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Introduction

Wearable strain sensors own many features, includ-
ing high sensitivity, good flexibility and stretchabil-
ity, lightweight. There are various types of strain
sensors including resistance sensor based on strain
effect or piezoresistive effect [1, 2], inductance sensor
based on electromagnetic induction [3], Hall sensor
based on the Hall effect [4, 5], photoelectric sensor
based on the photoelectric effect [6], and piezoelectric
sensor based on piezoelectric effect [7-9]. The resis-
tance sensors have received considerable report as
they are attractive for use as strain sensor and sign
expression [10-13]. Resistance sensor usually
requires the material with electrical conductivity.
Nevertheless, the inherently conductive fibers (e.g.,
carbon fiber, metal fiber, and intrinsically conductive
polymers) are greatly limited in the application as
flexible sensing materials for their brittleness, poor
flexibility and weaving-ability. Meanwhile, conven-
tional strain sensors based on metal foils or semi-
conductors are generally rigid, high weight and have
poor stretchability (typically less than 5%), which
make them are not true of flexible and wearable
strain sensors [14-16].

Fabric strain sensors have attracted considerable
attention as wearable electronics recently, mainly
because of their friendly compatible with human
body [17] and their wide applications such as human
motions monitoring [18-22], information gloves [23],
speech recognition [24, 25] and entertainment [26].
However, the great majority of fabrics are commonly
not electrically conductive. Moreover, the non-con-
ductive fibers or fabrics are most commonly com-
bined with conductive agents, including carbon
materials, metal particles and conductive polymers.

Graphene has been extensively adopted to prepare
wearable fabric strain sensors due to its outstanding
mechanical and electrical properties [20, 24, 26, 27].
Graphene is a two-dimensional carbon nanomaterial
[28], which is formed by sp® hybridization carbon
atoms [29]. Thanks to its electrical conductivity, bio-
compatibility, excellent thermal and mechanical sta-
bility, and strong adhesion with the textile surface via
van der Waals interaction (due to its large specific
surface area), graphene is considered as a strong
candidate material for the high-performance wear-
able strain sensors [30-34]. On the other hand, textile
materials from fiber to yarn and then fabric, all as
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flexible materials, own many particular characteris-
tics, such as washability, lightweight, porous struc-
ture, high surface area, deformability, sufficient
strength and tear resistance [35-38]. Knitted textiles,
which are easy to deform due to the unique loop
fabric structure, are regarded as an ideal carrier for
fabrication of wearable strain sensors [10]. Therefore,
more and more researchers effectively combine gra-
phene with knitted fabrics to prepare wearable strain
sensors with high sensitivity, good stability and
stretchability [10, 13, 17, 32, 35]. Zhang et al. [13]
fabricated a wearable graphene textile strain sensor,
but a relatively low sensitivity was observed, with a
gauge factor (GF) of -1.7 in the strain range of 15%
during x-direction stretching. Hanna Lee et al. [10]
obtained a strain sensor made from a weft-knit
spandex/nylon fabric. The sensor held good sensi-
tivity (high GF of 1824 within 40.6% strain) and
tensile properties. However, the repeatability was
seldom provided. Cai et al. [35] manufactured flexi-
ble strain sensing fabrics, which displayed high sen-
sitivity (gauge factors of 18.5 and 12.1 under 0-10%
and 10-18% strain, respectively) and high stability.
Ravinder Reddy K et al. [32] prepared the reduced
graphene oxide polyester knitted elastic band strain
sensor with high GF of 34 under 0-20% strain. Up to
now, most of the wearable strain sensors based on
graphene fail to pay attention to directionality (neg-
ative piezoresistivity), which may lead to some con-
fusion in data analysis and mechanism. Besides, it
remains a big challenge to fabricate wearable fabric
strain sensors with a broad sensing range.

