>” Copyright 2017 American Chemical Society. (b) Schematic illustrations for the preparation of the CPC coated PU yarn using LbL
assembly. Adapted with permission.*® Copyright 2016 American Chemical Society. Photos of (c) RY, (d) NCRY, (e) WY yarn strain sensors obtained LbL
coating with PVA and GNP, and (f) at various LbL cycles. (g) Strain sensing properties of the RY, NCRY, and WY yarns. Adapted with permission.®
Copyright 2015 American Chemical Society. (h) Schematic illustration of the fabrication process of the SWCNT-coated core-spun yarn strain sensor.
Adapted with permission.?! Copyright 2016 American Chemical Society. (i-1) Strain sensing performance of rGO-PDCY yarn sensor: (i) relative resistance
change with strain, (j) relative resistance change with strain for one stretching and releasing cycle, (k) relative resistance at various strains, and
() stretching—releasing cyclic tests at 30% strain on sensor 1 and at 50% on sensor 2 (baseline upshifted). Adapted with permission.2> Copyright 2015
John Wiley & Sons, Inc. (m) SEM image of the cross section of AQNW coated core-spun yarn. Adapted with permission.>® Copyright 2016 John Wiley & Sons,
Inc. (n) Schematic illustration of Meyer rod coating process and (o) photo of graphite-coated silk fiber strain sensor. Adapted with permission.®* Copyright
2016 American Chemical Society.
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and released for 1000 cycles at 20% strain, indicating its
low stability.

CPC coated yarn strain sensors were also produced using a
layer-by-layer (LbL) method by sequentially dipping a PU yarn
into a negatively charged CB/cellulose nanocrystals (CNC)/natural
rubber (NR) suspension and then into a positively charged
chitosan solution (Fig. 2b).** The strain sensor was achieved by
embedding the CPC coated PU yarn into a PDMS matrix. While
this CPC-coated PU yarn based sensor could detect strains as low
as 0.1%, it was not reliable for sensing strains larger than 5%.
The sensor with 50 coating layers showed a GF of ~38.9 at 1%
strain that was stable for 10000 stretching-releasing cycles at
1% strain. The CPC coated PU yarn showed good washability
with ~23% and ~ 37% resistance increases after 24 h of washing
with detergent and 5 h of washing with boiling water.

Yarn strain sensors were also fabricated by LbL dip-coating
of polyvinyl alcohol (PVA) and graphene nanoplatelets (GNP) on
various yarns e.g. rubber (RY), nylon covered rubber (NCRY),
and wool yarns (WY) with thicknesses ranging from ~0.33 mm
to ~3 mm (Fig. 2c—f).*® The yarn sensors were coated with
PDMS to avoid delamination of the GNP coating when under-
going high strains. These yarn sensors possessed different
sensing ranges (50% to 150%) and sensitivities (Fig. 2g) with
GFs of up to ~1800 (RY), 1.4 (NCRY), and —0.1 (WY). These
yarn sensors also showed high stability and fast response when
tested under 10 stretching-releasing cycles at strains of ~80%
(RY), ~100% (NCRY), and ~40% (WY). While these yarn textile
sensors showed high sensing performance, they used an addi-
tional PDMS coating layer that can change the feel of the textile.
Avyarn strain sensor that did not require further coating with an
elastic layer, was fabricated by first producing a core-spun yarn
through winding cotton yarn around an elastic PU filament and
then dip-coating with SWCNT, (Fig. 2h).>* The SWCNT-coated
core-spun yarn strain sensor (achieved by 12 dip-coating cycles)
could sense up to ~300% strain, albeit with a relatively low GFs
of ~0.65 (between 25% and 240% strain). The sensor’s response
was stable for up to 300000 cycles at 40% strain. It could also
operate at 15 Hz of 10% stretching vibrations. Such high cycling
stability and operation at high frequencies are desirable for
wearable applications. In another study, a double-covered yarn
(PDCY) composed of a PU fiber core and helically wound PE
fibers was dip coated in a GO dispersion and then reduced using
HI to achieve a yarn strain sensor.>® The rGO-PDCY sensor s a
conductivity of 1.4 x 107> S cm™ " after 6 dip-coating cycles.
When examined after 2 dip-coating cycles, the mechanical prop-
erties was found similar to the original uncoated yarn (elongation
at break ~676% and tensile strength ~29.1 MPa). The resistance
of the rGO-PDCY sensor increased monotonically with strain
before plateauing at 200% (Fig. 2i and j). The rGO-PDCY sensor
resulted in high sensitivity with an average GF of ~10 and ~3.7
at 1% and 50% strains, respectively. The sensing response was
stable for 10 000 stretching-releasing cycles for up to 50% strain
(Fig. 2k and ). Furthermore, the rGO-PDCY sensor mounted on a
PDMS slab was also capable of sensing of up to 90° of bending
deformations as well as both clockwise (up to —280 rad m~ ') and
counter clockwise (up to 800 rad m™") torsional deformations.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review

Yarn strain sensors were also achieved by first coating core-
spun elastic threads with poly(vinylidene difluoride-trifluoro-
ethylen) known as P(VDF-TFE) nanofiber mat using electrospinning
and then dip-coating them in AgNW dispersion while in the
stretched state.”® This yarn sensor (Fig. 2m) showed a linear
sensing response for up to 50% strain and retained ~90% of its
original sensitivity after 10000 stretching-releasing cycles
at 5% strain. The P(VDF-TrFE)-based sensor showed a GF of
~5.3 at 25% strain, which decreased to ~0.7 at 50% strain.
This sensor could also sense bending (up to 130°) and torsional
(up to 3000 rad m™ ") deformations.

A rod coating approach was also used to achieve fiber strain
sensors from various fibers, e.g. Spandex, polypropylene (PP),
silk fibers, and human hair (Fig. 2n).®" These fibers were aligned
on a flat plate and coated for 10 times with dry graphite flakes by
rolling a Meyer rod. Fiber strain sensors were then achieved by
encapsulating the graphite-coated fibers within silicone rubber
(Fig. 20). The respective GF and sensing range of the sensors
varied depending on the fiber used and were ~14.0 and ~30%
for Spandex, ~14.2 and ~18% for PP, ~14.5 and ~15% for
silk, and ~71.1 and ~10% for human hair. The silk fiber sensor
showed low drift, low hysteresis, and excellent sensing stability
during 3000 stretching-releasing cycles at 10% strain. Interest-
ingly, the sensing response of the graphite-coated silk fiber
was independent of the strain rate when tested at frequencies
ranging from 0.25 to 6 Hz.

Non-elastic conducting fibrous structures

Neat fibers, yarns, or fabrics of conducting materials can
exhibit strain sensing properties despite their generally low
stretchability. For example, individual carbon fibers with con-
ductivity of up to ~500 S cm ™!
of up to 1.2% with a GF of ~2.3.°> A CNT yarn strain sensor was
fabricated by spinning of CNT arrays drawn from chemical
vapor deposition (CVD)-grown CNT forest (Fig. 3a).*® The pure
CNT yarn showed a limited sensing range of 1% strain and a GF
of ~0.5. CNT yarn sensors were also made by direct spinning
(without twisting) from CVD synthesis zone of a furnace.®*®
The sensing range of ~3.6% strain and GF of ~12 (at ~1.2%
strain) were achieved. The cyclic test at 1% strain revealed good
stability for 10 cycles with a low hysteresis. The GF of the CNT
fiber decreased proportionally to the amount of adsorbed water
(from ~6.3 at 3% RH to ~2.5 at 100% RH), although the
characteristic shape of resistance vs. stress curves (including
the width of hysteresis loops) and the stress-strain behavior of
the yarn remained unchanged with varying RH. By directly
attaching highly aligned dry-spun CNT yarns to an elastic sub-
strate (Ecoflex), further improvements in sensing range, sensitivity,
and stability of CNT yarn strain sensors were achieved.** The CNT
yarn on the Ecoflex substrate could be stretched to ~900% while
the pure dry-spun CNT yarns failed when the strain was more than
8% (Fig. 3b). Despite its lower conductivity (~0.001 S cm ') than
the pure CNT yarn (~0.1 S cm™ ), it could sense strains as large as
440% with GFs of ~0.56 between 0 to 200% strain and ~47
between 200 to 440% strain. By pre-stretching the elastic substrate
to 100% before attaching the CNT yarn, the sensing range was

were shown to sense low strains
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Fig. 3 (a) CNT yarn spinning process to fabricate yarn strain sensor. Adapted with permission.*® Copyright 2010 IOP Publishing Ltd. (b) Relative change
in resistance vs. strain for CNT yarn strain sensors before and after mounting on an Ecoflex substrate and pre-stretching and (c) stability of the CNT yarn
strain sensors during cyclic stretching-releasing test. Adapted with permission.** Copyright 2015 American Chemical Society. (d) Schematic illustration
of steps in the preparation of graphene woven fabric (GWF) and (e) photo of GWF deposited on a glass substrate. Adapted with permission.*® Copyright
2012 Nature Publishing Group. (f) Schematic flowchart of the fabrication process of GWF strain sensor on a PDMS substrate, (g) SEM and TEM images of
GWF, and (h) SEM image if GWF strain sensor on PDMS. Adapted with permission.** Copyright 2017 Royal Society of Chemistry. (i) Schematic illustration
of the fabrication process, (j) photo, and (k—m) strain sensing performance of carbonized cotton fabric strain sensor: (k) relative resistance change under
various cyclic strains, (1) resistance response of the sensor when held at different strains, and (m) stability of the sensor under cyclic stretching—releasing.
Adapted with permission.2® Copyright 2016 John Wiley & Sons, Inc.

further extended to an extremely high strain of 960% with GFs of Graphene woven fabric (GWF) strain sensor was fabricated
0.54 between 0 to 400% strain and ~64 between 400 to 960% by growing graphene on a copper mesh using CVD method and
strain. When the CNT yarn sensor on the pre-stretched substrate removing the copper support followed by deposition onto PDMS
was subjected to cyclic deformations at 300% strain, the sensor substrate (Fig. 3d and e).*® The GWF could sense low strains of
showed a stable GF of ~0.26 after 10 cycles, which decreased only  12% with a large GF of ~4600 at 5% strain. The stability of the
by ~7% (GF ~ 0.24) after 10000 cycles (Fig. 3c). GWEF sensor was shown for 5 stretching-releasing cycles at 2 and

Mater. Horiz This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8mh01062e

Published on 10 December 2018. Downloaded by University of Kansas on 1/21/2019 1:53:15 AM.

