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ABSTRACT: A scaled-up fiber wet-spinning production of electrically conductive and highly stretchable PU/PEDOT:PSS fibers
is demonstrated for the first time. The PU/PEDOT:PSS fibers possess the mechanical properties appropriate for knitting various
textile structures. The knitted textiles exhibit strain sensing properties that were dependent upon the number of PU/
PEDOT:PSS fibers used in knitting. The knitted textiles show sensitivity (as measured by the gauge factor) that increases with
the number of PU/PEDOT:PSS fibers deployed. A highly stable sensor response was observed when four PU/PEDOT:PSS
fibers were co-knitted with a commercial Spandex yarn. The knitted textile sensor can distinguish different magnitudes of applied
strain with cyclically repeatable sensor responses at applied strains of up to 160%. When used in conjunction with a commercial
wireless transmitter, the knitted textile responded well to the magnitude of bending deformations, demonstrating potential for
remote strain sensing applications. The feasibility of an all-polymeric knitted textile wearable strain sensor was demonstrated in a
knee sleeve prototype with application in personal training and rehabilitation following injury.
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■ INTRODUCTION

Electronic components have been integrated within textile
structures for a number of years to impart smart functionalities
such as sensing, monitoring, energy storage, and information
processing to traditional clothing.1−8 Textiles offer suitable
platforms with which to interact as they conform to the shape
of human body and thus provide facile access to the
functionality of the electronic equipment embedded with-
in.4,5,8,9 One application that benefits from this advantage is
strain sensing. Strain sensors (or strain gauges) are devices that
convert physical deformation into electrical signals. Traditional
strain gauges are typically made of metals or rigid materials that
offer limited stretchability and sensing range (typically less than
5% strain) making them unsuitable for practical applications if
embedded within a textile structure.10 Recently, a surge of
interest has been directed toward the fabrication of flexible
strain sensor devices.11−14 Of particular importance are textile-
based strain sensors that exploit the functionality of traditional

textiles such as flexibility and wearability, and at the same time
are capable of sensing strains larger than 5%.15−18 Strain sensor
textiles have important applications in body movement
measurement,15,18−20 medical monitoring,21−23 sports rehabil-
itation and injury prevention,24−26 and automobile safety belt.27

Several key factors must be considered in designing strain
sensor textiles. The sensing response of the textile must be
easily measurable (low resistance), and the measured electrical
properties should correlate well to the magnitude of applied
strain. The sensor should have high sensitivity (significant
changes in the sensing response at different stretching
conditions), high stability (repeatability of the sensing signals
over many cycles) and large sensing range to cover the applied
strain of the desired applications. To ensure a low time
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constant in the sensor response, the sensor structure should
have high elastic properties and be able to recover rapidly from
the deformation.28 Finally, the sensor should be easily
manufactured in large scale.29

A common mechanism of strain sensing is via resistive
changes in the sensor device by strain offering ease of
fabrication, simplicity of the sensing, large sensing range, high
stability, and high sensitivity compared to other types of strain
sensors such as capacitive.30 In the resistive strain sensor textile
(such as the one used here), the fabric serves as a resistor when
a voltage is applied and changes its electrical properties with
respect to the magnitude of the applied strain.28

The strain sensing property of a textile is closely related to its
fabrication, structure, and to the sensing behavior of its
components.31 Textile strain sensors can be produced at the
fiber, yarn, or fabric levels.4,30 One method of fabricating strain
sensor textiles is by coating a fabric with conducting materials
s u c h a s p o l y p y r r o l e , 2 5 , 3 2 , 3 3 p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS),34 and carbon nanotubes.35,36 However, mechanical
mismatch with the textile typically results in crack formation,
and subsequent electrical properties of the coated textile
degrade under large deformations.33 Textile strain sensor
devices can also be made by knitting or weaving conducting
fibers or yarns. Knitted steel yarns,28 silver-coated nylon
yarns,30,37 and hand-knitted fibers of nitrile butadiene rubber
filled with silver nanoparticles and multiwalled carbon nano-
tubes17 are some examples of textile strain sensors in this
category. It is highly desirable for the textile sensor to be made
using conductive fibers or yarns, as this will enable the
fabrication of sensors with the preferred structure and
properties.29 Furthermore, conductive fibers/yarns when
knitted into the textile structures should be able to undergo
large deformation before fracture to prevent fiber or yarn
damage during the mechanical knitting process.28 However,
knitting using metallic fibers/yarns as the conductive
component in the textile can result in structural damages as a
result of high friction.30 Further developments in this area
requires fibers that are made of polymer or organic materials.10