This work demonstrates the concept of negative
piezoresistivity for alleviating the unclear phe-
nomenon and mechanism mentioned above.
The fabric geometrical mode is obtained, and equiv-
alent circuit model related to fiber body and contact
interface is developed by building a hybrid fabric
consisting of non-conductive fibers and reduced
graphene oxide. Therefore, the reduced graphene
oxide (RGO) knitted polyester (PET) strain sensing
fabric with negative piezoresistivity is fabricated by a
low-cost and facile dip-dry-reduce method. Due to
conductive networks formed by RGO, the RGO/PET
fabric owns an excellent sensitivity with GF of -5.92
under 10.7% strain, good stability (> 1000 cycles,
including stretching, poking, shearing and twisting)
and reliability. It is worth noting that the RGO/PET
fabric holds a broad sensing range (up to 450%
applied strain without breaking). In addition, when
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the sensing fabric is subjected to tensile strain, poke
strain, shear strain and twist strain, it still maintains
prominent sensitivity. The RGO/PET strain sensing
fabric is successfully used to monitor human motion,
such as the bending of fingers, joint movement, and
sitting. Furthermore, information gloves made of the
sensing fabric can be used to transmit message. More
importantly, the RGO/PET fabric is capable of
reaching a temperature about 60 °C at a direct cur-
rent-voltage of 10 V, and about 45 °C at a direct
current-voltage of 8 V, which can be controlled by the
applied voltage. The RGO/PET fabric without poly-
mer encapsulation has good application potential as
strain sensors for wearable electronic devices.

Experimental section
Preparation of sensing fabric

Graphene oxide (GO) was obtained by the modified
Hummers method (Fig. 1a) [39], as our prior work
reported [40], the high concentration reddish-brown
of GO dispersion was prepared for standby. The
basal fabrics are weft knitted, which are consisting of
PET and knitted by using a circular weft knitting
machine operating with gauge 40. The wale density
and course density of the knitted PET fabric are
200/5 cm and 200/5 cm, respectively. Blended fab-
rics were cut into small pieces with width by length
of 5 x 5 cm® and treated by using 95% ethyl alcohol
and deionized water to remove surface oil, etc. The
pre-cleaned fabrics were dipped into high concen-
trations of GO aqueous solution (pre-ultrasound for
10 min) at room temperature under sonication. Sub-
sequently, the fabrics were dried in an oven at 40 °C.
The dip-dry process was repeated 10 cycles. Then, the
GO coating fabric was reduced by sufficient amount
of hydrazine hydrate and kept for 20 min at 90 °C
under closed conditions. The metallic black fabric
was obtained. More importantly, RGO is tightly
adhered to the surface of fibers mainly thanks to van
der Waals interaction and the possible interaction of
oxygen-containing functional groups [32, 41]. A good
interfacial interaction between the conductive layer
and fiber is important for the sensing ability.
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Characterization and measurements

The morphology of graphene fabric was character-
ized using a SEM (ULTRA-55, JEOL, Japan) with an
accelerating voltage of 3.00 kV at room temperature.
XRD patterns were recorded using an ARL XTRA
diffractometer (USA) in the angular range of 5-60°
(20) at a voltage of 40 kV and current of 30 mA. Peak
intensities were every 0.02° at sweep rates of 2.0° 26/
min. The mechanical properties of the fabrics were
evaluated by an electronic universal material testing
machine (EJA SERIES, Thwing-Albert Co., USA).
FTIR spectra were used to record the functional
groups of samples by using an America FTIR ana-
lyzer (Nicolet-5700, USA). The analysis was per-
formed with 64 scans and a spectral range of
4000-500 cm ™" for each sample. X-ray photoelectron
spectroscopy (XPS) was obtained by using an X-ray
photoelectron spectrometer (K-ALPHA, Thermo
Fisher Scientific, USA). The resistance change of
fabric samples at different strain levels was recorded
by using a self-assemble dynamic resistance tester,
including resistance meter (5SZ22258C, Suzhou Lattice
Electronics Co., Ltd., China, and DMM 6500, Tek-
tronix Co. Ltd., China) and abovementioned
mechanical test system (EJA SERIES, Thwing-Albert
Co., USA).

Electromechanical analysis

Schematic diagram of electromechanical test system
is shown in Fig. 1c. The RGO/PET fabric samples
were treated for 24 h at 23 =+ 1 °C and 50 £ 2% rel-
ative humidity prior to electromechanical measure-
ment. The initial grip separation was set to 28 mm,
and all samples were folded into rectangles
(25 x 50 mm) to fit the tensile grips. The samples
were mounted in the fabric-extension grips of the
testing machine and stretched at a rate of 1 mm/s,
3 mm/s or 3 mm/step based on the test requirement.
Four wood chips with rough surface act as insulation
between the conductive grip and fabrics, meanwhile,
increasing the friction and holding force (Without the
wood chips, the sensing fabric is easy to slip, espe-
cially under high elongation strain). The conductive
silver paste and aluminum foil are used as two
electrodes to connect the fabric and resistance meter.
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Figure 1 a Illustration showing the structure and preparation
process of RGO/PET fabric. b Photographs of the RGO/PET
fabric connected with a light-emitting diode before and after

Electrothermal analysis

The RGO/PET fabric sample (1 x 2 cm®) was con-
nected with the direct current power supply (E3632A,
Agilent, USA) to evaluate its electrothermal perfor-
mance, while its temperature was recorded by an
infrared camera (InfraTec, Germany).