Materials Horizons

5% strains and the resistance response exhibited noticeable
hysteresis. Other GWF strain sensors were achieved using a
CVD method with Ni woven fabric as template following the
deposition onto a PDMS thin film (Fig. 3f-h).*" It was observed
that the conductivity and sensitivity (GF) of the fabric increased
with graphene layers and reached ~2.7 Sem™ ' and ~223 (at the
maximum strain of 3%), respectively. The fabric showed excel-
lent stability when tested under 1000 stretching-releasing cycles
at 3% strain. It was found that the sensitivity of the GWF sensor
was largely dependent on the testing direction. This is an
important observation that should be considered when testing
textile strain sensors.

Fabric strain sensors were also fabricated by simply carbon-
izing silk fabric using a thermal treatment and then encapsu-
lating the fabric within an elastic Ecoflex substrate.*” This
sensor could sense strains as large as 500% and showed GFs
of ~9.6 at 0 to 250% strain and ~37.5 at 250 to 500% strain.
It also exhibited fast response (~70 ms), low creep, and high
cyclic stretching-releasing stability with ~80% of the sensi-
tivity remaining after 10000 cycles at 300% strain. Similarly
produced carbonized cotton fabric strain sensors (Fig. 3i and j)
showed improved sensitivity (GFs of ~25 at 0 to 80% strain and
~64 at 80 to 140% strain) albeit at a lower sensing range of
~140% strain (Fig. 3k and 1).>® This fabric strain sensor could
detect strains as low as 0.02% and exhibited almost no fre-
quency dependence sensing response (at 0.05 to 0.25 Hz),
negligible drift when held at various strains from 3.6% to
114%, and high cyclic stability for 2000 cycles at 50% strain
(Fig. 3m). In another work, a fabric strain sensor was achieved by
encapsulation with natural rubber latex the pyrolyzed GO dip-
coated cotton bandage.®® While the sensing range of this sensor
was limited to 57% strain, it showed significantly enhanced
sensitivity (GFs of ~416 at 0 to 40% strain and ~3667 at 48 to
57% strain), no frequency dependent sensing (frequency range
0.02-3 Hz), and excellent stability for 1000 stretching-releasing
cycles at 7.5% strain.

Elastic conducting composite fibers

One attractive approach to fabricate textile strain sensors is to
produce conducting elastomeric composite fibers by integrat-
ing conducting fillers within an elastomeric host using fiber
fabrication techniques such as melt-spinning and wet-sinning
(Fig. 4a and f). These techniques require that the conductive
fillers are homogenously dispersed in the polymeric host. This
is typically achieved in melt-spinning by using an extruder that
mixes the two phases. In an early work, an elastomeric con-
ducting composite fiber was fabricated by melt-compounding a
thermoplastic elastomer (SEBS) and CB powder (up to 50 wt%
loading) and then melt-extruding the composite material into a
fiber (Fig. 4b).> The SEBS/CB fiber was attached to a fabric
using a silicone film and used as a strain sensor (Fig. 4c). This
composite fiber strain sensor showed sensing in the range of
20 to 80% strain with a GF of ~20, a small resistance creep of
~ 8.8% at a constant strain of 80%, and a low hysteresis of less
than ~7%. The sensing response of the composite fiber was
also stable with ~2.5% increase in resistance after ~ 3800
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stretching-releasing cycles and increasing the strain rate (from
4 to 48% s~ ') did not significantly affect its sensing perfor-
mance. The sensor remained functional after two months or
after washing eight times at 30 °C in a washing machine with a
detergent. PU/MWCNT fibers were similarly produced by
extruding the nanocomposite pellets (at 3 wt% MWCNT loading)
using a single-screw extruder connected to melt pump and a
circular die.®® SEM observations revealed the presence of densely
packed micron-size clusters (Fig. 4d), which are not desirable for
achieving fiber strain sensors. The PU/MWCNT fiber extruded at
240 °C showed a conductivity of ~0.03 S cm™'. The sensing
behavior was characterized by an increase in resistance when
stretched to 10% strain. However, only partial recovery was
observed after strain was released (Fig. 4e). Melt-spinning allows
only limited incorporation of conductive fillers and typically
leads to low conductivity. This is because the melt viscosity
increases with the addition of filler and at high loadings, the
viscosity will be too high for fiber extrusion. For instance, the
spinnability of polycarbonate (PC)/MWCNT fibers deteriorated
after 4 wt% MWCNT loading, whereby at 6 wt% MWCNT, it
impossible to spin at high draw ratios.®” Drawing during fiber
spinning also plays an important role in the sensing perfor-
mance of the fiber. For instance, for the PC/MWCNT fiber strain
sensors, increasing the draw ratio from 4.8 to 12.0 resulted in GF
enhancement; the GF ~ 16 was measured for 3.5 wt% MWCNT
loading and draw ratio of ~8.

In wet-spinning, a formulation consisting of polymer host
with conductive filler in an appropriate solvent is first prepared.
Fibers are obtained by extruding the composite formulation into
a coagulation bath. Many conductive fillers (e.g. PEDOT:PSS,
CNT, GO, and AgNW) are versatile towards solution processing,
making wet-spinning a useful technique for producing elasto-
meric conductive composite fibers for strain sensing applica-
tion. As conducting fillers tend to aggregate less in dispersion
than in melt, wet-spinning enables the production of homo-
geneous fibers with highly dispersed filler particles in the
polymer phase, which is essential to achieve high strain sensing
properties. Wet-spinning has been used to fabricate poly(styrene-
b-isobutylene-b-styrene) (SIBS)/poly(3-hexylthiophene) (P3HT)
composite fibers."® A maximum conductivity of ~0.38 S ecm™"
was achieved for SIBS/P3HT fiber with P3HT loading of
~14 wt% when doped using tetrafluoroboric acid (HBF,). The
extremely high stretchability of SIBS (~1078%) remained
greatly unaffected after the addition of ~14 wt% P3HT loading
exhibiting an elongation at break of ~975%. The resistance of
the SIBS/P3HT fiber increased up to a strain threshold of 550 to
770% after which it decreased with further stretching. In a
cyclic stretching-releasing test with a strain amplitude of
~12%, the fiber showed a GF of ~—1.6 and stable sensing
response for 20 cycles. PU/PEDOT:SS conducting elastomeric
composite fibers were also fabricated using the wet-spinning
technique (Fig. 4g and i).>” Fibers with conductivity of as high
as 25 S cm ' at ~25 wt% PEDOT:PSS were reported. The
PU/PEDOT:PSS fiber (with ~ 13 wt% PEDOT:PSS loading) could
sense strains of up to ~260% with a GF of up to ~10* at
200% strain (Fig. 4j). When cyclically stretched and released
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Fig. 4 (a) Schematic representation of melt-spinning process which can be used to fabricate fiber strain sensors. Adapted with permission.t2° Copyright
2016 Royal Society of Chemistry. (b) Photo of the melt-spun SEBS/CB composite fiber strain sensor and (c) after integration within a fabric.> (d) SEM
images of lateral and cross-section surfaces and (e) strain sensing performance of the melt-spun PU/CNT composite fiber. Adapted with permission.®®
Copyright 2010 Royal Society of Chemistry. (f) Schematic representation of wet-spinning process used for fabricating fiber strain sensors. Adapted with
permission.*?® Copyright 2016 Royal Society of Chemistry. (g) Photo of PU/PEDOT:PSS composite fiber on a spool. Adapted with permission.>” Copyright
2014 John Wiley & Sons, Inc. (h) Photo of PU/LCGO fiber on a spool. Adapted with permission.®® Copyright 2015 John Wiley & Sons, Inc. (i) Cross-section
SEM images of various PU conducting elastomeric composite fiber strain sensors. Adapted with permission.?” Copyright 2014 John Wiley & Sons, Inc.
Adapted with permission.®® Copyright 2015 John Wiley & Sons, Inc. Adapted with permission.8® Copyright 2016 John Wiley & Sons, Inc. Adapted with
permission.”® Copyright 2016 IOP Publishing Ltd. (j) Strain sensing behavior of PU/PEDOT:PSS composite fiber. Adapted with permission.?” Copyright
2014 John Wiley & Sons, Inc. (k—o) Fabrication and strain sensing performance of the SBS/AgNW-AgNP composite fiber: (k) photo and (1) cross-section
SEM image, (m) images of LEDs connected to the fibers before and after stretching to 150% strains, (n) relative resistance change at various strains, and
(o) stability of the sensor under cyclic stretching—releasing. Adapted with permission.”* Copyright 2015 John Wiley & Sons, Inc.

to 100% strain, the composite fiber showed stable sensing after PU/CB, PU/SWCNT, and PU/chemically converted graphene
the first cycle. A wide range of other conducting elastomeric (CCG) fibers were produced with different sensing performance
composite fibers such as PU/liquid crystalline GO (LCGO), (Fig. 4h and i).°*7%% The PU/LCGO fiber showed electrical
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conductivity (after thermal reduction) and sensing behavior at a
very low percolation threshold of ~0.4 wt% GO, while ~16.7 wt%
CB was required to impart conductivity and sensing to the fiber.
The sensing range of these composite fibers varied from ~70%
strain for PU/LCGO to ~40% strain for PU/CCG. While the PU/CB
fiber showed the highest sensitivity (GF ~ 100 at 50% strain),
its sensing behavior reversed at ~30% strain, ie. resistance
decreased with stretching for strains less than 30% and increased
with stretching when strain was above 30%. These studies revealed
that apart from the filler loading, the filler aspect ratio and the
interaction of conducting fillers within the polymer matrix play
critical roles in determining the strain sensing properties.®>”*%

