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Abstract

Sensors based on electronic textiles (e-textiles) have become increasingly

prominent in the field of biomechanical monitoring technology due to multi-

ple properties such as being lightweight, flexible, and comfortable, with

increasing potential in incorporating into long-term monitoring devices. Previ-

ous research has been conducted into textile strain sensors based on graphene

for human motion monitoring, however most graphene e-textile strain sensors

exhibit poor sensitivity and stretchability. To our knowledge, no previous

research has looked at knitted graphene-based fabrics in regards to the fabric

composition of the substrate. In this paper, we propose a graphene/fabric com-

posite sensor using a cost-effective dip coating method of an acrylic/Spandex

knit fabric, and further explores its mechanical, electrical, and sensing proper-

ties. The developed graphene/textile composite sensor has a wide sensing

range (up to 344%) and exhibits a good sensitivity with a high gauge factor of

up to 16. As a wearable sensor, our sensing fabric can detect both large and

subtle human motions and is able to distinguish between various ranges of

joint movements, demonstrating its ability to function as a human motion

monitoring system. Our sensor further exhibits the ability to be used as a

supercapacitor or capacitive pressure sensor.
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1 | INTRODUCTION

Recently, electronic textiles (e-textiles) have been widely
applied in fields of energy storage systems,1–3 human-
machine interfaces,4,5 sports6 and personalized health
monitoring systems,7–9 and have attracted extensive
attention in both industrial and academic fields. E-
textiles are suitable as flexible sensors owing to their
unique flexibility, wearability, stretchability, and facile

interaction with human skin.9,10 Flexible e-textile sensors
can be applied in different wearable devices to monitor
and collect various physiological data related to the
human body, providing independent monitoring in real-
time.11,12

The strain sensor is one of the most commonly used
sensors because it can detect mechanical deformations or
structural changes, and has great potential to be applied
in wearable devices to monitor various human
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movements.13–17 It requires both great stretchability and
high sensitivity to deal with high and small strains during
human motion monitoring.18 At present, commonly used
composite strain sensors are usually made by addition of
metal or inorganic semiconductor materials which have a
more stable performance, but their inherent shortcom-
ings include increased size and weight, poor stretchability
and a limited sensing range which are undesirable for
embedding into wearable sensor matrices.19 This further
limits their application in the fields of electronic skin
interfaces, human physiological monitoring, human-
machine interface and so forth.20–23 Textiles are a more
ideal substrate, with their large surface area, breathability
and flexibility making them suitable for functionalizing
materials over conventional strain sensor materials.9,24

They can also be more cost effective and lightweight.25–27

Various carbon materials, conductive polymers and
metals have been used to coat fabrics to fabricate
sensors.28–31 Among various conductive materials, gra-
phene has outstanding electrical, mechanical, and ther-
mal properties, which exhibits great potential as a
conductive substrate in textile strain sensors.32–35 Many
functional textile sensors can be developed through
chemical vapor deposition (CVD),36 producing graphene
oxide-based fabrics and reduced graphene oxide-based
textiles.37,38 However, graphene-based sensors fabricated
by CVD are often expensive and difficult to control the
size of generated graphene compounds.39 Also, sensors
using graphene oxide or reduced graphene oxide require
strong acids during fabrication process, which requires
a long production time and have poor electrical
conductivity.40

In addition, most of the reported graphene-based tex-
tile strain sensors have poor stretchability and sensitivity
when monitoring large-scale body movements. This is
potentially because of the selection of fabric structure
and yarn composition used as the substrate. The stretch-
ability of the fabric is determined by both the material
and fabric structure, but most of the fabric's stretch and
recovery characteristics are decided by the elasticity of
the underlying yarn.18 For example, when comparing
graphene-sensors with a single yarn or filament as the
substrate, the sensing range and gauge factor can range
from 46% and 0.94 with a nylon filament41 to 50% and 0.1
with a flax yarn42 to 100% and 0.5 with a silicone yarn.43