Polymer fibers offer less friction at the contact and the structure
is maintained over a longer period of operation thereby
increasing the life of the textile sensor. Furthermore, polymer
fiber components can result in more flexible structures and
improved wearability of the knitted textiles.
There are few literature reports on the production of strain

sensor fibers from polymer or organic materials.38−41 Those
previously reported offer limited scalability and strain sensing
properties (sensitivity, sensing range, and stability). We recently
reported the fabrication of highly conductive polyurethane
(PU)/PEDOT:PSS composite fibers that were capable of
sensing over a large range of strains (up to ∼260%) when used
as individual fibers.41 In this work, we demonstrated that
production of PU/PEDOT:PSS fibers could be scaled to
produce continuously fiber lengths greater than 1000 m. More
importantly, we demonstrated that these fibers possessed
appropriate mechanical properties required for knitting either
individually or together with yarns of similar mechanical
properties. These knitted textiles provide an all-polymeric
platform for large range strain sensing (up to 160% strain). To
the best of our knowledge, this is the first report on the
fabrication of strain sensor textiles from noncoated conducting
elastomeric fibers.

By investigating a range of knitted textiles, we were able to
develop a knitted textile strain sensor that exhibited low
resistance, high sensitivity, high stability, and a large sensing
range. A working prototype of a knitted textile sensor
integrated with a wireless transmitter is demonstrated. This is
the first time that all-polymeric composite fibers with strain
sensing properties have been processed into textile structures
using any form of textile machinery. This work highlights the
promising potential of an all-polymeric conducting knitted fiber
structure in a wearable intelligent textile application.

■ EXPERIMENTAL SECTION
Fiber Spinning. PU/PEDOT:PSS fiber spinning process has been

described elsewhere.41 Briefly, PU (AdvanSource Biomaterials
Chronoflex C 80A) was dissolved in dimethyl sulfoxide (DMSO,
Ajax Finechem) to achieve the polymer concentration of 10 mg mL−1.
PEDOT:PSS (1.5 mg mL−1) pellets (Agfa Orgacon Dry, Batch No.
A060000BY) were separately dispersed in DMSO by homogenization
(Labtek IKA T25) at 15000 rpm for 30 min and mixed with the PU
solution to produce the desired PU/PEDOT:PSS formulation
(PEDOT:PSS 13.0 wt %). Fiber spinning was carried out using a
wet-spinning method reported previously by our laboratory.40−47 The
scaled-up wet-spinning coagulation bath consisted of a vertical tubing
(∼80 cm) on top of a horizontal bath (∼80 cm). Isopropanol/water
mixture (80/20 v/v) was used as the nonsolvent into which the PU/
PEDOT:PSS spinning formulation was injected using a 23 gauge
needle (nozzle diameter ∼0.34 mm) spinneret at the controlled flow
rate of 5 mL h−1. We allowed the as-spun PU/PEDOT:PSS fibers to
travel through an air gap of ∼70 cm for the nonsolvent evaporation
and then continuously collected the fiber on a rotating winder with the
aid of a linear guide. PU/PEDOT:PSS fibers were then transferred
onto a spool for knitting (Figure S1).

Knitting. Knitting of the PU/PEDOT:PSS fibers were carried out
using Harry Lucas (R1-S) circular knitting machine (head size, 1/12
in.; gauge, 28; 8 needles). The PU/PEDOT:PSS fibers were knitted
into different structures as single-, double-, and four-ply individually
and with a commercial Spandex (40 denier) or polyester (100 denier)
yarn. The tension on the fibers was controlled to achieve uniform stich
lengths throughout the structure.

