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High stretchability and sensitivity are the major desired requirements of strain sensors for wearable elec-
tronics applications, especially in health and medical monitoring. Herein, a highly sensitive and stretch-
able strain sensor based on conductive poly(styrene-butadienestyrene)/few layer graphene (SBS/FLG)
composite fiber is fabricated through an easy and scalable wet-spinning process. Owing to the super flex-

ibility of SBS matrix and the excellent electrical and mechanical properties of FLG, the SBS/FLG fiber based
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cussed in detail.

strain sensor revealed superior performance, including wide workable strain range (>110%), superior sen-
sitivity (gauge factor of 160 at a strain of 50% and of 2546 at a strain of 100%), and durability.
Furthermore, the mechanism behind the excellent performances of SBS/FLG fiber based sensors is dis-

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The next generation electronics are predicted to be fiber-based
with flexible, stretchable, and wearable features. Strain sensors, as
an important subpart of wearable electronics, present widespread
potential applications including human-motion detection, person-
alized health monitoring, and human-machine interaction [1,2].
Flexible strain sensor devices are designed to be attached to the
clothing or even directly mounted on the human skin to measure
the strain induced by human movements. Strain sensors can trans-
duce the mechanical deformations into electrical signals upon
stretching and releasing owing to the piezoresistive effect. Effec-
tive wearable strain sensors for human motion monitoring must
possess high stretchability (& > 50% where € is the strain), sensitiv-
ity, flexibility, stability, and lightweight. Apparently, conventional
strain sensors based on semiconducting and metallic materials
cannot fulfill the requirements of wearable strain sensors due to
their friability and poor stretchability (usually € < 5%). To date, var-
ious approaches have been proposed to fabricate strain sensors
with high stretchability by combining electrical conductive nano-
materials with flexible and stretchable polymers. However, most
of the reported strain sensors failed to simultaneously attain high
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sensitivity (indicated by gauge factor, GF) and high stretchability
(indicated by tolerable strain), which limits their applications in
monitoring large motions (e.g. joints movements) of the human
body. For example, Wang et al. developed a graphene-based strain
sensor, which possessed an extremely high GF (1000 under 2-6%
strains), but the strain sensor was only able to withstand strains
of up to 7% [3]. On the contrary, Yamada et al. reported a highly
stretchable carbon nanotubes-polydimethylsiloxane (PDMS) film
based strain sensor with wide workable strain range (up to
280%), but the strain sensor only had a GF of 0.06 within a strain
range of 200% strain [1]. Lipomi et al. reported a strain sensor
based on transparent elastic films of carbon nanotubes that could
stretch out to 150% strain. Unfortunately, it exhibited a GF less
than 2.6 at 150% strain [4]. Yan et al. reported a highly stretchable
graphene-nanocellulose nanopaper that could stretch out to 100%
strain, but the GF of the strain sensor was still less than 7.1 [5].
Very recently, Park et al. reported a highly flexible wrinkled carbon
nanotube thin film strain sensor which could be stretched to 700%.
However, it exhibited a GF of only 0.65 in the strain range of 0-
400%, limiting its applications in monitoring most deformations
of a human body [6]. Moreover, the fabrication procedures of these
strain sensors are complicated and unfit for large-scale production.
Thus, it is necessary to develop a facile approach to fabricate poly-
mer based strain sensors with high sensitivity and stretchability.
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In addition to high sensitivity and stretchability, the stability of
the strain sensor is another essential factor as strain sensing appli-
cations often require stable electrical resistivity-strain behavior
under long time cyclic strains. Instability is usually caused by the
poor interaction between conductive nanomaterial fillers and the
polymer matrix. For instance, Amjadi et al. reported highly flexible,
stretchable sensitive strain sensors based on silver nanowires with
PDMS that had a GF of 14 at 70% strain [7]. However, the PDMS
based strain sensor exhibited poor stability due to the poor adhe-
sion between the nanowires and PDMS. It was concluded that
strong interfacial interaction between conductive fillers and poly-
mer matrix would give better sensing performances [2]. Therefore,
in order to fabricate high-performance strain sensor, the polymer
substrates should have strong interfacial adhesion with the con-
ductive fillers in addition to high stretchability and excellent
processability.