Results and discussion

Fabrication and characterization
of the RGO/PET fabric

The simple preparation process of RGO/PET fabric is
depicted schematically in Fig. 1a. The color of PET
fabric changes from white to brown after
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¢ Schematic illustration of

impregnating in GO solution, indicating that GO is
adsorbed on the surface of PET fabric. Subsequently,
the GO/PET fabric is reduced by hydrazine hydrate,
and the color of the reduced fabric changes to light
metallic black. The RGO/PET fabric still exhibits an
instinctive flexibility like textile materials. The
preparation and structural evolution process of lay-
ered graphite materials (from graphite to graphite
oxide, then reduced graphene oxide) is suspended at
the top of Fig. 1a.

Figure 1b shows the repairability of RGO/PET
fabric. The photographs of different RGO/PET fabric
connected with a light-emitting diode are performed
under the same voltage. After the RGO/PET fabric is
cut with scissors, it is non-conducting and the diode
lights out. Then, the broken fabric is sutured with
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common non-conductive yarn. The brightness of the
light-emitting diode is almost unchanged before and
after suturing, demonstrating the RGO/PET fabric
holds remarkable repairability. Suturing can effec-
tively prevent loosening and further damage of the
knitting structure. In addition, the resistance of
RGO/PET fabric remains almost constant before and
after suturing, which is important when the fabric is
damaged.

The morphologies, structure and composition of
different samples are observed (Fig. 2). Figure 2a and
b shows typical scanning electron microscope (SEM)
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images of the PET fabric. SEM images of the PET
fabric at different magnifications are observed in
order to further analyze their morphology. The sur-
face of the original fabric is smooth, without obvious
impurities, and the spaces between fibers and tows
are about 1-100 pm (Fig. 2b). Figure 2c-e shows the
surface of RGO coated PET fabric, which exhibit the
flake-like structures and curly edges. As illustrated in
Fig. 2e, the vast majority of RGO nanosheets are
successfully attached to the surface of PET fabric
rather than deposition aggregation between the
fibers, and the pore structure of fabric is preserved. In
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Figure 2 Characterizations of the RGO/PET fabric. a, b SEM
images of the pristine PET fabric under low magnification and
high magnification. ¢, d SEM images of the RGO/PET fabric
under low magnification and high magnification. e Fiber surface
morphology of RGO coating PET fabric (high magnification).
X-direction is the lengthwise direction, namely the loops interlaced
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orientation and weaving direction, makes for greater stretchability.
Y-direction is the warp direction. f, g XRD spectrum of
lyophilized GO particle and RGO particle. h FTIR spectra of
pristine PET fabric, GO/PET fabric and RGO/PET fabric. i XPS
spectra of GO/PET fabric and RGO/PET fabric. j, k C; spectra of
GO/PET fabric and RGO/PET fabric.
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addition, a small portion of the RGO nanosheets is
stripped from the fibers and deposited in the fibers.
Its size can be up to 20 pm, which is close to the
diameter of the fiber. The RGO is penetrated evenly
into the fabric (ascribed to the multi-void structure),
resulting in fabric conductive networks. Thanks to
the special structure of the knitted fabrics, these
fabric conductive networks can withstand the tensile
deformation in different directions, showing excel-
lent mechanical and electrical capacity, as well as
anisotropy.

As illustrated in Fig. 2f and g, X-ray diffraction
(XRD) is adopted to demonstrate successful prepa-
ration and reduction of graphite oxide, pertains to the
lattice plane structure of lyophilized GO particle and
RGO particle. XRD pattern of lyophilized GO particle
in Fig. 2f owns a sharp peak at 20 = 10.37°. Accord-
ing to the Bragg Eq. (2dsin® = nA), the interlayer
spacing can be calculated as 8.52 A. The interlayer
spacing of lyophilized GO particle is larger than that
of graphite, which is because of intercalation of
functional groups in GO layers. It is worth noting that
the lyophilized GO particle also shows another weak
shoulder peak at 25.05°, corresponding to an inter-
layer spacing of 3.55 A. That is probably due to the
residual of some oxygen-containing functional
groups by water molecules after freeze-drying, and
the incomplete intercalation of a small amount of
materials [42]. In addition, it has been reported that
the amount of adsorbed moisture affects the inter-
layer spacing of GO [40]. Moreover, this shoulder
peak may be contributed to the partial reduction or
impurity as it is close to the main characteristic peak
(25.12°) of RGO as shown in Fig. 2g. The broadened
diffraction peak at 25.12° is found in the XRD pattern
of RGO particle (Fig. 2g), which corresponds to an
interlayer spacing of 3.54 A. 1t indicates that the
crystallinity of RGO is not perfect as the raw graphite.
The RGO still remains a small number of oxygen-
containing functional groups [43] and defect.