Characterization. The PU/PEDOT:PSS fiber morphology was
characterized using a field emission scanning electron microscope
(JEOL JSM-7500FA) after sputter coating with gold (∼10 nm,
EDWARDS Auto 306). An optical microscope (Leica DM EP) was
used to observe the structure of the knitted PU/PEDOT:PSS fibers.
The electromechanical properties of the knitted textiles were evaluated
by in situ monitoring the resistance using a digital multimeter (Agilent
34410A) during cyclic deformations applied by a tensile testing
instrument (Shimadzu EZ-L, 10 N load cell and 10 N clamps). A 1 cm
length of the knitted textile was used for electromechanical testing.
This length was chosen to achieve consistency with our previous
report on the electromechanical testing of the individual PU/
PEDOT:PSS fibers. The textile was clamped on the tensile instrument,
and the electrical connections were established using copper tapes on
the top and bottom clamps. Two pieces of rubber were used on each
side of the textile to electrically insulate the structure and to avoid
short circuit. The copper tapes were then connected to the digital
multimeter (Agilent 34410A) using alligator clips and the resistance
signal was acquired on a personal computer using an A/D interface.
Two electromechanical tests were carried out. In the first test (referred
to as the stability test), the textile was stretched to 100% strain and
then allowed to relax (zero strain). A 30 s relaxation time was
introduced after each loading and unloading step, and the test was
carried out for 500 cycles. The second test (referred to as the range
test) involved stretching of the textile to different applied strain
magnitudes. The applied strain was increased from 40 to 200% in 20%
incremental steps. The textile was stretched to the desired strain and
then relaxed to 20% strain at the end of each stretching cycle with 30 s
relaxation time between each loading and unloading step. The test was

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04892
ACS Appl. Mater. Interfaces 2015, 7, 21150−21158

21151

http://dx.doi.org/10.1021/acsami.5b04892


repeated for 50 cycles at each strain magnitude. Both of the
electromechanical tests were carried out with the strain rate (crosshead
speed) of 20 mm min−1 (200% min−1).
Wireless strain sensing experiments were performed on a custom-

built stretcher controlled by a LabVIEW interface and in-house 3D
printed joints were used to apply extension by bending the textile. A
2.1 cm sample length of the knitted textile (compared to 1 cm used in
electromechanical testing) was placed on the mechanical test rig and
fixed with copper connectors. The test was carried out by cyclic
bending the joints at different angles (30, 60, and 90°) at the rate of
180° min−1 (∼250% min−1) with 30 s relaxation time between each
bending and straightening step. The knitted textile sensor was
connected to a commercial Shimmer sensor via a voltage divider
circuit and the signal was transmitted via Bluetooth to a personal
computer and recorded.
A custom-coded program in Matlab computational software was

used to analyze the results. The program measured the initial
resistance (R0, resistance at unstretched state), loading resistance
(RLoading), and unloading resistance (RUnloading) by identifying the
loading and unloading strains at each cycle and reporting the
corresponding resistance values. The values of ΔR/R0 and gauge
factors were then calculated from eqs 1 and 2, respectively (ε is applied
strain in %).

Δ =
−R

R

R R

R0

Loading Unloading

0 (1)

ε
= Δ ×R

R
gauge factor 100

0 (2)