When the yarn or filaments are arranged into a textile
and then functionalized with graphene, how that textile
is fabricated appears to affect the performance. A fabric
consisting of wool yarn in a woven structure can produce
a limited sensing range of 3% and gauge factor of 22344

while a cotton yarn in knitted structure can have a much
wider sensing range of 150% but with a gauge factor
of 0.31.45

Although there have been numerous studies investi-
gating graphene-based fabric sensors, few studies have
investigated the role of textiles as a substrate in
graphene-based sensors. In particular, previous research
has not directly examined the effect of the yarn composi-
tion within a knitted textile stretch sensor substrate. Opti-
mization of the textile design has the potential to produce
strain sensors with high sensitivity and a broad sensing
range.18,46 In this study, graphene-based sensing fabrics
are designed and knitted with yarns of differing materials
and fabricated using a simple dip coating method. The
sensor with the best initial performance is examined fur-
ther looking at the microstructure, mechanical, electrical
and sensing properties along with its capability in human
motion monitoring. In addition, we explore the potential
applications of our graphene-based fabrics as a superca-
pacitor and a capacitive pressure sensor.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Five different yarns were selected for testing: fine cotton
yarn (100% cotton); merino wool yarn (100% wool);
lambswool yarn (100% lambswool); fine silk yarn (100%
silk); and acrylic/Spandex yarns (90% acrylic and 10%
Spandex). All were purchased from Tengxiao Yarn Ltd.
(Yiwu, China). These five yarns were chosen because
they are all commonly used natural and composite
yarns which possess a desirable softness combined with
flexibility.

Graphite intercalation compound (GIC) was provided
by Huatai Tech Ltd. (Qingdao, China). Acetone was pur-
chased from Aladdin Biochemical Technology Company
(Shanghai, China).

2.2 | Fabrication of knitted sensing
fabrics

Fabrics were knit with each of the selected yarns and
then coated with graphene nanoplatelets (GNPs), as
detailed in the following section.

2.2.1 | Fabrication of knitted fabrics

The different samples of knitted fabric were manufac-
tured using the cotton, merino wool, lambswool, fine silk
and acrylic/Spandex yarns. A gauge 10 Dubied double
bed knitting machine (10 needles per inch) with a stitch
tension of 9 was used to knit the fabrics. The gauge and
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tension were chosen as the optimal settings for the selected
yarns to reduce processing faults and to manufacture good
quality knitted fabrics. All of the fabrics were designed with
full needle knitting structures and were knitted to the same
dimensions of 20 mm � 60 mm � 1.5 mm, with a height
of 25 rows and width of 45 needles. The resulting fabrics
can be seen in Figure 1.

2.2.2 | Fabrication of GNPs

GNPs were fabricated by a published method47,48 as illus-
trated in Figure 2. In brief, graphite intercalation com-
pounds are placed in a crucible and heated in a muffle
furnace at 700�C for 2–3 min. The compounds thermally
expanded into a worm-like structures after heating which
are then placed in an acetone solution (below 25�C)
using an ultrasonic bath for 3–4 h. The contents are then
dried in an oven at 80�C overnight after sonication,
creating GNPs.

2.2.3 | Fabrication of graphene/knitted
fabrics

The sensing fabrics were fabricated by dip-coating the
knitted fabrics with GNPs using an ultrasonication bath,
as is shown in Figure 3. The prepared fabrics (cotton,
merino wool, lambswool, silk and acrylic/Spandex) were
first cleaned by soaking them in ethanol and then thor-
oughly washed with deionized water. After drying, the
pre-cleaned fabrics were dipped into the prepared GNPs/
acetone suspension with sonication for 30 min. Then the
fabrics were rinsed with deionized water and dried in a
furnace at 40�C.

This fabrication process was repeated with different
GNP suspension proportions (0.3, 0.6, 0.9, 1.2, and 1.5 wt
%) at different deposition times (10 min, 20 min, or
30 min of sonication). A total of 45 fabric samples were
produced with 3 samples for each GNP fraction at each
deposition time. The 3 fabric samples are then assigned
to have either 1, 2, or 3 dipping cycles.