Wet-spinning also enables the incorporation of high amount
of conducting fillers within the fiber, which is useful for strain
sensing application. For instance, highly conductive and stretch-
able composite fibers were produced by wet-spinning of SBS
elastomeric polymer matrix containing ~75 wt% Ag nano-
particles (NP) and up to ~1.7 wt% AgNW (Fig. 4k and 1).”" The
SBS/AgNW-AgNP composite fiber showed a very high electrical
conductivity of up to ~2450 S cm ' (at 1.7 wt% AgNW) while
showing a high stretchability of ~900% at AgNW loading of
~ 0.6 wt%, which was only slightly lower than that of pure SBS
fiber (~1182%). It was shown that when the SBS/AgNW-AgNP
composite fibers were used to connect three LEDs to a power
source, the LEDs remained illuminated even when the fibers
were stretched to ~150% (Fig. 4m). This composite fiber showed
a sensing range of ~100% strain and a GF of ~ 15 at 100% strain
(Fig. 4n). During the 1000 stretching-releasing cycles at 10%
strain, the sensing response initially increased to about 100% for
the first 600 cycles before stabilizing (Fig. 40). PU/AgNW compo-
site fiber strain sensors with very high AgNW loading of up to
~ 76 wt% were also produced using wet-spinning, which showed
an outstanding conductivity of ~14205 S cm ™', albeit with low
stretchability (less than 3%).”>

The fabrication of conducting and elastomeric composite
fibers using the spinning techniques can be easily scaled up to
produce strain sensing fibers and yarns that can be integrated
into fabrics.'® While composite fiber strain sensors typically
have high sensitivity and sensing range, these sensors have low
linearity and low cyclic stability.

Wrapping and buckling

Microstructural design is another way to enable strain sensing
capability on elastic and non-conductive fibers. Creating sur-
face structures through wrapping and buckling has been used
to fabricate fiber strain sensors with high stretchability and
high linearity. The buckling structure is usually achieved by
wrapping or depositing solid-state conductive materials, e.g.
CNT sheets or AgNWs, on pre-stretched elastic fibers. This
method can be used to achieve both resistive and capacitive
strain sensors on the fiber level. Once the buckling structure is
formed, it can provide a stable conductance during deforma-
tion, which is suitable for capacitive strain sensing. The buck-
ling structure has previously been used on films to fabricate
stretchable conductive layers with stable conductance during
deformation.*%”:%
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This buckling structure was first realized on fiber by wrapping
CNT sheets (NTS) on rubber fiber which was pre-stretched to
typically 1400% strain.>® The reversible short- and long-period
buckling of CNT sheath occurred out-of-phase in the fiber axial
and belt directions and provided a constant conductance during
stretching. Additional SEBS and CNT layers were wrapped onto
the fiber to realize capacitive strain sensing capability. This
capacitive type NTS@rubber@NTS@fiber sensor showed
860% increase in capacitance when stretched to 950% strain
(GF ~ 0.91). It also showed a linear response (up to 950% strain)
and a high cyclic stretching-releasing stability over 500 cycles (at
950% strain). However, the large diameter (2 mm) of the rubber
core led to a high core-to-sheath volume ratio, which resulted in
a low overall conductivity and required a large driving force to
activate the strain sensor. A downsized fiber sensor (as thin as
40 um) was then developed, which required lower drive force to
activate the strain sensor while maintaining high stretchability
(sensing range) and high stability.** Here, small-diameter SEBS
and plasticizer mixed rubber fiber was fabricated using a melt-
drawing method and was used as the core fiber (Fig. 5a). The
strain on the fiber was characterized by the change in capacitance
between the two NTS layers during elongation (Fig. 5b). A 4 cm-
long downsized fiber strain sensor showed a 119% linear increase
in capacitance (GF ~ 0.6) at 200% strain. It also had negligible
hysteresis and excellent cyclic stability (1000 stretching-releasing
cycles at 100% strain and 5000 cycles at 40% strain).

The buckling method can also be used to fabricate resistive
strain sensor fibers. For instance, a bi-sheath buckling structure
was formed by spray-coating a thin strain-gauge-enhancement
rubber layer between the NTS and the rubber core (NTS@
rubber@fiber) to make a resistive-type sensor.”> This sensor
exhibited very large strain range (up to 600%), high linearity
(two linear ranges: GF of ~0.5 for strain in the range of 0 to
200% and GF of ~0.14 for strain in the range of 200 to 600%),
fast response (~ 80 ms) and fast recovery (5 s), excellent stability,
and almost no hysteresis for 5000 stretching-releasing cycles at
various strains from 100% to 600%. In addition, this sensor also
showed high sensitivity to twist insertion. Under a constant
tensile stress of 64 kPa, the resistance of the fiber increased
linearly by 14% when a total of 2.2 turn em™" twist was inserted,
which corresponds to ~0.004% per degree.

Other geometric designs on the buckling structure have also been
explored. A sandwich-structured fiber was fabricated by applying
NTS on two opposite sides of a pre-stretched (to 300%) rectangular
silicone rubber fiber (Fig. 5e and f).* This sandwich fiber provided
almost constant electrical conductance after 200 cycles of stretching
(up to 200% strain), twisting (up to 1700 rad m™ '), and bending
(up to 150°) (Fig. 5g and h). A linear relationship between capaci-
tance and tensile strain, negligible hysteresis, and high cyclic
stretching-releasing stability were observed (Fig. 5h). Its sensitivity
to other deformations enabled other functionalities such as torsional
sensing and supercapacitor.

AgNW/PU composite were also used to fabricate PU fibers with
the buckled surface morphology (Fig. 5¢ and d).”* This conductive
fiber possessed a high conductivity (up to ~1.4 x 10*Secm ™) and
good stretchability (up to 400%). While ultrasonic treatment in
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Fig. 5 (a) Schematic illustration showing the fabrication process of an NTS@rubber fiber, and the buckling structural for downsized fiber core (top) and the
hierarchical buckling on millimeter—diameter fibers (bottom). (b) Dependence of NTS@rubber@NTS@fiber sensor capacitance on strain during stretching
(solid square) and stretch release (open circles), where the blue line is a linear fit of the data. Adapted with permission.®* Copyright 2016 John Wiley & Sons,
Inc. (c) Schematic illustration of the fabrication of AQNW coated stretchable conductive core—shell fibers with buckling microstructures. (d) SEM images
showing the wrinkled microstructures of the AgNWSs coating. Adapted with permission.”* Copyright 2016 John Wiley & Sons, Inc. (€) Schematic illustration of
a twisted sandwiched fiber with a rubber core and two symmetric buckled CNT electrodes. (f) Photograph showing a twisted sandwiched fiber wound
around a glass rod and SEM images showing microscopic CNT buckles. (g) Photographs of the sandwich fibers that are released, twisted to 1700 rad m™,
and twisted to 1700 rad m~* and stretched to 200% strain. (h) Resistance change as a function of tensile strain and twist insertion, and capacitance and

change in fiber thickness versus tensile strain of the sandwiched fiber. Adapted with permission.>® Copyright 2016 American Chemical Society.

water for 1200 s increased the fiber resistance by ~500%, it was
still possible to use it as a strain sensor. Flexible piezoresistive
fibers were prepared by twisting multiple fibers together, which
exhibited sensitivity to pressure and bending deformations
(0.12 kPa~' and 0.012 rad™'). This fiber sensor showed a low
detection limit, and a high cyclic stability (no resistance change
under 100% strain for 4000 stretching-releasing cycles). As seen
above, while wrapping and bucking are effective strategies to
achieve highly stable and linear sensors, they typically lead to
low sensitivity (GF). Moreover, the complicated and multi-step
fabrication process impose challenges in achieving fiber strain
sensors that are longer than a few centimeters.

Twist, helix, and coil insertions

Creating helical structure on fiber scale is another way to
impart stretchability on rigid fibers or fibers with low elasticity.

Mater. Horiz.

This is often achieved by overtwisting or coiling a straight fiber.
When a coiled fiber is stretched, deformation is accommodated
by the helical structure, which minimizes the strain imposed on
the fiber. Constructing coiled fiber from conductive materials
has enabled many applications such as stretchable conductive
wires,” actuators,>*® and strain sensors.?®”*%* Spring-like (full-
helical) SWCNT yarn strain sensors were produced by over-twisting
a thin film of CVD-grown SWCNTs (Fig. 6a).”> The electrical
conductivity of helical SWCNT yarns reached ~440 S cm™ " at
the unstretched state and breaking strain was ~285%. By
employing a similar approach with controlled coiling position,
a SWCNT yarn composed of a helical segment and two straight
ends were produced (Fig. 6b).%® This partial-helical yarn showed
an improved elasticity compared to the full-helical counter-
part as a result of more uniform loops and less defects. The
resistance of partial-helical®® yarn strain sensor increased with
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Fig. 6 (a) Schematic illustration of the coiling process of a SWCNT sheet into a helical yarn and the corresponding SEM image of the helical yarn
strain sensor. Adapted with permission.”®> Copyright 2012 John Wiley & Sons, Inc. (b) Schematic and SEM image and (c) strain sensing property of partial-
helical SWCNT yarn. Adapted with permission.?® Copyright 2013 Royal Society of Chemistry. (d) Schematic illustration of the fabrication process of a
double-helix SWCNT yarn and its corresponding (e) SEM image and (f) strain sensing property. Adapted with permission.®* Copyright 2013 American

Chemical Society.

strain (up to 25%) with high stability over 1000 stretching
cycles. The rate of resistance change, however, was not constant
in the partial-helical SWCNT yarn and more rapid resistance
changes were observed at low strains (<5%) resulting in the GF
of ~0.14 and ~0.03 for strain ranges of 0 to 5% and 5 to 25%,
respectively (Fig. 6¢).