■ RESULTS AND DISCUSSION
Scaled-up Fiber Production and Knitting. We took the

advantage of the promising scalability of wet-spinning PU/
PEDOT:PSS fibers in our previous report41 and demonstrated

here the production of continuous fibers with lengths exceeding
1000 m. The PU/PEDOT:PSS containing 13.0 wt %
PEDOT:PSS loading with an electrical conductivity of ∼9.4 S
cm−1 and a Young’s modulus of ∼23.5 MPa, tensile strength of
∼22.7 MPa, elongation at break of ∼345%, and toughness of
∼39.8 MJ m−3 was used in this work.41 The isopropyl alcohol/
water mixture (80/20 v/v) coagulation bath was used in the
spinning process. Morphological observations under SEM
confirmed that the PEDOT:PSS filler particles were dispersed
very well within the PU parent elastomer and the cross-section
of the fiber was circular and uniform along the fiber length
(Figure 1a). Air-dried fibers that were transferred onto an
appropriate spool for knitting is shown in Figure 1b.
The continuous fiber processing along with the outstanding

mechanical properties of PU/PEDOT:PSS fibers has enabled
the fabrication of knitted textile structures (Figure 1c−i). The
PU/PEDOT:PSS fibers were knitted into plain stitch structures
in the form of single-ply (Figure 1d), double-ply (Figure 1e),
and four-ply (Figure 1f) using a circular weft knitting machine.
The tubular structures consisted of 8 loops with diameters in
the range of 1−2 mm. The same structures were also fabricated
with the addition of a commercial Spandex yarn (Figure 1g−i).
While the PU/PEDOT:PSS fibers can also be knitted with
yarns of different linear densities and mechanical properties,
such as polyester (Figure S1c), we have chosen the Spandex
yarn for this application because it has mechanical properties
similar to PU/PEDOT:PSS fibers.

Effect of Structure on Strain Sensing. The strain sensing
properties of the knitted textiles were measured by in situ
monitoring the resistance response during the cyclic tensile
extension-relaxation tests in the wale direction (i.e., along the
columns of loops) (Figure 2a). In the first set of experiments,

Figure 1. (a) SEM image of PU/PEDOT:PSS fiber with 13.0 wt % PEDOT:PSS; (b) PU/PEDOT:PSS fiber collected onto a spool after wet-
spinning; (c) photograph of a typical PU/PEDOT:PSS fiber based knitted textile; optical microscopy images of the knitted (d) single, (e) double,
and (f) four-ply PU/PEDOT:PSS fibers, and (g) single, (h) double, and (i) four-ply PU/PEDOT:PSS fibers co-knitted with a commercial Spandex
yarn. The blue loop and the black loop represent PU/PEDOT:PSS fiber and Spandex yarn, respectively.
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the stability of the knitted sensors’ response was evaluated by
cyclically stretching (and then relaxing) the textiles between
zero and 100% strain. Figure 3a−d show the first 10, middle 10,
and last 10 cycles of the stability tests (see Figure S2 for the
graphs consisting of the whole data). For all textile structures,
the resistance response decreased with stretching (loading) and
increased upon relaxation (unloading). The resistance of the
knitted textile sensors appeared to be highly stable after 500
cycles demonstrating reproducible strain sensing properties
during the cyclic tests. The immediate change in resistance
when the strain is applied or removed illustrates a fast response
(within seconds) to tensile deformations (Figure S3). It was
also found that the sensing response of the textiles changed
with the structure of the knitted textile, that is, the number of
PU/PEDOT:PSS fibers and Spandex yarn. The resistance
decreased when the number of PU/PEDOT:PSS fibers within
the textile was increased. Interestingly, the decrease in the
resistance of the knitted textiles was proportional to the
number of PU/PEDOT:PSS fibers used to make the textile. For
example, the textile with four PU/PEODT:PSS fibers had 2 and
4 times lower resistance than the textile with two and one fiber,
respectively (Figure 3a−c). The addition of a nonconductive
Spandex yarn did not affect the conductivity of the textile
(Figure 3d). It did, however, result in a significant enhancement
of the stability of the sensor response. This can be seen in the
constant level of resistance after unloading (the upper level of
the resistance in Figure 3d). In contrast, the knitted textiles
without the Spandex yarn (Figure 3a−c) exhibited an initial
higher resistance levels (for ∼10 cycles).
One of the performance metrics of a strain sensor is the