FIGURE 1 Photographs of the five knitted fabrics [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Schematic

illustrating production process

of graphene nanoplatelets

(GNPs) [Color figure can be

viewed at

wileyonlinelibrary.com]

FIGURE 3 Schematic of

process for coating a knitted

fabric with graphene

nanoplatelets (GNPs) [Color

figure can be viewed at

wileyonlinelibrary.com]

ZHOU ET AL. 3 of 13

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


2.3 | Characterization

In the initial fabric selection test, the resistance changes and
length of elongation of each sample were measured while
being stretched from rest to its limit strain three times. The
average resistance changes and length of elongation of each
material with its respective SD were then calculated.

Images and thickness measurements of the GNPs were
taken using an atomic force microscope (AFM, Dimension
ICON2-SYS, Brook company, United States). A graphene
nanosheet was randomly selected from GNPs solution and
the average thickness was then calculated by measuring
the thickness at 2 regions of the graphene nanosheet.

The surface of original knitted fabric and the cross-
section of fabrics which fabricated with 0.3 and 1.2 wt%
GNPs were also examined using a scanning electron
microscope (SEM, SU8010, Hitachi, Japan) with an operat-
ing voltage of 5 kV to explore how changes in proportion
of GNPs in solution affect the amount of deposited GNPs.

In the electrical property tests, the resting resistance
of each knitted sensing fabric was measured three times
using a Fluke data acquisition unit (2638A, Fluke,
United States) and the weight of deposited GNPs in each
fabric sample was measured using a laboratory scale to
determine the optimal GNPs solution concentration and
deposition time for the sensor fabrication process.

In mechanical property tests, the ultimate strain and
limit tensile stress within the working range of sensing
fabrics were measured using a universal tensile machine
(GX-SF001, Shenzhen Shared Instrument Equipment
Co. Ltd, China). The overall size of fabrics was
60 mm � 20 mm � 0.23 ± 0.03 mm and the tensile
machine was set up to stretch fabrics at speed of 25 mm/
min with gauge length of 5 cm, at room tempera-
ture (25�C).

The sensing properties of the graphene-coated sensing
fabrics were evaluated by monitoring the change in resis-
tance using a Fluke data acquisition unit while being
stretched by a tensile machine at a speed of 25 mm/min.
The sensitivity of sensing fabric is represented by the
gauge factor (GF), which is the ratio of the relative
changes in electrical resistance values (R) to the applied
tensile strain. The GF of the sensing fabric was calculated
using the following equation:

GF¼ΔR=R
ΔL=L

ð1Þ

where R = initial resistance, 4R = relative change in
resistance under deformation, L = initial length of the
sensor, and 4L = change in length in the axial direction.

For the durability test, strain sensor was stretched
and released by a tensile machine for 500 cycles with a

strain rate of 30% at 0.25 Hz. The Fluke data acquisition
unit was also applied to measure the change in resistance
continually during each cycle.

Further response time test was conducted using again
the tensile machine and the Fluke data acquisition unit.
The knitted sensor was stretched at a constant speed
from a static position with no strain to 30% strain over
15 s. The sensor was then released gradually back to its
initial static position over 30 s. The time delay between
change in resistance and change in strain was calculated
three times (at 0, 15, and 30 s) to measure the
response time.

In the sensor application section, the graphene-based
textile sensor was attached to the extensor surfaces of
four different joints including finger, wrist, elbow and
knee, at a standard anatomically neutral or straight posi-
tion (0�). The change in resistance was then measured
using a Fluke data acquisition unit during repeated joint
movements of each joint from 0� to 45� of flexion and 0�–
90�of flexion, respectively. The change in resistance was
then visually compared to the movement of the joint.