FTIR spectrums of pristine PET fabric, GO/PET
fabric and RGO/PET fabric are demonstrated in
Fig. 2h. In the FTIR spectrum of pristine PET fabric,
the characteristic peaks appear at 716, 858, 1093, 1247
and 1710 cm ™!, which are attributed to the bending
vibration of -CH, trans conformations of oxy-ethylene
groups, O—C-O stretching, asymmetric stretch C-C-O
group bonded to aromatic ring, stretching vibrations
of C=0, respectively [44-46]. When the fabric dips
into GO solution, the FTIR spectrum of GO/PET
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fabric is closed to the typical FTIR spectrum of GO
[47], which indicates the efficient coating of GO.
Compared to the pristine PET fabric, a prominent
peak around 2335-3700 cm™' appears due to the
stretching vibration of O-H and the strong interac-
tion between the high content of adsorbed water
[48, 49]. The slight shift and weakening of charac-
teristic peaks are associated with the oxygen-con-
taining functional groups of GO, showing an
interaction between PET fabric and GO. After
hydrazine hydrate reduction, the wide peaks at
2335-3700 cm ™' disappears, indicating the reduction
significantly and removal of oxygen-containing
functional groups.

XPS is employed to further confirm the reduction
of GO and analyze the composition of the fabric.
Figure 2i displays XPS spectra of GO/PET fabric and
RGO/PET fabric. It can be observed that the C;; and
Oy peaks appear at 284 and 533 eV, respectively. The
C/O ratios of GO/PET fabric and RGO/PET fabric
are 0.98 and 1.67, respectively. As illustrated in Cyq
spectra of GO/PET fabric and RGO/PET fabric
(Fig. 2j, k), there are four peaks locate at 284.2, 285.7,
287.5, and 288.6 eV, corresponding to C-C, C-O,
C =0 and O-C = O [50]. Both the change in peak
intensities of RGO/PET fabric in Cy4 spectra and the
increase of C/O ratio testify that GO is reduced.

Electromechanical behaviors of the RGO/
PET fabric

The electromechanical properties of RGO/PET fabric
are crucial to their applications. The electrical con-
ductivity of the RGO/PET fabric is 430.94 mS/cm.
After two standard washing cycles, the electrical
conductivity drops by 59%. This is mainly caused by
the stripping of the RGO nanosheets deposited in the
fibers. The RGO/PET sensing fabric exhibits high
sensitivity and negative piezoresistivity under the
strain. As illustrated in Fig. 3a, the RGO/PET fabric
possesses a negative resistance variation (AR/Rp)
under cyclic tensile strain include wale and course
direction, where Ry represents the initial resistance,
and AR represents the difference between real-time
resistance (R) and the initial resistance (Rg). The
negative piezoresistivity is a kind of structure-
based negative piezoresistivity (SNP), refer to the
direction vector rather than negative electrons, etc.
The RGO/PET fabric exhibits outstanding durability
and stability in wale and course direction during 240
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«Figure 3 Electromechanical characterization of the RGO/PET
fabric. a Relative resistance variation versus cyclic tensile strain of
10.7% include wale and course direction (durability test for 240
times). b Relative resistance variation versus different cyclic
tensile strains of 10.7%, 21.4%, 32.1% (wale direction).
¢ Schematic diagram of the resistance strain anisotropy.
Equivalent circuit models in course and wale directions (R,
represents the contact resistance, R, represents the resistance of
the course direction, R, represents the resistance of the wale
direction). d Relative resistance changes (AR/Ry) of the RGO/PET
fabric versus the applied tensile strain (course direction).
e Relative resistance variation of the RGO/PET fabric under
cyclic stretching-releasing when it is poked with strain of 10.7%
and 21.4%. f Relative change in resistance versus time under
cyclic shearing strain at frequencies of 1/8 and 1/2 Hz. g Relative
resistance change of the RGO/PET fabric versus cyclic stretching-
releasing at twisting angles of 30°, 60° and 90°.

cycles of 10.7% strain. The resistance variation of
RGO/PET fabric in wale and course direction is sig-
nificantly different. When the tensile strain is applied
in the wale direction with 10.7% strain, the resistance
decreases by ~ 63%, while the resistance in the
course direction decreases by ~ 12% in the same
strain. Therefore, the wale/course resistance varia-
tion ratio is ~ 5.2 corresponding to the resistance
strain anisotropy. The RGO/PET fabric holds aniso-
tropic strain sensing features, which cannot be
obtained by isotropic fabrics such as woven fabrics.