gauge factor eq 2, which determines its sensitivity. Gauge factor
is the relative change in the sensing response between the
stretched and the unstretched states.29,30 The gauge factors of
the knitted sensor textiles were calculated from the electro-
mechanical stability tests with applied strain between 0 and
100% (Figure 3e−h). It was observed that the knitted sensor
textiles exhibited negative gauge factors (i.e., the resistance
decreased with applied strain), in contrast to the positive gauge
factor observed when PU/PEDOT:PSS fibers were tested as
individual fibers (i.e., not knitted).41 It is noted that negative
gauge factor is desirable for many applications. For example, the

decrease in resistance upon stretching can be used as a direct
on/off switch for an LED or a buzzer indicator coupled to the
strain sensor. Interestingly, it was observed that the absolute
value of the gauge factor increased with the number (ply) of
PU/PEDOT:PSS fibers in the knitted textile from ∼ −0.2 for
single-ply, to ∼ −0.5 for double-ply, and ∼ −1.0 for four-ply
(Figure 3e−g). Also, the gauge factor did not change when a
Spandex yarn was added to make a hybrid textile (Figure 3h).
In all samples, the stability of the textile sensors improved after
the first few cycles. It was also observed that the addition of a
Spandex yarn resulted in a more stabilized linear behavior than
the equivalent structure without the Spandex yarn throughout
the whole 500 cycles (Figure 3g,h). The low resistance,
negative gauge factor value, and high stability during the cyclic
stretching of the hybrid textile present an outstanding platform
for strain sensing application.
We correlated the electromechanical behavior of the knitted

textile with the possible deformations that occur within a
knitted structure. First, a knitted textile is made up of interlocks
of rows (course) and columns (wale) of loops (Figure 2a).
Each loop consists of a head, two legs, and two sinker loops
that join the adjacent loops.48 The difference in deformation
properties along the course and wale directions results in an
anisotropic property in the textile. The strain sensing properties
of the knitted PU/PEDOT:PSS textiles was evaluated along the
wale direction because the sensitivity and deformation range of
a knitted sensor textile in this direction is much larger than the
course direction.31

Furthermore, unlike in a woven structure where the
resistance of the textile is independent of the fiber/yarn
contact resistance, the contact resistance plays an important
role in a knitted structure.49 In knitted textiles, the conducting
fiber in a loop makes contact with the adjacent loops at the
heads, legs and sinker loops (Figure 2a).28,30,31,49 The contact
resistance (Rc) between the two fibers can be described by the
Holm’s theory50 eq 3.

ρ π=R
H

nP2c (3)

Figure 2. Schematic illustration of a weft-knitted textile with plain stitches at (a) unstretched and (b and c) different stretched states. Stretching is
applied along the wale direction.
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where ρ is the resistivity of the fiber, n is the number of contact
points (related to the number of PU/PEDOT:PSS fibers in the
knitted textile), P is the contact pressure, and H is the fiber
contact hardness. Stretching the textile in the wale direction
results in an increased contact pressure between the interlocked
fibers.28,31,49 eq 3 shows that in a knitted textile, the contact
resistance of the fibers at the interlocks will decrease with
increasing the contact pressure and the number of contact
points for a given fiber (assuming constant resistivity and
hardness). Moreover, when a knitted textile is subjected to a
uniaxial tensile strain in the wale direction, the configuration of
the loops will change. The fiber segment in the head is bent,
and the leg segments become longer (Figure 2b).28,31,49 The
increase in the length of the leg segments is due to the slippage
and rearrangement of the fiber, which occurs when the tension
applied on the fiber dominates the interfiber friction.49 This
deformation-induced lengthening of the legs results in an
increase in the resistance in the leg segments of the

textile.28,31,49 The decrease in resistance of the knitted PU/
PEDOT:PSS textiles upon stretching can be attributed to the
lowering of interfiber contact resistance due to the enhanced
contact pressure in the stretched state. This results in the
negative gauge factor behavior of the knitted textiles.
It has been shown previously that the textile structures

significantly affect the sensing properties such as the gauge
factors, the sensing range, the linearity and the stability
(repeatability).30 Here, it is shown that by increasing the
number of PU/PEDOT:PSS fibers in the knitted structure, a
knitted textile with lower resistance, higher stability and
linearity, and higher sensitivity (gauge factor value) is achieved.
The lower resistance of the sensor textile knitted from four-ply
PU/PEDOT:PSS fibers is due to the increased contact points
and higher pressure on the interlocked fibers at the contact
points as suggested by the Holm’s contact resistance theory.50