The electrochemical properties of knitted sensing fab-
rics were analyzed by testing cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), cyclic stability
measurement, and electrochemical impedance spectros-
copy (EIS), using an electrochemical workstation
(CHI660E B19038, Chenhua Instrument CO., Shanghai,
China). A three-electrode supercapacitor device was set
up, using 1 M Na2SO4 solution as the electrolyte and
using a Pt sheet as counter electrode, Ag/AgCl sheet as
reference electrode and our graphene-coated fabric as
working electrode. The cyclic voltammetry (CV) curves
were generated at a scan rate from 20 to 100 mV/s. The
specific capacitance (C) was calculated from the area in
the CV curve by the equation below:

C¼

Z
IdV

υΔVm
ð2Þ

Using the same three-electrode set up, the specific
capacitance value at the current densities in GCD curves
are calculated by equations below:

C¼ I �Δt
m �Δυ ð3Þ

Where I = current (A), υ = scan rate (V�s�1),
V = working potential, m = weight of graphene in the
fabrics (g), and Δt = discharging time.

The cyclic stability test was conducted at a current
density of 2 A/g, charging and discharging 10,000 times.
The Nyquist curve was produced using data collected
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through the EIS and the impedance was measured
through a decreasing AC frequency.

For the cyclic sensing performance test of the capaci-
tive sensor, the graphene-based fabric was mounted on
the tensile testing machine for compression test. The
graphene-based knitted fabric was compressed to
24.5 kPa and then released, repeated 10,000 cycles at
3.33 Hz, and the electrochemical workstation was used to
measure the capacitance of the fabric.

3 | RESULTS AND DISCUSSION

3.1 | Fabric selection

Initial tests were performed to select the fabric with the
most promising characteristics. That fabric was then ana-
lyzed in further tests outlined in the following sections. It
can be seen from Figure 4 (left) that the acrylic/Spandex
fabric has the largest resistance range out of all the fabrics,
making it suitable for detecting various degrees of move-
ment. As shown in Figure 4 (right), acrylic/Spandex fabrics
has much larger sensing range due to its ability to stretch
much further than the other types of fabrics. Therefore, the
acrylic/Spandex fabrics were selected for fabrication charac-
terization, presented in the following tests.

3.2 | Morphology of GNPs

As shown in Figure 5, one graphene nanosheet was used
to investigate its micromorphology. The average

thickness of the graphene nanosheet was measured at
3.48 ± 0.3 nm in alignment with thickness of.48 Our
3 nm-thick graphene nanosheet has desirable specific
surface area, which may provide sufficient interface area
between the GNPs and the textile, and improve the
mechanical and electrical performance of the fabrics.49

3.3 | Morphology of graphene-coated
knitted fabrics

The SEM was used to examine the morphology of the
knitted fabrics which fabricated at various fractions of
GNPs. Figure 6a1–a3 show the microstructure of the orig-
inal knitted fabrics surface. Figure 6a1 is an overview of
the knitted fabrics, showing a uniform entwining struc-
ture of acrylic fibers. Figure 6a2 and a3 demonstrate mag-
nified images of Figure 6a1. In Figure 6a2, knitted fabric
shows relatively organized fiber structure to form a
porous network. Furthermore, typical smooth and fea-
tureless acrylic fiber surface structures were observed in
Figure 6a3.

Figure 6b1–b3 shows the cross-section of graphene-
coated fabrics which prepared with a fraction of GNPs at
0.3 wt%. As shown in Figure 6b1, there is only small
amount of graphene dispersed randomly on the surface
of the fibers. At a higher magnified Figure 6b2, GNPs can
be found in the fiber gaps.