Double-helix SWCNT yarn strain sensors were also fabri-
cated by first twisting a SWCNT film into a yarn by an electric
motor, over-twisting into a single-helical yarn, and then applying
a force in the middle section which triggered the rotation and
mutual entanglement of the two yarn segments from both sides
(Fig. 6d and e).”* This double-helix SWCNT yarn showed an
abrupt change in resistance (Fig. 6f) when the first yarn ruptured
(at 50-100% strain) after which the resistance increased further
until failure (150-200% strain). In another report, a highly
stretchable coiled CNT yarn was fabricated by over-twisting
straight CNT yarn, which showed dramatically improved stretch-
ability (up to 985% vs. 6.8% for neat CNT yarn).”® This entangled
coiled CNT yarn showed a large sensing range (up to 500%
strain), positive GF (~0.13 at a strain of 500%) and high cyclic
stretching-releasing stability (600 cycles at 500% strain).”®
However, the stress fluctuated during stretching, which had a
negative effect on the sensitivity and stability of the fiber strain
sensor. While coiling is relatively easy to achieve (compared
to buckling, for instance) and scale-up, the sensitivity of the
coiled yarn strain sensors is typically low (GFs < 0.5)*®7%%> and
the strain range is usually less than the maximum stretchability
of the yarn. Coiling produces sensors with high cyclic stabi-
lity, although some non-linearity in the sensing response is
inevitable.

Coaxial fibers

Fiber strain sensors could be achieved by using core-shell struc-
tures. These fiber strain sensors typically consist of a conductive
core covered by an elastic shell. In this design, an important

This journal is © The Royal Society of Chemistry 2018

requirement for the core is stretchability and conductivity. The
fiber core should be able to accommodate large stretch deforma-
tion while remaining conductive. Suitable materials such as liquid
metals (LMs), ionic liquids (ILs) and carbon/elastomer composites
have been explored to fabricate the fiber core. Coaxial structures
can be used to produce both resistive and capacitive fiber strain
sensors. These coaxial fibers have been fabricated by liquid
injection, wet-spinning, or printing.**”””®

It was demonstrated that a low melting point eutectic
indium-gallium (EGaIn) LM can be injected into hollow SEBS
fiber to form a highly stretchable conductive fiber.”” This
EGaIn@SEBS fiber showed similar breaking strain to pure SEBS
fiber (up to 1000%) while retaining high electrical conductivity
even when stretched to large strains and after hundreds of
stretching-releasing cycles. The conductivity of the EGaIn@SEBS
fiber (~3.3 x 10" S cm™') was higher than any conductive
composite fibers. Although this fiber showed an increase in
resistance when compressed (i.e. pinching) due to the deforma-
tion of the LM core, the authors did not evaluate its strain
sensing application. A stretchable LM-PDMS fiber filled with
eutectic indium-gallium-tin (EGaInSn) showed an excellent
stretchability up to 140% strain similar to pure PDMS fiber and
a linear change in resistance with applied strain.”® The sensitivity
of this fiber could be regulated by channel sizes i.e. GF increased
from ~2.2 to ~3.4 when fiber diameter decreased from 750 to
500 pm. The fiber-based strain sensors also showed almost
no hysteresis (~0.11%), a low detection limit (0.3% strain),
large sensing range (up to 140% strain), and high stability (over
3500 cycles). In another report, a pair of EGaln-filled Hytrel
fibers were intertwined into a double helix structure to create
capacitive sensors that were sensitive to torsion, touch, and
strain.’* The maximum GF was ~ 0.82 (at 100% strain) and the
lowest detection limit was 2.9%.

Other types of materials such as graphene-based and CNT-
based composites were fabricated into a core-sheath conductive
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Fig. 7 (a) Schematic illustration of the coaxial wet-spinning process for the highly stretchable fibers. (b) SEM image showing the cross-section of the
core-sheath fiber with 2 wt% MWCNT, and photograph of a knotted fiber (diameter 1.7 mm) carrying a weight of 200 g. (c) Resistance change (AR/Rg) as a
function of the applied strain on CNT yarn with 2 and 3 wt% CNT loading. Adapted with permission.8% Copyright 2018 American Chemical Society.
(d) Schematic illustration of multicore—shell printing process and the resulting fiber. (e) Illustration of the sensor cross-section and equivalent circuit
diagram of the readout circuitry for a capacitive strain sensor. (f) Model predictions and experimental results of the resistance and total capacitance of the
sensor up to 250% strain. Adapted with permission.®* Copyright 2015 John Wiley & Sons, Inc.

fiber structure. For instance, wet-spun Silicone elastomer-
protected MWCNT fiber was produced (Fig. 7a and b).*° The
MWCNT infused elastomer served as the resistive sensing core
while the outer layer served as the insulating sheath. At 2 wt%
CNT, the fiber was stretchable (>300%) and washable where
the resistance changed 15% after 11 washing cycles. As a strain
sensor, it sustained >10000 cycles under 100% strain and
displayed fast response and low hysteresis. Its resistance was also
stable at various room temperature and humidity conditions but
the resistance dropped by ~80% when heated to 100 °C. This
fiber also exhibited high sensitivity with a GF of ~0.68 at 50 to
100% strain and ~ 1378 at 300 to 330% strain (Fig. 7c). However,
such a large variation of GF with strain (indicating non-linearity)
is not desirable for practical applications.

Hollow fibers with ionic liquid (IL)-filled channels have also
been produced.®* Straight and coiled copper wires were used as
templates to create hollow PDMS fibers with straight or helical
channels. The fibers were fabricated via a “fill and seal”
process in which the IL (1-ethyl-3-methylimidazolium tetra-
fluoroborate, EMIMBF,) was injected into the channel of the
hollow fiber. The conductive fibers were stretchable up to 230%
and could sustain 10 000 stretching-releasing cycles. The fiber
with a straight channel showed an increase in resistance with
applied strain of up to 100%, giving rise to GFs of 2.0 to 2.8. It
demonstrated fast response even at different frequencies of 1 to
10 Hz. In comparison, the fiber with helical channel showed
low change in resistance even at 100% strain (GF < 0.5).
Coaxial structures can be used to achieve multiple electrode,
dielectric, and encapsulation layers, which are necessary in
fabricating capacitive strain sensors, in one-step. For instance,
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a capacitive fiber strain sensor was achieved by constructing a
multicore-shell fiber using a printing method.** The fiber con-
sisted of four concentric layers including two ionically conduc-
tive layers as the conductors, and two silicone elastomer layers
that served as the dielectric layer and encapsulation (Fig. 7d
and e). This fiber showed strain sensing capability up to 250%
strain with ~9.75 pF capacitance change per 100% strain, which
corresponded to a GF of ~0.35 (Fig. 7f). The dynamic sensor
response could be accurately tracked over a range of applied
strain frequencies and amplitudes (up to 150% strain). However,
this fiber was susceptible to environmental conditions that
affected conductivity, sensor output, and fiber stiffness. Coaxial
structures offer great flexibility in producing resistive and capa-
citive fiber strain sensors with high sensitivity, sensing range,
and/or stability, although achieving high overall sensing perfor-
mance can be challenging.

Knitting, weaving, or braiding

Fabric strain sensors have been produced by knitting conduc-
tive fibers or yarns. Such fabric strain sensors are preferred
structures for wearable applications. Early fabric strain sensors
were produced by knitting steel yarns or carbon fiber yarns into
tubular plain-knitted fabrics (Fig. 8a).”> While highly conduct-
ing, these fabrics showed limited sensing range of up to 20%
strain. The resistance of the knitted fabrics decreased with
stretching along the wale direction (shown in Fig. 8j) with GF
of up to ~ —4. Both fabrics showed hysteresis in 5 stretching—
releasing cycles at 20% strain; the resistance of the steel-based
fabric increased with stretching cycles. Interestingly, the sensing
behavior of the carbon fiber-based fabric, remained unchanged

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) Schematic illustration a tubular knitted fabric and optical image of a knitted steel yarn. Adapted with permission.®> Copyright 2005 Elsevier Ltd.
(b) Fabric strain sensor made by co-knitting silver-plated nylon and elastomeric yarns.2® (c) Schematic illustration of the fabrication process and
(d) photograph of knitted strain sensor fabric based on CNT sheath/spandex core yarn (CNT/SPX). Adapted with permission.” Copyright 2016 American
Chemical Society. (e) Fabric strain sensors made by knitting PU/PEDOT:PSS composite monofilament into a plain-knit and a co-knit consisting of four-
ply PU/PEDOT:PSS monofilaments and a commercial Spandex yarn. Adapted with permission.*® Copyright 2015 American Chemical Society.
(f) Photograph of the fiber wet-spinning of (g) PU/PEDOT:PSS multifilaments that were knitted into (h) a wearable fabric strain sensor and (i) fabric
prototypes. (j) Schematic illustrations and (k) strain sensing properties of the various knitted structures obtained from PU/PEDOT:PSS multifilaments.
Adapted with permission.'° Copyright 2018 Elsevier Ltd. () SEM and optical images of PEDOT-coated nanofiber yarns woven into a fabric pressure sensor.

Adapted with permission.®® Copyright 2017 Nature Publishing Group.

even when the temperature was increased to 200 °C. Fabric
strain sensors were also achieved by knitting silver-coated
conductive nylon yarns in an alternate pattern with insulating
core-spun Lycra yarns (Fig. 8b).>*> When stretched to a maxi-
mum strain of 40% in the course direction, the fabrics showed
GFs that ranged from 0.08 to 2.5. The sensing range decreased
when the insulating yarn thickness increased from 156 to
800 dtex (mass of yarn in grams per 10 000 meters). This result
illustrates that it is possible to tailor sensing properties with
knitting patterns.