Previous reports show that the sensitivity of a polymer-based
strain sensor decreases when the electrical conductivity is

Figure 3. Electromechanical properties of the knitted textiles containing (a) single-ply, (b) double-ply, and (c) four-ply PU/PEDOT:PSS fiber. (d)
Commercial Spandex yarn is co-knitted with four-ply PU/PEDOT:PSS fiber to make the hybrid textile. The data shown is for the first, middle, and
last 10 cycles of the 500 cyclic test that was done between 0 and 100% strain. (e−h) Strain gauge plot for each sample shown as gauge factor vs.
cycle.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04892
ACS Appl. Mater. Interfaces 2015, 7, 21150−21158

21154

http://dx.doi.org/10.1021/acsami.5b04892


enhanced by the conductive filler.51 Moreover, it has also been
reported that compact knitted structures have low sensitivity
(i.e., low gauge factor value).37 In this work, increasing the
number of the PU/PEDOT:PSS fibers during knitting (higher
compactness) resulted in synergistic enhancements in electrical
conductivity and gauge factor of the textile sensor.
Furthermore, knitted structures with high elastic recovery
have been shown to exhibit high stability.28 This work also
shows that the stability of the knitted textile can be improved
by increasing the number of fibers during knitting as this
method effectively improves the overall elasticity of the textile.
Effect of Applied Strain on Strain Sensing. The strain

sensing behavior of the textile structure comprising of four-ply
PU/PEDOT:PSS fibers and a Spandex yarn was further
evaluated at applied strains of up to 180%. The electro-
mechanical behavior of the knitted textile for this test is
presented in Figure S4. From the measured minimum
resistance (RLoading) and maximum resistance (RUnloading) data
at each cycle, we calculated the ΔR/R0, and gauge factors. It can
be seen that up to 160% strain, the unloading resistance
increased with applied strain while the loading resistance
remained relatively constant (Figure 4a). The distinct differ-

ences in ΔR/R0 for each applied strain in Figure 4b clearly
show that the knitted textile sensor can distinguish the different
magnitudes of applied strain. Notably, a highly stable sensor
response was observed for each applied strain whereby the ΔR/
R0 remained constant within the 50 cycles of testing. More
importantly, the knitted textile sensor exhibited a constant

(linear) gauge factor value of ∼ −1 at applied strains of up to
160% (Figure 4c). The sensor response deviated from linear
behavior above 160% strain and this became more pronounced
at 180%, which coincided with the onset of a significant
increase in RLoading (Figure 4a).
At high applied strains, the electromechanical behavior of the

knitted textile is also influenced by changes in conductivity of
the individual fibers that make up the textile. This is because
the fiber becomes stretched only after the knitted textile is fully
stretched (Figure 2c).31 It also means that when the applied
strain is not high enough to stretch the fiber, the configurational
changes in the knitted structure will be the dominant factor in
determining the electrical properties of the textile under
strain.28 However, when the applied strain is high enough to
also stretch the fibers, the measured resistance of the textile
reflect both the fibers’ and the structural and configuration
changes in the knitted textile.30

The electromechanical behavior of the knitted textiles tested
under different levels of applied strain can be categorized into
three distinct zones (Figure 4): 0−80% (zone 1), 80−160%
(zone 2), and >160% (zone 3). In zone 1, the decrease in
RLoading upon stretching is attributed mainly to the configura-
tional changes in the textile structure. (i.e., the increased
contact pressure between the conducting PU/PEDOT:PSS
fibers). The RLoading remained constant in zone 2 which suggests
that the interlocked structure attained between 80 and 160%
strain result only in minimal stretching of the individual fiber.31