Figure 6c1–c3 are SEM images of the graphene-coated
fabrics which fabricated at a fraction of GNPs at 1.2 wt%.
It can be seen that the overall amount of GNPs have sig-
nificantly increased in Figure 6c1 compared to

FIGURE 4 Change in resistance under no strain to the limit strain (left) and elongation of the fabric sensor the under limit strain

(right) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 (a) Atomic force microscope (AFM) micrographs and (b) thickness measurement of graphene nanoplatelets (GNPs) [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Scanning electron microscope (SEM) images of surface of the original knitted fabrics (a1-a3), and the cross-section of the

fabrics fabricated with 0.3 wt% graphene (b1-b3) and 1.2 wt% graphene (c1-c3) [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6b1. It can be seen from Figure 6c2 that the GNPs
have attached evenly to the surface of textile fibers, indi-
cating GNPs have been successfully assembled on the
fabric. The typical structures of GNPs on the acrylic fibers
are further magnified and demonstrated in Figure 6b3
and c3, which exhibit a typical wrinkled structure.

Overall, the porous fiber network shown in
Figure 6a1–c1 is able to build up conductive composite
structure (GNPs in Figure 6b,c). With the high specific
surface area of the fiber matrix along with highly conduc-
tive graphene, this demonstrates our sensor also has great
potential in capacitive applications.45

3.4 | Electrical properties

The electrical property of graphene-coated fabrics is closely
related to its fabrication process,50 so it is crucial to exam-
ine the effects of differing GNPs proportions in the suspen-
sion, the deposition time, and the number of dip coating
cycles on the electrical conductivity of the graphene-coated
fabrics during the fabrication process. Figure 7a illustrates
the electrical property of the graphene-coated fabrics as a

function of GNPs concentration. As the fraction of GNPs
increases from 0.3 to 1.5 wt%, the resistance of sensing
fabrics decreases rapidly and eventually flattening out
when the concentration reached 1.2 wt%. This is likely
due to the sensing fabrics becoming fully saturated
with GNPs.

To verify whether the 1.2 wt% GNPs is the saturation
point for the deposition of fabrics, the amount of gra-
phene deposited in the fabrics was measured using a lab-
oratory scale, which is shown in Figure 7b. The GNPs
adsorption increases linearly and finally measuring at
15 mg, when the GNPs concentration increases to 1.5 wt
%, which is similar to 1.2 wt%. Therefore, 1.2 wt% was
found to be the saturation point and is set to be the con-
trol in the following tests on the effect of deposition time
and dip counts on electrical conductivity.

In Figure 7c, as the deposition time increases, the
resting resistance of the sensing fabric sharply decreases,
reaching 48 kΩ after 30 min of deposition. Then, we
tested different times for the dip-coating cycles with the
same 30-min deposition time, as shown in Figure 7d. The
resistance of the sensing fabrics decreases exponentially
and flattens out to 8 kΩ as the number of dip-coating

FIGURE 7 (a) Resistance of graphene coated fabrics against different proportions of graphene nanoplatelets (GNPs); (b) deposited

amount of GNPs on the fabrics against various proportions of GNPs in the suspension; (c) resistance of the graphene-coated fabrics against

deposition time; (d) resistance of the graphene-coated fabrics against number of dip-coating cycles [Color figure can be viewed at

wileyonlinelibrary.com]
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cycles increase from one to three. Therefore, we decided
to produce sensing fabrics with 1.2 wt% GNPs, 30-min
deposition time and 3 dip-coatings to further explore
their sensing properties.

3.5 | Mechanical properties

Tensile strength and elongation at break are crucial for
characterizing the mechanical properties of a material.
However, the graphene-coated fabric samples are com-
posed of textile fabrics with compact structures and
increased elasticity, leading them to be difficult to break.
Therefore, we tested the ultimate stress and limit strain
within the sensing range of the sensing fabrics to observe
the effect of GNPs fraction to mechanical performance of
the graphene-coated fabrics.

Figure 8 shows the ultimate stress and limit strain of
fabrics produced in different fractions of GNPs. As shown
in Figure 8a, the ultimate stress increases linearly with
the increase of GNPs concentration, and level out once
fraction of GNPs reached to 1.2 wt%. The maximum ulti-
mate stress is calculated to be 0.18 Mpa at 1.5 wt% of
GNPs. The increase in ultimate stress is due to the
increased adsorption of GNPs, which produces more rigid
chemical structures and requires a larger stress to stretch
the fabrics.