This journal is © The Royal Society of Chemistry 2018

A fabric strain sensor was fabricated by continuously wrapping
CNTs around Spandex yarns during knitting (Fig. 8c and d)."”
The fabric with ~9 wt% CNT showed strain sensing range of
up to 100% with a GF of ~0.4. There was only less than 2.3%
decrease in sensitivity and a small hysteresis after 1000 stretching-
releasing cycles at 100% strain. PU/PEDOT:PSS monofilaments
were knitted with Spandex yarns to make tubular fabrics with a
sensing range of up to ~160% strain (Fig. 8e).'® The resistance
of the fabric decreased with stretching. The sensitivity of the
fabric increased with the number of filaments used, reaching the
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highest GF of ~—1 with four filaments. The sensing response
was stable during ~ 500 stretch-release cycles and was further
improved by co-knitting with a Spandex yarn. These works
demonstrated the potential use of knitted textiles in wearable
application by using specially-designed supporting frames.

Self-supporting fabrics, i.e. those that can be worn directly
without the need for a supporting frame, substrate, or an addi-
tional clothing item, are required to realize truly wearable strain
sensors. This can be achieved through a scalable fiber fabrica-
tion that provides suitable mechanical properties for conven-
tional textile processing. Using a medium-scale wet-spinning
line (Fig. 8f), the production of PU/PEDOT:PSS multifilaments
was recently demonstrated in kilometer scale (Fig. 8g). The
fabric strain sensors (Fig. 8h—j) with five elaborate knit patterns
(i.e. plain knit, co-knit, co-knit with conductive stitch, plain knit
with non-conductive stitch, and co-knit alternate)'®*° showed
that the sensing performance can be tailored using alterations
in the loop configurations and stitch insertions (Fig. 8i-k). All
fabrics could sense strains as large as 200%. The plain-knit
fabric showed a GF of ~—0.7 at 50% strain. In cyclic stretch-
release tests at 100% strain for 500 cycles, the fabrics showed
stable sensing response after ~50 cycles. The strain sensing
behavior of the knit prototypes was demonstrated in a self-
supporting wearable fabric consisting of two ~5 cm x 10 cm
knitted strips of PU/PEDOT:PSS multifilaments within a ~15 cm X
10 cm plain knit fabric.

Using two layers of silver-plated knitted fabric as electrodes
and silicone elastomer as a dielectric layer, a capacitive fabric
strain sensor was achieved.>! Fabric sensors with desired shape
were created by laser cutting, which showed linear strain-
capacitance relationship (GF ~ 1.23) and low hysteresis when
cyclically stretched to 100% strain. Nevertheless, a 12% decrease
in capacitance output was observed in 1000 stretch-release
cycles at 100% strain. It was shown that this fabric strain sensor
could be integrated in/onto garments (e.g. gloves) for wearable
applications. With woven fabric pressure sensors having been
developed (Fig. 81),% it is expected that weaving can also be
used to achieve fabric strain sensors. Braiding has also shown
potential in fabricating piezoelectric textile strain sensors.”
Knitting, weaving, and braiding enable the production of fabric
strain sensors that are truly wearable. These methods offer
numerous means to achieve fabrics with desired sensing perfor-
mance, by changing the fabric pattern, the number of conducting
threads, and the properties of the yarn used in co-knitting or
co-weaving.

Strain sensing mechanisms

The sensing mechanisms in textile strain sensors depend on
the structure of the textile component (fiber, yarn, or fabric),
fabrication approach, and the stretchable and the sensing
components used in the textile sensor. The sensing response
of a textile strain sensor is determined by the interplay of four
main factors: (1) inherent variation in the properties (e.g
resistance) of the individual sensing component with strain,
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(2) crack formation in the sensing layer, (3) changes in the
conduction network, and (4) geometrical transformation of the
textile assembly.>®*® These four factors are discussed in detail
in this section.

Properties of the sensing component

The stretching-induced increase in resistance of individual
CNTs as the result of increase in the band gap energy,”® was
found to be responsible for the increase in resistance of CNT
yarns upon stretching.’®®* As opposed to composites where
individual CNTs have limited contacts, in a pure CNT yarn,
CNTs are tightly packed. Thus, stretching the CNT yarn has
negligible effect on the electrical conduction network. In this
case, the sensing properties comes primarily from the changes in
the resistance of individual CNTs in the yarn upon stretching.*®

In Au/ZnO NW coated carbon fiber piezoelectric strain
sensor, the electrical transport property was found dependent
upon the changes in the band structure of ZnO and the piezo-
electric potential when strain was applied.*® Here, the changes
in ZnO band structure, characterized by the changes in its
electron affinity, produced a piezoresistive effect. In addition,
the piezoelectric polarization produced surface charges at the
Au/ZnO contact interface, which led to the changes in the
Schottky barrier height. These characteristic changes in piezo-
resistive properties were also observed for NW@CNT/rGO
coated fabric.** Interestingly, the piezoresistive properties of
ZnO could be tailored through microstructural changes in the
crystal size, orientation, morphology, aspect ratio and crystal-
line density.

Crack formation

When sensing materials are coated on a textile-based substrate,
the sensing layer can crack during deformations because of the
mechanical property mismatch between the two components.
These crack formations lead to resistance increase and can also
be harnessed for strain sensing. Detailed in situ SEM observa-
tion of the PPy-coated Lycra fabric revealed the formation of
micro-cracks (perpendicular to the stretch direction) in the PPy
layer, which increased in number, width, and length with
stretching.’® The strain sensing property of the PPy-coated
fabrics resulted from micro-cracks opening (when stretched)
and closing (when released) (Fig. 9a).”® Similarly, when the
graphite-coated silk fibers were subjected to tensile strain, the
decrease in the overlapping area between the coated graphite
flakes led to an increase in resistance and the contact restored
upon strain release.®* This phenomenon was also observed for
ZnO NW coated PU fibers (Fig. 9b and c),*” coaxial elastomer-
wrapped CNT fibers (Fig. 9d),®' graphene-coated PU yarns,®’
AgNW coated single covered yarn (SCY),’® and knitted CNT/
Spandex yarns."”

While crack formation results in distinct variation of the
sensing response and high sensitivity (GF), it typically leads to
low sensing range, hysteresis, non-linear sensing, and low cyclic
stability. The irreversible crack formation throughout GWF upon
initial stretching caused an exponential rise in resistance (Fig. 9¢
and f).°” Due to the nature of crack formation mechanism,
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Fig. 9 (a) SEM images of PPy-coated PU fibers before and after stretching to 110% strain showing crack formation of the coating layer. Adapted with
permission.*® Copyright 2006 Elsevier Ltd. (b) Schematic illustration and (c) SEM images of ZnO NW coated PU fiber strain sensor showing the formation
of cracks and flaking off of the coating layer upon stretching. Adapted with permission.®? Copyright 2016 John Wiley & Sons, Inc. (d) Images of crack
formation of the inner conducting layer when elastomer-wrapped CNT coaxial fiber was stretched from to 250% strain. Adapted with permission 5
Copyright 2018 John Wiley & Sons, Inc. (e) Optical images showing the formation of crack in GWF strain sensor under strain and the corresponding
schematic illustrations and (f) schematic representation of the current pathway through a fractured GWF. Adapted with permission.®® Copyright 2012
Nature Publishing Group. (g) Schematic illustration of structural rearrangement of filler particle networks inside an elastomeric host for a composite fiber
and (h) resistance change with strain for a representative PU/PEDOT:PSS composite fiber within two initial stretching—releasing cycles. Adapted with

permission.” Copyright 2014 John Wiley & Sons, Inc.

the sensing range was limited to only 8% strain. Crack forma-
tion resulted in a non-linear resistance response and con-
siderable hysteresis when GWF strain sensor was repeatedly
stretched.*® For the AgNW coated SCY yarn, when the applied
strain increased beyond the pre-cracked strain of 40%, the
irrecoverable damage to the AgNW network led to increase in
resistance.’® For the PEDOT:PSS/graphene-coated cotton fabric,
the crack-induced sensing resulted in 20% and 70% increases
in resistance after the first 2 and 20 stretch-release cycles,
respectively.’® It was found that increasing the sensing layer
thickness (e.g. by increasing the number of coating) reduced the
stability of the sensing response due to the non-uniformity of
micro-cracks.”” Nevertheless, it is possible to achieve excellent
cyclic stability by controlling the crack formation on the sens-
ing layer for instance by using pre-cracked fiber with a helical
microstructure.’®

Alteration of conduction network

In resistive textile strain sensors, the sensing performance
can be explained by the changes in the conduction network
upon stretching. From percolation theory, there is a minimum

This journal is © The Royal Society of Chemistry 2018

amount of conducting filler required to establish conducting
paths in an insulating host.'® Often, the weak interaction
between the filler and the host leads to the disconnection of
conductive paths upon stretching, resulting in resistance increase.
For conducting elastomeric composite fibers, five types of con-
ducting networks have been proposed (Fig. 9g):

1. Unbreakable networks that remain uninterrupted under
strain (@)

2. Reversible networks that break with strain but restore
when strain is removed (@)

3. Irreversible networks that if broken, are not recovered
when strain is released (@)

4. Isolated networks that cannot form conductive networks
on their own (@)

5. Debonded networks that can form conductive networks
with strain (©).>’

The interruption, deformation or re-arrangement of the
above conductive filler networks during the strain and release
periods as a result of their slippage, debonding and reversibility
were found to determine the resistance response of the compo-
site fiber.>” In PU/PEDOT:PSS fiber, while stretching generally
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resulted in disruption of reversible and irreversible conducting
networks, it was observed that it was possible for the debonded
networks to connect and for the isolated networks to form con-
tacts with other networks, thereby decreasing the fiber resistance
(Fig. 9h).>” The stretching-induced disruption of conducting
network also increased the resistance of SBS/AgNW-AgNP,”"
PU/rGO,*® PU/CNT,”® and PU/CCG’® composite fibers, and
CB/CNC/NR coated PU yarn.*® For the SIBS/P3HT composite
fiber, strain-induced contacting of P3HT chains was found to
take place at high strain region of >700% resulting in a decrease
in resistance.*®

In composite systems, tunneling-assisted hopping between
neighboring fillers at loadings lower than percolation threshold
can also change with strain. One such example is the strain-
dependent resistance property of the PC/CNT spray-coated PET
fabric.”® Since the CNT has lower resistance than the PC matrix,
charge tunneling could take place between adjacent CNTs. The
inter-CNT gaps increased with stretching and so as the sensor
resistance.