It is worth noting that the resistance strain aniso-
tropy exists in each deformation stage, and its ori-
entation can be determined according to the
resistance strain anisotropy when the strain is
known. To explain the resistance strain anisotropy
when the RGO/PET fabric is stretched, equivalent
circuit models in course and wale directions are
depicted in Fig. 3c. Current is able to pass from one
loop to the next both in wale and course direction.
Based on this, equivalent circuit models of the RGO/
PET fabric are established according to these unit
loops in wale and course direction, respectively. R,
represents the contact resistance, R,, represents the
resistance of the course direction, R, represents the
resistance of the wale direction. In course direction,
the current passes through R,,, R, R, R//, R, R/,
and R, respectively. In wale direction, the current
mainly passes through R, R. and R,,. Meanwhile, a
small amount of current passes through R ,. It can be
found that equivalent circuit networks of wale and
course direction are different, which leads to the

. 16953

resistance strain anisotropy. All in all, the model
takes account of fabric loop structure and current
conduction directivity.

In order to test the reliability of the RGO/PET
fabric, relative resistance variation of the RGO/PET
fabric under different cyclic tensile strain of 10.7%,
21.4%, 32.1% in the wale direction is demonstrated in
Fig. 3b. It can be seen that the RGO/PET fabric is
sensitive to different tensile strain and AR/R, chan-
ges steadily with repeatability. The relative value of
AR/Rg decreases by ~ 90% under 32% tensile strain.
The signal remains stable in each cycle without sig-
nificant drifts, showing the sensing fabric possesses
excellent performance in terms of sensitivity.

Figure 3d displays a typical curve of relative
resistance variation of the RGO/PET fabric with
tensile strain in the course direction. There is a non-
linear relationship between relative resistance varia-
tion and strain when the RGO/PET fabric is stretched
up to 450%. And the maximum stretch of 450% only
happens in the course direction. In addition, in the
strain range of 0-450%, the RGO/PET fabric owns
GFs within range of -0.2 to -1.0. With the increase of
strain, the relative resistance shows a negative resis-
tance variation and changes monotonically decrease.
It can be found that the RGO/PET fabric owns GFs of
-0.43, -0.15 and -0.016 under 0-150%, 150-300% and
300-450% strain, respectively. It indicates the sensi-
tivity of fabric decreases with increment of tensile
strain. Although the GF of RGO/PET fabric drops to -
0.016 when the strain is 300% ~ 450%, its resistance
still changes and the variation of strain can be sensed.
This is mainly contributed to the contact between the
fibers and the loops become very close and tight with
the increase of strain. Therefore, the change of the
conductive networks composed of these contacts
gradually decreases and even tends to be stable. This
also reflects that the RGO/PET fabric can be stretched
to 450% without breaking. If the RGO/PET fabric is
broken, destruction and reconstruction of conductive
networks attached to the fiber surface will play a
leading role, which will lead to the increase of its
resistance. To sum up, the RGO/PET fabric has
excellent deformation capacity and a wide reversible
strain sensing range at least up to 450% without
breaking.

The RGO/PET fabric will be subjected to various
external forces in practical application. Therefore,
besides stretching, the effects of poking, shearing and
twisting on the resistance of RGO/PET fabric are also
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investigated. Figure 3e shows the typical curve of
relative resistance change of the RGO/PET fabric
when it is poked with different strain
(~ 10.7%, ~ 21.4%). The relative resistance variation
AR/Ry of the RGO/PET fabric decreases by ~ 50%
when poked with strain of 10.7%, while that decrea-
ses by ~ 70% under a poking strain of 21.4%. It can
be found that the fabric is successful in sensing dif-
ferent degrees of poking strain. Furthermore, the
curve indicates that the signal remains stable when
the same strain is poked to the RGO/PET fabric.

When shearing strain is applied to the RGO/PET
fabric, its relative resistance variation is demon-
strated in Fig. 3f. The applied shearing refers to one
side of the fabric sample is secured, and the other
side is given horizontal movement. The influence of a
strain frequency on the fabric sensing properties is
studied. It can be seen that the relative resistance of
the RGO/PET fabric decreases by ~ 50% and hardly
changes at the measured frequencies of 0.125 Hz and
0.5 Hz, demonstrating the relative changes in resis-
tance AR/R, of the sensing fabric have no depen-
dence on the applied strain frequency. Moreover, the
relative variation of resistance keeps stable at each
frequency.