Figure 8b demonstrates a similar linear shape to
Figure 8a, as the GNPs fraction increases, the limit strain
of graphene coated fabrics increases rapidly reaching
348% at 1.5 wt% of GNPs. This is because the increase in
graphene concentration enhances the electrical conduc-
tivity and broadens the sensing range of the graphene-
coated fabrics.

Figure 8c shows typical stress–strain curves during
stretching of fabrics with different concentration of
GNPs, which demonstrates that more tensile stress is

required to achieve the same strain as the concentration
of GNPs increases. In conclusion, the increase in GNPs
fraction improves the mechanical properties of the knit-
ted fabrics.

3.6 | Sensing properties

The sensing property test of our graphene-coated knitted
sensor consisted of sensitivity, durability, and response
time tests. In a high-performance strain sensor, the
change in resistance should have a linear relationship
with the tensile strain to obtain accurate electrical
signals.14,51

Figure 9a demonstrates the sensing mechanism of
graphene-coated sensing fabrics. When the sensing fabric
was stretched, the GNPs deposited on the fabric also
deforms along with the knitted structure, which increases
the inter-distance between GNPs, resulting in increased
electrical resistance. The overall conductivity of the sen-
sor is not necessarily directly related to the performance
of the sensor. When the range of the resistance change is
greater, the sensor is more sensitive, and making it more
ideal for human motion monitoring of small movements.
In Figure 9b, the resistance change rate of knitted sensor
increases uniformly with increase in strain. The sensing
fabric exhibits two linear regions with high GFs of 3 and
16 under the extremely large strains of 0%–175% and
175%–344%, indicating that our sensor has excellent
stretchability and sensitivity.

Figure 9c reflects the strain sensor being stretched
incrementally for 10 mm and held in place for 15 s until
reaching 50 mm. The relative change in resistance of the
sensor increases significantly to a certain value, then
decreases slightly and remains stable during the measure-
ment time of 15 s for each stretch. This is due to the
relaxation phenomenon caused by viscoelasticity of the

FIGURE 8 (a) Ultimate stress of graphene coated fabrics against fractions of graphene nanoplatelets (GNPs); (b) limit strain of

graphene coated fabrics against proportions of GNPs; (c) tensile test of fabrics with different proportions of GNPs [Color figure can be

viewed at wileyonlinelibrary.com]
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fabrics which when the strain value suddenly increases,
all parts of the sensor will deform under this strain. How-
ever, after a period of time, the resistance decreases with
the relaxation of the fabric.32

As shown in Figure 9d, cyclic tensile test was con-
ducted to examine the stability and durability of the
strain sensor. The strain sensor was stretched and
released at 30% strain for 500 cycles at a frequency of
0.25 Hz. During the first 200 s, the magnitude of resis-
tance change rate of the sensor experiences some fluctua-
tions and then gradually stabilizes. This is due to the
internal structures of the knit fabric adapting to the
applied force in the early stage of the cyclic test.23 After
500 cycles, strain sensor showed significant durability,
stability, and reproducibility, maintaining similar change
in resistance.

Response time is an important characteristic to exam-
ine response ability of sensors to strain,19 and a test for
response time of the sensors was conducted (Figure 9e).
The graphene sensor was put in a static position with 0%
strain at 0 s and was stretched at a constant speed to
reach 30% strain at 15 s. Then, the sensor was released
gradually back to its initial position at 30 s. The response
time was then measured three times, comparing the time
delay between 4R and the change in strain at 0 and 15 s,
also the time delay for 4R to return to 0 when strain

reached 0 at 30 s. Figure 9e demonstrates that our sensor
experienced a degree of elastic hysteresis corresponding
to its resistance change, with the average response time
being about 0.2 s.

The sensing performance of our sensor and other
reported sensors were further compared, as shown in
Table 1. Overall, our graphene-coated sensor shows desir-
able sensitivity and stretchability, comparing to some
similar graphene-based textile strain sensors.