Stretching also induces alignment of conducting fillers to
from the conductive network. For example, the decrease in
resistance of the PPy-coated Lycra fabric with stretching was
attributed to the improved alignment of the PPy chains.’ For
PEDOT:PSS-soaked Spandex fabric, the combined effects of
alignment and damages in the conductive network resulted
in the increase and decrease in conductivity at the respective
stretched and relaxed states.”’ In PEDOT:PSS-printed fabric,
stretching gave rise to enhanced conductivity due to increased
contact between the PEDOT:PSS chains that penetrated inside
the fabric.’® Here, stretching of the fabric resulted in compres-
sion of the yarn and promoted fiber contact. Similar observa-
tions were made for rGO-coated fabric that showed a decrease
in resistance when stretched above 33%."®

Alteration of the conductive network sensing mechanism
typically leads to large changes in resistance with stretching
and thus result in textile strain sensors with high sensitivity
(large GF). These textile strain sensors can sense large strains
beyond 100%.>”**”* However, stretch-induced conductive net-
work changes gives rise to noticeable hysteresis, non-linear
sensing response, and limited cyclic stability. For the PEDOT:PSS
coated Spandex fabric, since the conductive network did not
recover when the strain was released, a considerable hysteresis
in the conductivity was observed during the cyclic stretch-
release test.”’ The permanent loss of irreversible network with
stretching resulted in a sudden rise in the resistance of the
PU/PEDOT:PSS composite fibers in the first cycle,”” and caused
~100% increase in resistance for the SBS/AgNW-AgNP fiber
after 600 cycles.”

Geometrical transformations

Upon stretching materials in one direction, the shape of the
material in the traverse direction will change with respect to its
Poisson’s ratio. This geometrical changes are key to controlling
the strain sensing properties of some resistive and capacitive
textile-based strain sensors. In the case of the resistive textile-
based sensors, the changes in length (L) and cross-section
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area (4) with stretching result in changes in the resistance (R)
of the sensor according to eqn (1). When sensing is only
attributed to geometrical changes in the sensor, the resistivity
(p) remains constant at all stretching conditions.

For capacitive textile-based sensors that are composed of
a dielectric layer (with length /,, width w, and thickness d,)
sandwiched between two electrodes, stretching in the length (7)
direction results in changes in width (w) and thickness (d) of
the dielectric layer according to eqn (5) and (6). These geome-
trical changes will result in changes in capacitance (C) of the
textile sensor (eqn (7) and (8)) with strain (¢).*°

whw, = ()" (5)
did, = (I/1o)"> (6)
CICy = lwdy/lgw,d ?)
ACICo = Allly = ¢ (8)

For carbon fibers, the changes in the dimension of the fiber
during stretching (i.e. decrease in fiber diameter) were respon-
sible for the changes in resistance response and variations of
fiber resistivity because of microstructural deformation was
negligible.®> Geometrical transformation was the main mecha-
nism for the increase in the electrical resistance of liquid metal
filled hollow fibers with stretching (Fig. 10a and b).”””’® As
theoretical predictions suggested, the increase in the resistance
of the fiber was proportional to the change in the square of the
length. For highly conductive coiled CNT yarn strain sensors,
the change in resistance was dominated by spring deformation
(geometrical transformation) as opposed to CNT sliding (Fig. 10c).>®
Stretch-induced geometrical transformation in double-helix
CNT yarns resulted in reduced contact area between the
closely-packed helical loops and increased yarn resistance.’’
In rGO-coated PDCY strain sensor, the geometrical transforma-
tion increased the resistance with stretching. This effect was the
result of filament separation in both inner and outer layers as
well as the decreased contact area (increased contact resistance)
between these layers (Fig. 10d and e).>

The mechanism of strain sensing in fabrics are more
complicated than fibers and yarns. Stretching can alter the
arrangement of conducting fibers or yarns within the fabric and
change its electrical properties. The geometrical transforma-
tion of fabrics under strain will vary greatly depending on the
number and arrangement of conducting fibers or yarns (e.g.
knitting patterns, whether the conductive fiber or yarn is co-
knitted together with non-conductive yarns) and the direction
of stretching (e.g. course or wale directions in knits),'®%23:92102
Apart from the geometrical changes, it is also possible that
applying strain on a fabric can stretch individual fibers or yarns
and change their electrical properties through other mechan-
isms (e.g. alteration of conducting network).'®'® In a simple
plain knit fabric composed of only conducting fibers, two types of
electrical resistance determine the overall equivalent resistance of
the fabric: the length-related resistance (R)) of the fiber between
the loop interconnects and the contact resistance (R.) between
the two interlocked fibers (Fig. 10f).°>"% Stretching the fabric
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Fig. 10 (a) Images of liquid metal-filled fiber strain sensor which show shrinkage of the inner channel in response to the strain and (b) agreement of
experimentally measured resistance response with theoretical prediction. Adapted with permission.”® Copyright 2017 Royal Society of Chemistry. (c) SEM
images of a coiled CNT yarn strain sensor before and after stretching showing separation of loops. Adapted with permission.?® Copyright 2013 Royal
Society of Chemistry. (d) SEM images of rGO-PDCY yarn strain sensors before and after stretching and (e) schematic illustration of the structural changes
of the yarn during stretching. Adapted with permission.2> Copyright 2015 John Wiley & Sons, Inc. (f) Schematic illustration of conducting loops in a knitted
fabric and the corresponding equivalent circuit diagram (R|: length-related resistance and R.: interlocking contact resistance). (g) Cross-sectional image
of a textile-based capacitive strain sensor and relationships showing how changes in capacitance relate to geometrical transformation of the dielectric

layer. Adapted with permission.*! Copyright 2017 John Wiley & Sons, Inc.

changes R, by relocating the interlocking points between adja-
cent loops and also modifies R, according to Holm’s theory'®
(eqn (9)). Studies have shown that the contact resistance between
the interlocked fibers or yarns (R.) determines the sensing
properties of the knitted fabrics.”> Assuming that individual
fibers are not stretched, the resistivity (p) and hardness (H) of
the fiber will remain unchanged under strain. Stretching along
the wale direction of the knit increases the contact pressure (P)
and the number of contact points (n) between the conducting
fibers at the interlocks and decreases R..'*'° In contrast, when
stretched in the course direction, R, increases as both P and n
decrease because the loops separate from each other.>?

p [tH
R.==\/—
72V P ©)

Geometrical change is considered to be the main underlying
mechanism in capacitive textile-based strain sensors. For
instance, in agreement with the theoretical prediction (eqn (8)),
the change in the capacitance of NTS@rubber@NTS@fiber
sensors was observed to be linearly proportional to the change
in fiber’s length.>®®® Here, the thickness of the rubber layer
decreased with stretching to maintain its volume. Interestingly,
the strain dependence of fiber resistance only affected the
RC time constant of the capacitor and did not influence the
capacitance.®® Similar behavior was observed for double helix
liquid metal core-shell fibers®* and conductive textile/silicone
elastomer/conductive textile fabric sensors (Fig. 10g)*" in good
agreement with theoretical predictions.

This journal is © The Royal Society of Chemistry 2018

Textile strain sensors that sense based on the geometrical
changes have shown excellent linearity, low hysteresis, high
stretching-releasing cyclic stability, and large sensing range but
offer limited sensitivity (GF). For instance, the NTS@rubber@
NTS@fiber sensors showed linear, non-hysteretic strain sensing,
large strain range of up to 950%, stable sensing response for
500 stretching-releasing cycles but with a relatively low GF of
~0.91.>° The spring-like deformation of the coils in the coiled
CNT yarn strain sensor was the likely reason for its relatively
low GF (~0.13 at 25% strain).”®

Applications

The capability of textile-based strain sensors in detecting both
small and large strains has enabled their applications in moni-
toring microcracks formations in composites (small strains) and
in detecting various movements of human body (both small
and large strains) for health and sports related applications and
entertainment. The following sections summarize the potential
applications of textile strain sensors.

Structural health monitoring

The low sensing range of early textile strain sensor prototypes
made them suitable candidates for structural health moni-
toring applications, which used the sensor to detect internal
damages in structural materials (e.g. composites). It was shown
that PVA/CNT fibers embedded in glass fiber reinforced com-
posites were capable of monitoring the damages that developed
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in the composite when the composite was subjected to an
external load.'®® Further developments in this area brought
about strain sensors made of single MWCNT coated glass fiber
embedded in an epoxy matrix.'®® The electrical resistance
monitored in real time showed that it detected microcracks and
fracture in the composite during deformation, thereby allowing
damage control.

Body movement measurements

Textile strain sensors attached to different body parts demon-
strate their application in sensing small and large body move-
ments. An early research introduced the application of PPy
coated Lycra fabric strain sensor in monitoring human’s knee
movements.’ By integrating a strip of the fabric sensor within a
knee sleeve worn on an athlete’s knee, audio feedbacks were
provided to the players when the knee moved.® This informa-
tion could be used for sports rehabilitation, sports coaching,
and injury prevention. For instance, a strip of carbonized silk
fabric strain sensor assembled onto a tight was used to monitor
various movements of knee joints during extending, flexing,
marching, jogging, jumping, and squatting.> By monitoring
the relative changes in resistance, different motions of the knee
joints could be tracked. The resistance in PEDOT-coated polyester
fiber sensor embedded within a fabric knee sleeve decreased
during knee movements.>” A strip of the silver-based fabric strain
sensor worn on the heel, lower knee and upper knee (Fig. 11a) to
monitor heel and knee movements during activities differen-
tiated limb movements associated with walking from other
movements (Fig. 11b and c).>?