In order to further study the dynamic response of
the RGO/PET fabric, the effect of twist angle on the
sensing performance is also performed. Figure 3g
presents the change of relative resistance at twist
angle of 30°, 60° and 90°. The sensing fabric holds
remarkable sensitivity to the twist angle and out-
standing stability. The value of AR/R, decreases
by ~ 25% when it is twisted by 30° and decreases
by ~ 43% when it is twisted by 60°, while that
decreases by ~ 60% when it is twisted by 90°. With
the increase of the twist angle, the amplitude of rel-
ative change in resistance AR/Ry of the RGO/PET
fabric increases. The reason may be the torsion
deformation of fabric causes the loop structure
change to close and tight, and then the conductive
RGO nanosheets attached to the fiber surface have
more electrical contact. Furthermore, when the RGO/
PET fabric is twisted by 90°, the influence of torsion
frequency on the resistance signal of RGO/PET fabric
is also tested. It can be seen that the change of relative
resistance is independent of frequency. The value of
AR/Ry is always stable when the RGO/PET fabric is
twisted by 90°.

Table S1 (in the Supporting Information) shows
performances of various recently reported fabric
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strain sensors. Readers can search for the information
listed in Table S1 to find materials with the best GF or
other advantages. It is worth noting that the RGO/
PET fabric owns extra-high stretchability (up to
450%). This is determined by the structural charac-
teristics of the fabric rather than the fiber is stretched
by 450%. It is known that the stretchability of RGO is
quite poor, because the RGO is physical adhere on
the surface of fabric. However, in this paper, the RGO
can well preserve its structure stability after such
large range stretch (up to 450%). In addition, stability
is an important factor to evaluate the performance of
sensing materials. In this paper, the stability of RGO/
PET fabric under various strain behaviors (includes
tensile strain, twist strain, shear strain and poke
strain) is studied. It can be found that the RGO/PET
fabric holds prominent stability after more than 1000
cycles of different strain. It is important to note that
more than 1000 cycles refer to the total number of
various strain cycles. In general, the RGO/PET fabric
possesses prominent electrical performance includ-
ing high sensitivity, excellent stability and stretcha-
bility. These remarkable features endow them great
potential for applications in the future of wearable
electronics.

Applications of the RGO/PET fabric

To demonstrate the potential applications of the
RGO/PET fabric, the fabric is mounted on different
joints for monitoring human motions (Fig. 4a). As
illustrated in Fig. 4b, the RGO/PET fabric is attached
on a finger to detect movement. The relative resis-
tance variation AR/R( remains stable when the finger
bends to a certain angle. The amplitude of relative
resistance variation increases with the increase of
bending angle. What is more, detecting the relative
resistance variation can accurately track the angle of
the finger bending. In Fig. 4c, the RGO/PET fabric is
affixed on the wrist joint for sensing wrist bending
and recovering. When the wrist joint bend to a certain
angle, the relative value of AR/R, decreases and keep
stable. Then, the relative resistance returns to initial
state after the wrist recover. As shown in Fig. 4d, the
sensing fabric also succeeds in monitoring elbow
motions, demonstrating the repeatable resistance
variation signal. In order to monitor movement of the
knee, the RGO/PET fabric is mounted on the knee
joint (Fig. 4e). It can be found that the fabric suc-
cessfully detects standing and sitting behavior of
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Figure 4 The RGO/PET sensing fabric for various human motion
detection. a Schematic illustration of the fabric mounted on
different joints for monitoring human motions. b Detection of
different finger bending angles. ¢ The responses to human motions
of wrist bend. d Relative change in resistance of the elbow joint
bending with different angles. e Corresponding signals of the

human. In addition to monitoring large motions, the
RGO/PET fabric can also detect subtle human
motions, including mouth motion, facial expressions

Time (s)

Time (s)

bending of a knee joint. f Monitoring of the mouth motions of
opening and closing. g Responsive curves of the RGO/PET fabric
to laughing. h Signal of pulse. The suspending curve shows three
characteristic peaks that corresponding to P-wave, T-wave and
D-wave.

and pulse. Figure 4f presents the relative resistance
variation when the mouth opens and closes. The
RGO/PET sensing fabric can also be employed for
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the real-time monitor of facial expressions as Fig. 4g
shown. What is more, three characteristic peaks that
corresponding to the percussion wave (P-wave), tidal
wave (T-wave) and diastolic wave (D-wave) are
successfully observed in Fig. 4h, showing that the
RGO/PET fabric can detect subtle physiological sig-
nal and holds prominent sensitivity.