3.7 | Sensor applications

Graphene-based textile sensors are flexible, highly sensitive
and lightweight, so it can be implemented as wearables
and have a huge potential for body motion monitoring. In
this exploratory study, four typical body movements were
studied, including areas with smaller movements such as
fingers and wrist joints, and areas with a larger range of
motion such as the elbows and knee joints.

It can be seen in Figure 10 that the change in resis-
tance for all four types of body joints shows a very similar
trend. When body joints are at their initial position at 0�,
the change in resistance remains at �0. With each joint
movement, the change in resistance increases to a certain
level and then drops back to 0 almost instantly when the

FIGURE 9 (a) Schematic of sensing mechanism; (b) strain against change in resistance of knitted strain sensor; (c) relative change in

resistance against time held at stretching distance of 0 mm, 10 mm, 20 mm, 30 mm, 40 mm and 50 mm; (d) durability test of strain sensor

under 30% strain over 500 cycles; (e) response time test under tension and release of 30% strain [Color figure can be viewed at

wileyonlinelibrary.com]
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joint returns to its resting positing. This indicates that
our sensors are reliable in distinguishing each separate
joint movement. As the range of movement increases
from 45� to 90�, the peak 4R for each movement also
increases by approximately twofold for all joints. This
shows that our sensors are capable to differentiate
between various ranges of joint movements. The peak
4R also remains very similar with each successive joint
movement at 45� and 90� which indicates high precision
for our sensors in measuring repeated movements.

Together with its advantages of being light weight,
low cost, and easy integration with everyday clothing,
our sensor has great potential to be used as an objective
daily monitoring tool for posture and gait, also possibly
detecting abnormal movements or movement impair-
ment in certain neurological disorders. Further in-depth
study of the performance of the sensor on the body using
a secondary motion-tracking system is needed to draw
more rigorous conclusions, but the initial performance is
promising.

TABLE 1 Comparison between reported textile strain sensor and our sensor

Type
Stretchable
component

Sensing
component

Sensing
range
(%)

Gauge
factor Linearity Reference

Silicone fiber PDMS Ionic liquid 100 0.5 Two linear regions 43

Nylon filament Nylon GNPs 46 0.94 Three linear regions 41

Flax yarn Ecoflex GNPs/CBs 50 0.1 Two linear regions 42

Nylon strip Nylon Ti3C2Tx

nanosheets
50 2.4 NA 52

Wool yarn Ecoflex GNPs/CBs 200 7.75 Two linear regions 53

Wool woven fabric PDMS GNPs 3 223 One linear region 44

Cotton knitted fabric cotton AuNWs 150 0.31 Two linear regions 45

Acrylic/Spandex knitted fabric Spandex GNPs 344 16 Two linear regions This work

Abbreviation: GNPs, graphene nanoplatelets.

FIGURE 10 Experiment

images and corresponding time-

instant response curves of the

sensing system as the human

motion monitoring: (a) finger,

(b) wrist, (c) elbow joint, and

(d) knee joint [Color figure can

be viewed at

wileyonlinelibrary.com]
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3.8 | Electrochemical performance
and capacitive pressure sensor

The knitted fabrics used in this experiment are
weft-knitted fabrics, which made with two sets of needle
beds. The porous structure of the fabrics enhances the
specific surface area and facilitates the formation of a
conductive network, resulting in the improvement of
electron and ion transport kinetics, sharing similar prop-
erties between a supercapacitor or a capacitive pressure
sensor. The electrochemical properties of graphene knit-
ted fabrics applied as a capacitor were studied by testing
CV and constant current charge and GCD measurements,
which are shown in Figure 11.

Figure 11a demonstrates the CV curve of 1.2 wt%
graphene-coated fabrics. When the scan rate is increases
from 20 to 100 mV/s, the corresponding specific capaci-
tance decreases from 32 to 13.6 F/g. It can be seen that
all CV curves show a similar shape at different scanning
speeds, indicating our knitted fabrics have good capaci-
tance performance.