Above 160% strain (zone 3), individual fibers are also stretched
and contribute to strain sensing. Stretching of the individual
fibers in this zone results in an increase of RLoading. This effect is
more pronounced in the RUnloading, which suggests that the
conductive network in the individual fiber is affected by further
stretching, in accordance with our previous report.41 The
breakage of the conducting filler network within the individual
PU/PEDOT:PSS fibers is responsible for the sudden increase
in resistance after cyclic stretching at 180% (shown by the
arrow on Figure S4). The optical images of the knitted textiles
under different stretching conditions (Figure S5) reveal no
evidence of damage or any kind of crack formation on the fibers
during or after stretching. At the unstretched state, gaps were
observed between the fibers and loops. Some of these gaps
remained even after stretching the textile at 100% strain,
suggesting that the individual fibers were not yet stretched.
However, at 160% no gaps could be observed between the
fibers in the textiles and the fibers were relatively parallel to the
stretching direction suggesting that individual fibers were also
stretched. When the applied strain is below 160%, the textile
extension is only through the elongation of loops and legs, as
well as bending of the heads. The rearrangement of the fibers
result in enhanced contact between the fibers, thus lowering the
resistance according to eq 3. Therefore, the strain sensing at
applied strains <160% primarily comes from the configurational
changes in the knitted structure because the change in
resistance of the individual fiber is negligible. These results
validate our claim that the fibers are only stretched at applied
strains above 160% explaining the negative gauge factor
behavior of the knitted textiles. The return of the fibers in
the knitted textiles to their original configurations upon
relaxation is also evident in this figure. It should be noted
that surface friction prevents the complete recovery of the fibers
to their original configuration in the textile structure. This
results in the reduction of the contact pressure at the interlocks,
which causes the RUnloading to differ at various applied strain

Figure 4. Strain sensing properties of knitted four-ply PU/
PEDOT:PSS fibers and commercial Spandex yarn between 20 and
180% strain for 50 cycles: (a) loading and unloading resistance
responses at each cycle, (b) ΔR/R0, and (c) gauge factor.
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magnitudes.28 The constant gauge factor in the zones 1 and 2
(up to 160% strain) demonstrates the linearity of the sensor’s
response suggesting that the relative change of resistance
depends on the applied strain. This allows for the sensor’s
response to be easily correlated to the magnitude of applied
strain.
The results presented here suggest that the knitted textile

sensor can be used for applications that require strain sensing
up to 160%. This sensing range is significantly higher than the
previous reports on coated textiles (10−80%)25,32−36 and
knitted silver plated yarns (40%).30,37 The very large range of
strain sensing in this work can cater for a wide range of practical
applications. For example, strain sensing up to ∼55% has been
reported for the detection of limb movements.15 The method
we present also has the advantage over other approaches that it
allows fabrication of strain sensor textiles with various
structures, that is, different numbers of conducting elastomeric
fibers and conventional fibers/yarns in various patterns. This
ability is of crucial importance for integrating strain sensor
fibers in commercial fabrics (i.e., by knitting or weaving).
Our textile strain sensor caters for the detection of relatively

large magnitude of change in strain and has limitation toward
detecting small strain changes (<5%). At high applied strains,
however, it displays high stability and repeatability during cyclic
stretching. The stable gauge factor at different strain
magnitudes shown (up to 160%) suggests that the knitted

textile sensor can measure a wide range of body movements
reliably. We note that the relatively low gauge factors (∼ −1) of
our textile strain sensors are due to the combination of large
sensing range and low conductivity. Other reports which
achieved large sensing range (up to 200%) also reported low
gauge factors (∼0.06).15 This suggests that in order to develop
textile strain sensors with high gauge factor that operate at the
equivalent large sensing range as ours, the textile component
must possess high electrical conductivity. This is difficult to
achieve with composite fibers without sacrificing their
mechanical properties (particularly their stretchability). The
strategy that we found more practical in increasing the gauge
factor of the knitted textiles is by using multiple PU/
PEDOT:PSS fibers in knitting the textile. It is also important
to note that literature-reported strain sensors with high gauge
factors have much lower sensing range (<80%) than our textile
sensors.25,32−37