In addition, the RGO/PET fabric can be sewn onto
gloves to make information gloves (Fig. 5a). Infor-
mation gloves are combined with Moss codes to
transmit information. The short signal is set to 5 s,
while the long signal to 10 s (the interval can be
adjusted according to proficiency and sensitivity).
Figure 5b—e shows the relative resistance variation of
transmit different English letters information, such as
“Z/”S,” “T,” and “U.” By patterning RGO/PET fabric
with glove structures, a novel wearable system is
created for effective information transfer even during
cold, dangerous, and other conditions requiring
protective gloves. The above results imply the RGO/
PET fabric can successfully detect both subtle and
large human motions, and owns a tremendous
application prospect as a strain sensor.

J Mater Sci (2021) 56:16946-16962

Thermal properties of the RGO/PET fabric

When the RGO/PET fabric is stretched, the resulting
deformation is output through an electrical signal,
which inevitably produces a certain amount of heat.
In addition, carbon-based materials hold remarkable
thermal property. Therefore, thermal properties of
the RGO/PET fabric are studied. The RGO/PET
fabric is put on the back of hand, and an IR camera is
adopted to record the evolution of temperature. It can
be clearly observed that the temperature of the fabric
rises rapidly within 20 s, indicating that the RGO/
PET fabric owns good thermal conductivity (Fig. 6a,
b). To further evaluate Joule heating performance of
the RGO/PET fabric, a wearable RGO/PET fabric
heater is fabricated, shown in Fig. 6¢c. Figure 6d
illustrates the variation of average temperature of the
RGO/PET fabric under direct current-voltages from 4
to 10 V. The temperature images captured by an
infrared camera at each applied voltage are presented
in the inset of Fig. 6d. The temperature of the fabric
increases gradually when the applied voltage
increases. It can be observed that the RGO/PET fabric
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Figure 5 Applications of information gloves based on the RGO/
PET fabric. a Schematic diagram of information gloves. b—e
Schematic diagram of different English letter messages (Z, S, T, U)
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transmission by glove, which is corresponding to the relative
resistance variation and frequency of a two-finger signal.
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Figure 6 Thermal behavior of the RGO/PET fabric as a wearable
heater. a, b Infrared images of the temperature change for the
RGO/PET fabric on the hand after about 20 s. ¢ Schematic
illustration of the wearable RGO/PET fabric. d Evolution of the

can reach a temperature about 60 °C, 45 °C, 33 °C,
and 31 °C at a direct current-voltage of 10 V,8 V, 6 V,
and 4 V, respectively. What is more, the temperature
of the fabric remains stable after reaching a certain
value, so that the temperature can be regulated by
voltage control and the RGO/PET fabric can be
applied as electrical direct heater (EDH).

Mechanism

The weft-knitted structure of RGO/PET fabric pro-
vides an insight into the analysis of mechanisms for
electromechanical behavior mentioned above,
including the conductivity, deformation and struc-
ture-activity relationship. The conductivity is mostly
related to the contacts between adjacent fibers, as
well as the linear continuity of each fiber. The mul-
tilevel contact mechanism is dominant, especially for
the electromechanical behavior. A simple resistance
model of the RGO/PET strain sensing fabric is

(d)gs

Temperature (°c)
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25' L)

30 40 50 60 70

Time (s)

10 20 80

average temperature of the RGO/PET fabric under direct current-
voltages from 4 to 10 V. Inset of d show temperature images
captured by an infrared camera at each applied voltage at 60 s of
applying the voltages.

presented in Fig. 7a. In the initial status, RGO is
deposited on the surface of fibers and endows the
PET fabric with electrical conductivity, so as to form a
conductive network. Figure 7b demonstrates shape
change process of a PET yarn corresponding to virgin
buckling configuration without tension and stretch-
ing configuration under tension. It can be clearly seen
that a PET yarn consists of many fibers. In the weft-
knitted structure, adjacent fibers are in contact with
each other, resulting in a large amount of contact
between the RGO sheets coated on the fibers, so as to
form contact points and conductive networks. In the
state of no strain, there is a small gap between fibers.
When strain is applied, the fibers on the same yarn
become closer, resulting in an increase in the number
of contact points between fibers. The existence and
slide of contact points not only ensure conductive
pathways and a large deformation of knitted struc-
ture, but also ensure integrity of the yarn and prevent
the fracture in use. More importantly, when the
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Stretching