Graphene-coated fabrics were then applied to conduct
GCD test at the current density of 0.5, 1, 1.5, and
2 A/g. As shown in Figure 11b, the specific capacitance
value decreases with the increase in current density
which the capacitance values of 31.7, 26.5, 18.2, and
11.5 F/g were measured at current densities of 0.5, 1, 1.5,
and 2 A/g respectively. The 1.2 wt% graphene-coated

fabrics exhibit a linear and symmetrical GCD curve,
which demonstrates that our knitted fabric has good elec-
trochemical performance.

The cyclic stability of the graphene-coated knitted
fabric was examined. As shown in Figure 11c, the capaci-
tance retention of our graphene-coated fabric remains
above 90% after 10,000 charging and discharging cycles,
reflecting its reliable cyclic stability. This is due to the sta-
ble textile structure of our graphene-coated fabrics, and
the GNPs attached to the inner structure of textile can act
as a good electron shuttle, resulting in more stable capac-
ity retention.

Figure 11d reflects the Nyquist plot of graphene-
coated fabrics. The Nyquist curve was produced using
data collected through EIS which measures impedance
with a decreasing AC frequency. The almost impercepti-
ble semicircle plot reveals an extremely low charge trans-
fer resistance for graphene-coated fabrics and the ion
diffusion resistance of the graphene-coated fabrics was
calculated to be 20 Ω.

Figure 12 demonstrates the possibility of applying
graphene coated fabrics as a capacitive pressure sensor.
As shown in Figure 12a, the rate of change in capacitance
increases with incremental changes in pressure. The
capacitance rate of knitted fabrics presents two linear
regions, first increasing to 22% during pressure range of
0–9.8 kPa and further increasing at a slower rate to 43%
from 9.8 to 24.5 kPa. Figure 12b shows the response time

FIGURE 11 (a) Cyclic

voltammetry (CV) curves of

fabrics prepared with 1.2 wt%

graphene at different scanning

rates; (b) galvanostatic charge/

discharge (GCD) curves of

graphene-coated knitted fabrics;

(c) cyclic stability of graphene-

coated knitted fabrics;

(d) Nyquist diagram of

graphene-coated knitted fabrics

[Color figure can be viewed at

wileyonlinelibrary.com]
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and the recovery time of graphene coated fabrics under
the loading and unloading pressure of 24.5 kPa. The knit-
ted fabrics exhibits fast response and recovery times of
0.183 and 0.213 s respectively, indicating great sensitivity
and stability.

The durability test was also performed to examine
the cyclic sensing performance of the capacitive sensor.
As shown in Figure 12c, the change in capacitance rate
demonstrated good repeatability and stability in the long
compressing cycles except for a slight shift, and the devi-
ation between the changes in capacitance before and
after 10,000 cycles was calculated as 13.9%, indicating
that our graphene-based knitted fabric exhibits long–
term durability when worked as a capacitive pressure
sensor.

4 | CONCLUSION

By using a simple dip-coating method and ultrasonica-
tion bath, we reliably designed and developed a highly
stretchable and flexible graphene-based textile strain sen-
sor. After comparing five different yarns using a double
bed knitting machine to produce the fabric samples, the
strain sensor was fabricated with acrylic/Spandex yarn. It

has outstanding stretchability and exhibited a high GF up
to 16 under a limit strain of 344%, which is higher than
the other similar graphene-based sensors. Our sensor is
able to detect both large and subtle human movements
and to differentiate various ranges of joint movements,
making it suitable for integration into wearables. As such
it has significant potential in human motion monitoring.
Furthermore, our sensor expressed the ability to build up
and discharge electrical charges, which showed its capa-
bility to be applied as a supercapacitor or capacitive type
pressure sensor.

Future research into graphene-based textile sensors
should focus on the requirements and limitations of the
application of such sensors on human skin for a long
period of time and outdoor ambulatory applications. The
integration method, washability, reliability and longevity
of sensors need to also be evaluated when fully incorpo-
rated into a device or product.
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