Wireless Strain Sensing. The PU/PEDOT:PSS fiber
based knitted textile was integrated with a wireless transmitter
to determine if the system was capable of sensing tensile and
bending deformations with standard electronic interfaces. The
knitted sensor textile structure (four-ply PU/PEDOT:PSS
fibers with a Spandex yarn) was coupled with a commercially
available Shimmer wireless sensor and used to measure bending
deformations remotely. We used a custom-built system as
shown in Figure 5a,b to apply bending extensions to the textile.

Figure 5. Wireless sensing of the knitted strain sensor textile. Schematic illustrations of the setup used for wireless strain sensing at initial (a, zero
bending) and bent (b, 90° bending) states; (c) voltage divider circuit used to connect the textile sensor to the AnEx board of the Shimmer wireless
sensor; (d) prototype knee sleeve; (e) wireless strain sensing behavior of the knitted sensor textile made from four-ply PU/PEDOT:SS fibers and
commercial Spandex yarn; (f) loading and unloading wireless response of the sensor; and (g) relative changes of the wireless response at each cycle
for the same test.
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The shimmer sensor response was monitored upon bending
the textile between 0 and 90° at 30° increments. This setup was
designed to mimic knee bending movements. Figure 5a,b show
the system for the wireless strain sensing test at both initial (0°
bending) and bent (90° bending) states of the joints. The
wireless strain sensing experiments were carried out by
connecting the knitted textile to the analog expansion
(AnEx)52 board of the Shimmer sensor using a simple voltage
divider circuit consisting of two resistors (1 MΩ and 1 kΩ,
Figure 5c). The AnEx board allows the Shimmer platform to
connect to a third party analog devices such as the textile strain
sensor in this case. It can be seen from the wireless response
(AnEx) of the Shimmer that the textile sensor responded to the
different levels of bending deformation (Figure 5e,f) similar to
the observed changes in resistance when wired electro-
mechanical tests were performed. In each case, the AnEx signal
decreased when bent and then increased upon relaxation.
Notably, the magnitude of the relative difference between the
AnEx signals at bent and relaxed states increased with bending
angle (Figure 5g). In each case, the AnEx response stabilized
after several initial cycles. We observed consistent results from
2.1 cm knitted textile samples for the wireless strain sensing
experiments with the 1 cm samples used in electromechanical
testing. On the basis of the demonstrated wireless sensing
capabilities of the knitted textile sensor, we built a prototype
knee sleeve (Figure 5d) that could be strapped onto a knee and
sense the bending movements (see Supporting Information for
a video demonstration of the prototype). This knee sleeve has
applications in sports injury prevention and rehabilitation as it
can provide signals to the user during training or exercise.25,26

■ CONCLUSION

The continuous fabrication of highly conductive and highly
stretchable PU/PEDOT:PSS composite fibers has enabled the
knitting of various textile structures. The knitted textiles
exhibited strain sensing properties which were notably
structural dependent. By increasing the number of PU/
PEDOT:PSS fibers in the textile, the resistance of the sensor
decreased and the sensitivity (gauge factor) improved. Co-
knitting the PU/PEDOT:PSS fibers with a commercial
Spandex yarn yielded a textile sensor with a significantly higher
stability. The textile sensor comprising of four-ply PU/
PEDOT:PSS fibers co-knitted with a single Spandex yarn
exhibited a highly stable response over a wide range of applied
strain (up to 160%). More importantly, the relative resistance
change was correlated with the strain magnitude resulting in a
constant gauge factor. Furthermore, the knitted textile
performed well when paired with a commercially available
wireless sensor transmitter, which demonstrated the viability of
the wireless strain sensing in a knee sleeve prototype. The facile
manufacturing of all polymeric and wearable textiles presented
here, combined with the large sensing range, high sensitivity,
and high cyclic stability, make these knitted textile sensors
attractive for practical applications such as remote body
movement measurement.
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