The bending motion of an arm at different angles was
monitored through a GNP-coated yarn strain sensors sewn in
an elbow sleeve.® Relative resistance changes of the sensor
allowed to locate the different arm positions. To detect closing
(clenching motion) or opening (releasing motion) of the fist,
a GWF/PDMS fabric based sensor was mounted on the upper
arm and forearm.*' Various finger or wrist movements have
also been demonstrated in some textile sensors. For instance, a
single graphite-coated silk fiber strain sensor could detect the
bending movements of an index finger and wrist (Fig. 11d
and e).*" Similarly, P(VDF-TrFE) fiber sensor,”® AgNW coated
nanofiber yarn sensor,’® and GWF/PDMS fabric based sensor**
could detect finger’s bending movements when attached to
each finger using an adhesive tape. GWF/PDMS fabric sensor*'
and carbonized silk fabric strain sensor*” were capable of moni-
toring wrist’'s bending or rotating movements. Fabric strain
sensors achieved by knitted PU/PEDOT:PSS multifilaments
were worn directly (without any supporting substrate or frame)
on the knee, elbow, and finger, and could detect large deforma-
tion of the joints movements." The fabric sensor was connected
to a wireless transmitter that transferred the sensor’s voltage
response to a personal computer allowing remote monitoring
of the user’s limb movement. The voltage signal of the sensor
showed a decrease when the limb was bent at an angle of 90° and
increased in the straight limb position (Fig. 11f). The sensitivity
and immediate responses of the knitted fabric strain sensor to
the fast limb movements allowed monitoring body motion and

Mater. Horiz.

View Article Online

Materials Horizons

providing feedback to the wearer corresponding to the status
of their limbs.

The application of the textile strain sensors in detecting
minute and subtle movements of skin associated with throat
muscle during speech has also been demonstrated, which could
be used in speech rehabilitation. For instance, when the rGO-
PDCY yarn strain sensor was attached to the neck, it demon-
strated unique current signal patterns related to the different
vocalization of words such as “hi”, “ hello”, “sensor”, and
“graphene”.”® Similarly, when the GNP coated yarn strain sensor
was attached to a person’s neck (Fig. 11g), the pattern of how the
resistance changed correlated with how the words ‘“KASIT”,
“PNML”, “apple”, and “soccer” were uttered (Fig. 11h).*® The
P(VDF-TTFE) based fiber sensor could also differentiate
the words “hello”, “nano” and “strain sensor” by syllable.>
The carbonized silk fabric*> and AgNW coated nanofiber yarn®
strain sensors attached to the throat also produced unique signal
patterns from vocalizations. As each word causes a unique move-
ment of the vocal muscle, the pattern of the signals remained
similar and unique to each word after repeating the same
word.”>®° Interestingly, the intensity of the electrical signal also
changed with the strength of the syllables as demonstrated by the
CPC coated PU yarn strain sensor.*> The signal varied when the
person pronounced different words such as “red”, “white”,
“golden”, “purple” and “brown”. The GWF strain sensor showed
that the sensing signal increased with volume when uttering
different numbers, such as “one”, “three”, “five” and ‘“seven”
because of the increased vocal muscle movements.®®

Textile strain sensors can also detect heart pulses to evaluate
physiological conditions of the cardiovascular system for health
monitoring. Textile-based heart rate monitors attached to a
wrist provided the radial artery pulse waveform and systolic and
diastolic peaks under normal condition®>*>*>3%%> and after
exercise (Fig. 11i-k).>>**> The PVA/GNP coated NCRY*® and
carbonized silk fabric*” strain sensors attached to the chest area
were able to detect physiological changes related to respiration.
A strip of carbonized silk fabric sensor attached to the chest
monitored the respiration rate during relaxation or after an
exercise (Fig. 11i and m).*” Tracking the inhalation and exhala-
tion patterns using PV/GNP coated NCRY sensor attached to the
chest at each breathing cycle proved to be useful in monitoring
human health conditions and identifying sleep disorders.*®
Textile strain sensors can also be used to detect tiny movements
of various muscles of the human face. The carbonized silk
fabric,> AgNW coated nanofiber yarn,*® CPC coated PU yarn*®
and GWF®® strain sensors attached to forehead, philtrum,**°
cheek or an eye’s corner’®®*® were used to monitor facial
expression and human emotions including happiness and
sadness (Fig. 11n and o).

Data gloves

Data gloves are input devices with multiple strain sensors to
monitor various hand movements and are widely used in robotics,
virtual reality, and gesture recognition. The ability of textile strain
sensors to detect various finger movements enabled the realiza-
tion of new types of data gloves where soft and large-range
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Fig. 11 (a) Photos of silver-based fabric stain sensor attached to three positions of the human body. Real-time resistance changes (b) of joints when
walking, and (c) of five basic motions of the upper knee. Adapted with permission.>? Copyright 2017 John Wiley & Sons, Inc. (d) Photo of knitted
PU/PEDOT:PSS fabric strain sensor worn on a knee and its corresponding sensing signals. (e) Photo of a single graphite-coated silk fiber strain sensor
attached to the index finger and the corresponding sensing signals during bending. Adapted with permission.®* Copyright 2016 American Chemical
Society. (f) Photo of a single graphite-coated silk fiber strain sensor attached to the wrist and the corresponding signals during wrist movements. Adapted
with permission.’® Copyright 2018 Elsevier Ltd. (g) Photo of PVA/GNP coated RY strain sensor embedded in an elastomeric patch attached to the neck
and (h) the corresponding signals associated with muscle movements during speaking. Adapted with permission.*® Copyright 2015 American Chemical
Society. (i) Photo of AgNW-coated nanofiber yarn strain sensor attached to the wrist (j) and the corresponding sensing signal when monitoring human
pulse, which shows (k) percussion (P1), tidal (P2), and diastolic (P3) waves. Adapted with permission.®® Copyright 2017 American Chemical Society.
(1) Photo of GWF strain sensor fixed on forehead and philtrum of a subject and (m) the corresponding signals of muscle motion when the subject is crying or
laughing. Adapted with permission.®® Copyright 2016 John Wiley & Sons, Inc. (n) Photo of carbonized silk fabric strain sensors attached to the chest and (o)
the corresponding signals of muscle motion in relaxation and after exercise. Adapted with permission.*? Copyright 2017 American Chemical Society.

textile sensors replaced the traditional rigid and low-range simultaneous movements of the index and middle fingers.
sensors. A data glove was assembled from GNP-coated WY A data glove was also created by hand-weaving CPC-coated PU
and NCRY sensors by sewing them onto the index and middle yarn strain sensor into every finger of a knitted glove.*” This glove
fingers of the glove, respectively.*® This data glove could detect ~detected several hand gestures including grasping, holding,
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Fig. 12 (a) Photos of the data glove created by using ten independent AQNW coated P(VDF-TrFE) fiber sensors and the signals associated with different

hand gestures. Adapted with permission.>® Copyright 2016 John Wiley & Sons, Inc. (b) Photos of hand gestures when expressing different ASL letters and
the output signals measured by a data glove created from PEDOT-coated PS fiber strain sensors. Adapted with permission.®” Copyright 2017 American
Chemical Society. (c) Photo of a wearable keyboard made of PEDOT:PSS-coated fabric sensor worn on arm and (d) the capacitance change when
number “5" was pressed on the keyboard. Adapted with permission.}°® Copyright 2015 John Wiley & Sons, Inc. (e) Photo of wearable wireless music
instrument made of GWF/PDMS sensors. Adapted with permission.** Copyright 2017 Royal Society of Chemistry. (f) Photos of PDCY-RGO fiber strain
sensors attached to waist, knee and elbow of a robot and the corresponding signals during dancing. Adapted with permission.?> Copyright 2015
John Wiley & Sons, Inc. (g) Photo of GWF strain sensor attached to a smart phone speaker and its signals. Adapted with permission.®® Copyright 2017

American Chemical Society.

and releasing. A data glove assembled with five independent
strips of carbonized silk fabric sensor was able to monitor real
time finger bending movements.*> A data acquisition glove system
was created from ten independent AgQNW coated P(VDF-TrFE) yarn
sensors attached to the joint of different fingers.”® This integrated
wearable data glove system displayed different finger gestures such
as “one”, “two”, “ok”, “four”, and ‘“‘good” (Fig. 12a). This data

Mater. Horiz.

glove demonstrated multilevel strain sensing based on complex
representation of finger bending states such as partial bending.
However, similar to the traditional prototypes, the two ends of
the yarn strain sensors were fastened to an existing glove surface
and were not seamlessly integrated within the glove. The utility
of textile strain sensors based data gloves with multilevel sensing
capability for human machine interface applications was also
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demonstrated by embedding PEDOT-coated PS fiber strain
sensors in each finger of a hand glove.”” The bending and
straightening movements of each finger in this case were
detected by the changes in the output voltage through a voltage
divider created in the glove. The data glove could identify the
American sign language (ASL) letters such as “S”, “K”, “U”, “C”,
and “A” when mimicked by the corresponding hand gestures
(Fig. 12b). It is noteworthy that some variations in the output
voltage were observed due to the changes in the resistance value
at fiber interconnects. In addition, the ASL characters practiced
in this study were based on static gestures while several ASL
characters are dynamic.

Entertainment

Textile strain sensors are also finding applications in entertain-
ment such as a wearable textile keyboard from a patterned
PEDOT:PSS electrodes on a polyester knitted fabric.'’® This
numerical textile keyboard had 10 keys (consisting of numbers
from 0 to 9) and the changes in the electrode capacitance was
measured by a microcontroller unit (MCU) connected to a
personal computer. Upon touching each key, the capacitance
of the key exceeded a certain threshold and the computer
screen displayed the corresponding number. This work demon-
strated that knitted fabric sensors could sense tactile inputs
from human finger (Fig. 12c and d). In another work, a proto-
type wearable textile device integrated GWF strain sensors into
a wearable musical instrument.*' The GWF sensor embedded
within a PDMS matrix made a flexible sensor that was mounted
on each finger and the upper arm and then connected to a
hardware device that transmitted the signals to a remote smart
phone. Using a custom-built mobile application, the users could
rearrange melodies to play music by motions (Fig. 12e).