Figure 7 Sensing mechanism of the RGO/PET fabric.
a Schematic illustration of a basic unit of the conductive
network of the RGO/PET fabric (Ry represents the resistances of
fibers, R.r represents the contact resistance between fibers, R,
represents the contact resistance between yarns). b Shape change
process of a PET yarn and photographs corresponding to virgin
buckling configuration without tension and stretching

RGO/PET fabric is subjected to strain, the quantity of
contact points and the conductive pathways are
increased, leading to the resistance decreases (change
in reverse with the strain), demonstrating the nega-
tive piezoresistivity.

In order to deeply understand the relationship
between the fabric structure and the relative resis-
tance variation, the resistance model is simplified
without considering the contact resistance between
fibers (Fig. 7c-e). As shown in Fig. 7c, an elementary
unit can be divided into two parts (R. + R; + R..
+ Ry and R; + R. + Ry + Ro). It can be regarded as

@ Springer
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configuration under tension. ¢ Schematic illustration of a basic
unit of the conductive network of the RGO/PET fabric without
considering the contact resistance between fibers. d Evolution of
the conductive network structural of the RGO/PET fabric under
strain. e Schematic illustration of the simple model of the
conductive networks of the RGO/PET fabric.

a parallel circuit. Therefore, the total resistance (Ry) of
the elementary unit can be demonstrated using the
following equation

_R1 + Ry + 2R,

(1)

where R; and R; are the resistances of the longi-
tudinal yarn and the transverse yarn in an elemen-
tary unit without any applied strain, respectively. R,
is the contact resistance when no strain is applied. In
the state of no strain, thanks to the unique weft-
knitted structure of the RGO/PET fabric, the longi-
tudinal yarn and the transverse yarn are in contact
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with each other and there is a small gap between
fibers. This results in a very high value of R.. The
resistance R; and R, are so small that can be neglec-
ted compared to R.. As a result, the total resistance
can be approximated to the contact resistance.
Figure 7d presents a simple diagram of the evolu-
tion of the conductive network structure under
stretching. When the strain is applied, the fibers on
the same yarn become tighter. It results in a decrease
in the resistance of the longitudinal yarn and the
transverse yarn. At the same time, the number of
contact points between fibers increases accordingly
with increasing strain, thus leading to the variation of
the contact resistance. The contact resistance can be
represented by the Holm’s contact theory [51].

p /mH

where p is the electrical resistivity, H is the hard-
ness, n is the number of contact points and P is the
contact pressure. Equation 2 shows that R. will
decrease with increasing the number of contact
points and the contact pressure (assuming the elec-
trical resistivity and hardness remain unchanged).
Therefore, R;, R, and R. all decrease and the resis-
tance of the RGO/PET fabric under strain is less than
the initial resistance R.. In addition, the number of
conductive pathways increases with the increase of
contact points during the stretching process, which
also leads to a decrease in the total resistance. This
indicates the negative resistance variation of the
RGO/PET fabric. To sum up, the above models rea-
sonably interpret the relationship between the struc-
tural deformation of the RGO/PET fabric and the
variation of relative resistance.

Conclusions

In summary, we have fabricated a smart strain
sensing fabric with SNP via a facile and safe dip-dry-
reduce method. The RGO/PET fabric is endowed
with high sensitivity (a GF of -5.92 under a strain of
10.7%), broad sensing range (up to 450% applied
strain), remarkable long-term durability and stability,
and exhibits resistance strain anisotropy (AR/R, at
the wale direction / AR/Ry at the course direc-
tion = 5.23). The sensing fabric succeeds in monitor-
ing various human motions in real-time, including
the bending of fingers, joint movement, pulse, etc. In
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addition, the RGO/PET fabric can reach a tempera-
ture about 60 °C, 45 °C, 33 °C, and 31 °C at a direct
current-voltage of 10V, 8V, 6 V, and 4V, respec-
tively. The temperature of the fabric can be controlled
by the applied voltage and remains stable after
reaching a certain value. Moreover, equivalent elec-
trical circuit is provided based on the structure (in-
clude conductivity, contact resistance, deformation),
which is presented for the analysis of electrome-
chanical behaviors, structure-activity relationship,
transport models and mechanism. Based on this work
and its superior performance, the RGO/PET fabric,
as a kind of wearable strain sensing fabric and flexi-
ble electronic, can be knitted to shape and has
tremendous potential for applications in human
motion capture and detection, EDH, and information
transmit.
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