Textile strain sensors worn on various body parts were used
to switch LEDs that were integrated within fabrics. The feasi-
bility was demonstrated by mounting three LEDs between two
strain sensors.’® The reversible variation in LEDs brightness
was observed when the human hand was repetitively bent. The
rGO-PDCY strain sensors fixed onto the waist, elbow, and knee
of a robot allowed monitoring of complex movements such as
dancing (Fig. 12f).>® The use of textile strain sensor for detecting
various sounds has also been demonstrated by attaching a strip
of carbonized silk fabric sensor to an earphone using adhesive
tape.””> When different audio files were played, the sensor
exhibited similar response to the sound wave profile. Similarly,
the GWF strain sensor attached to a smart phone speaker using
an adhesive tape generated sensing responses that coincided
with the original audio (Fig. 12g).°> Here, the characteristic
peaks of the audio were clearly present in the sensor response.

Summary and outlook

We discussed here that it is possible to design fit-for-purpose
textile sensors by implementing a combination of materials,
fabrication strategies, and structural designs. Neat fiber or yarn
strain sensors based on organic conductors usually possess
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limited stretchability (typically less than 5%) and elasticity.***>*7~1'3
Therefore, sensors made from these fibers or yarns offer a low
range of strain sensing property, often up to ~1% strain,
depending on their elastic deformation region.*®**

By coating textiles with conducting materials, it is possible
to achieve mechanical properties rivalling those of the original
textiles.” The fact that the coating does not significantly influ-
ence the stretchability of the textile substrate allows for the
facile production of highly flexible and conducting stretchable
textiles.”® However, since the conducting coating layer often
has significantly lower stretchability than the textile substrate,
while it might be possible to operate under small deformations
without significant mechanical damage,’ large deformations
often result in crack formation, leading to reduced sensing
stability.>*"*® Further, since the surface of the textile is coated
with a layer of relatively rigid conductive material, the feel of the
fabric, comfort, and wearability may be different. Low environ-
mental stability can also be a problem due to the surface of the
conducting layer being exposed to the atmosphere.®?%%9>1

Fibers or yarns are the preferred forms of textile strain
sensors since they can be easily converted into fabrics or be
integrated within conventional fabrics by using textile manu-
facturing techniques such as weaving or knitting.”” These
formats allow for the fabrication of fabrics with highly custo-
mized patterns where traditional and sensor fibers or yarns
are manipulated to achieve the desired sensing performance
and/or wearability. Composite fiber processing is a popular and
facile approach in fabricating individual fibers with strain
sensing capability. In composite systems, because of the incor-
poration of the conducting component within the fiber or yarn,
the properties of the host fiber such as its feel, comfort, and
wearability can be greatly preserved.**''* Further, a higher
structural integrity is expected for composite fibers or yarns
compared to the coated textiles and the formation of surface
microcracks that occurs in coated textiles®®"*® can be miti-
gated. As the result of the conducting component being encap-
sulated within the polymeric host, the conducting elastomeric
fibers or yarns based strain sensors may also present higher
stability than those achieved by coating approaches. However,
the fabrication of these fibers or yarns can be challenging as
there are a number of technical difficulties in the preparation
of a spinnable composite formulation from an elastomeric host
and a filler. This approach requires high quality, low particle
size, and aggregate-free dispersion of fillers at high concentra-
tions. Further, uniform and homogeneous distribution of the
filler particles inside the elastomeric host is critical. However,
even when these conditions are met, it does not guarantee that
the fibers or yarns are suitable for strain sensing applications.
Some factors that can refrain them from being used in strain
sensors are as follows: in composites, a layer of polymer covers
the filler. This thin coating layer can prevent the filler contact
resulting in low electrical properties and high percolation
thresholds.'*>*'® On the other hand, some levels of interac-
tions between the filler particles and the elastomer are required
for maintaining the mechanical properties of the composite.
While a significant reinforcement in stiffness can be achieved,
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the integration of fillers within an elastomeric host may com-
promise the tensile strength and the elongation at break."*”"*°
These issues must be addressed in order for the elastomeric
composite fibers or yarns to become suitable for strain sensing
applications.

Fiber or yarn strain sensors made using the geometrical
manipulation approach such as wrapping, buckling, twisting,
and coiling typically lead to high cyclic stability, which are
desirable for practical applications. However, these sensors often
possess low sensitivity and limited sensing range. Moreover,
theses sensors are typically fabricated in centimeter scale. Sensors
with high sensing range and high cyclic stability can be made
from fibers with core-shell structures. Further advances in
improving the sensitivity and scaling up the fabrication process
of the core-shell fibers are needed.

A considerable body of research has been put forward to
developing textile strain sensors that enjoy a combination of
high stretchability, large-range sensing, and high sensitivity
(GF). Achieving high linearity in sensing response and low
hysteresis and long-term cyclic stability is also crucially impor-
tant from the practical standpoint. When worn, textiles can be
subjected to extremely high number of stretching-releasing
deformations. Thus, researchers should show that their textile
strain sensors can reliably work when cyclically stretched and
released for over 100 000 cycles. There are only a few works that
have demonstrated such high cyclic performance.*">*

Significant advancements have been achieved in terms of
fabrication, understanding the sensing mechanism, and appli-
cations of resistive textile strain sensors. This is because
resistive strain sensors are made of only one conducting textile
electrode and are thus easy to fabricate through a variety of
approaches such as coating, composite fiber spinning, geome-
trical manipulation (e.g. wrapping and coiling), and knitting.
A diverse range of conducting materials such as conducting
polymers (e.g. PANI, PPy, P3HT, and PEDOT:PSS), carbon-based
materials (e.g. CB, CNT, graphite, and graphene) and metallic
conductors (e.g. AgNP, AgNW, and LMs) have been used in
fabricating resistive textile strain sensors. It is necessary that the
textile possesses sufficient electrical conductivity that allows
resistance measurements throughout the stretching and releasing
deformations. Here, the changes in resistance emanates from
crack formation (coating), changes in conduction network (com-
posite), and/or geometrical transformations (wrapping, coiling,
and knitting). Resistive textile strain sensors offer large-range
sensing and high sensitivity, making them popular choice for
wearable applications. Future research should focus on improving
the linearity of their sensing response as well as on enhancing
their stability and decreasing their hysteresis in long-term
stretching-releasing cyclic deformations.

In contrast, capacitive textile strain sensors are more chal-
lenging to fabricate as they require two conductive textile
electrodes and a dielectric layer. Buckling, coaxial fiber spin-
ning, and knitting are the main fabrication methods for capa-
citive textile strain sensors. While conductivity is required in
each electrode, the capacitance response is largely independent
of the changes in resistance of the textile electrode during
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stretching and releasing. Capacitive textile strain sensors there-
fore offer high linearity, low hysteresis, and long-term cyclic
stability, which are critical for practical applications; however,
they have relatively low sensitivity and limited sensing range.
More research is needed for the facile fabrication of capacitive
textile strain sensors and for improving their sensitivity and
sensing range. Additionally, researchers have been mainly using
dielectric layers that are impermeable. For wearable applica-
tions, it is desirable that the dielectric layer is also textile based
or has high permittivity. Research on textile strain sensors other
than resistive and capacitive is in its infancy. More investigations
are required to assess their fabrication, sensing mechanism, and
suitability for textile-based applications.

Wearable applications demand that textile strain sensors be
incorporated into fabrics and garments that could be comfort-
ably worn similar to everyday clothing. While the potential inte-
gration of textile sensors with fabrics have been demonstrated,
these prototypes were made by manual stitching the sensor on
every-day apparels, by mounting a small piece of textile sensors
on an elastic substrate, or by using specially-designed and
bulky supporting frames.'®'”*"”* The comfort attributes and
appeal of wearable strain sensors for mass use will be achieved
once the textile sensor can be directly worn without the need for
a supporting frame, substrate, or an additional clothing item.
A recent work demonstrated the production of conductive
elastomeric multifilaments in kilometer scale. These fibers
were knitted into fabrics that could be directly worn on various
body parts (e.g. knee, elbow, and finger) without the need for
any supporting structures or frames.'>?® The strain sensing
behavior of the fabric was modulated using various loop con-
figurations and stitch insertions in the knit structures. This
strategy is appealing for manipulating the strain sensing prop-
erty on a fabric level to match the comfort attributes required
from a wearable smart clothing.

Another challenge in practical application of textile strain
sensors is the establishing of effective communication between
the sensor and other electronics (e.g. to a wireless transmitter).
Metallic interconnects are the present standard, which are not
particularly appealing and practical. Combined advances in
electronics, software, and textile manufacture are required to
achieve effective transmission of the sensing signal to a personal
computing device. The application software should be able to
undertake analysis of sensing signals and provide useful feed-
back to the user or wearer as required. In addition, the textile
strain sensor and the electrical equipment to which it is con-
nected may need power to operate for certain period. Since con-
ventional power sources such as batteries are rigid, advances in
wearable energy storage alternatives'>' > that can be readily
incorporated with the fabric and provide sufficient power for
the function of the textile strain sensor are also necessary.
These wearable power sources should ideally be stretchable'*®
to withstand the large strains applied to the fabric during its
normal use.

Finally, it is important to recognize that each application
demands for specific sensing requirements. The enhanced
capability of present textile sensors in detecting both small to

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8mh01062e

Published on 10 December 2018. Downloaded by University of Kansas on 1/21/2019 1:53:15 AM.

Materials Horizons

large deformations and also a range of motions from extension
to torsions, have opened the doors for diverse applications. Here,
we have summarized some applications in structural health
monitoring, body movement measurements, data gloves, and
entertainment. However, other applications remain relatively
less explored. Because of their flexibility and wearability, textile
strain sensors can serve as suitable platforms for applications
in therapeutics, remote medical health monitoring,™*™* virtual
reality, and robotics.® For instance, textile sensors can enable
biomechanical analysis for continuous monitoring of body
kinematics and vital signs.**
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