Nanomaterials such as carbon materials (carbon black [8-10],
carbon nanotubes [11-13], and graphene [14,15]), metal nanowires
[16], and electrically conductive polymers are the most commonly
used conductive fillers. Especially, graphene, a two-dimensional
hexagonally structured material, consisting of sp?-bonded carbon
atoms, has been considered as a potential candidate for piezoresis-
tive sensors owing to its extraordinary electrical and mechanical
properties [17,18]. As polymer matrix, silicone-based elastomers
(e.g., PDMS and Ecoflex) and rubbers (e.g., natural rubber and ther-
moplastic elastomers) have been widely studied. Among these, tri-
block copolymer poly(styrene-butadienestyrene) (SBS) has been
used extensively for strain sensors due to its high stretchability,
excellent elastic recovery, and good processability [19-21]. Fur-
thermore, there is a strong interfacial interaction between gra-
phene and SBS owing to the effective m-m interactions between
the phenyl groups of SBS and graphene [22]. According to the above
discussion, strain sensors based on SBS/FLG composite can be
expected to attain high sensitivity and high stretchability
simultaneously.

In this work, conductive SBS/FLG fibers (SGFs) were fabricated
via a facile and scalable wet-spinning method and evaluated as
piezoresistive strain sensors. The influence of FLG contents, applied
strain and strain rate on the strain sensing behaviors were investi-
gated by both uniaxial tensile and cyclic stretching-releasing tests.
In particular, a modeling approach was used to further investigate
the tunneling behavior of these SGFs under strain. Moreover, a
schematic illustration of the conductive network evolution under
stretching-releasing process was drawn for a better understanding
of the strain sensing mechanism.

2. Experimental methods
2.1. Materials and reagents

1 to 5 layers graphene (G-100) was purchased from Shanghai
Simbatt Energy Technology Co. Ltd, China. The total oxygen con-
tent was 7.0-7.5 wt%, and the conductivity was about 700-1500
S/m. The wrinkled and crumpled structure of graphene was
observed (Fig. S1, Supporting information). SBS D1102K triblock
copolymer with a butadiene/styrene weight ratio of 72/28 and a
density of 0.94 g cm—> was purchased from Kraton, USA. Tetrahy-
drofuran was purchased from Sinopharm Chemical Reagent Co.
Ltd., China. All reagents were of analytical grade and used as
received without further purification.

2.2. Spinning solution preparation and fiber spinning

The required amount of FLG was dispersed in 20 mL tetrahydro-
furan (THF) and sonicated for 4 h at an output power of 45 W using

a digital ultrasonic processor (S-450D-1/2, Branson) in water bath
at 20 °C. Then, 3 g SBS was added to the FLG/THF suspension. The
solution was agitated at room temperature for 24 h and finally son-
icated for another 1 h. The SGFs fibers were fabricated through a
facile and scalable wet-spinning process [23,24]. Briefly, the spin-
ning solutions were injected into a rotating ethanol coagulation
bath using a 10-mL syringe with a 23-gauge hollow needle (as
spinneret). The resulting fibers, which are asymmetrically shaped
with a dimension of ca. 60 times 250 um (see insets in Fig. 1a-c),
were drawn out vertically and wound onto a spool.

In this paper, samples are denoted SBS/xG for simplification,
where x represents the content of FLG in weight percentage. For
instance, SBS/3G represents the composite fiber containing 3 wt%
FLG.

2.3. Morphological, mechanical and electrical characterization

The surface and cross-sectional (fractured in liquid nitrogen)
morphology of fibers were characterized using a field emission
scanning electron microscope JEOL JSM-4800LV. All the samples
were sputter coated with platinum. Wide-angle X-ray diffraction
(XRD) patterns were taken with 40 kV, 450 mA Cu Ko (the X-ray
wave length is 1.54178A) radiation using DMAX/2550PC (Rigaku
Denki Instrument). The detector moved step by step (A20=
0.02°) in a scanning range from 20 =5° to 60° at a speed of 6°
min~".

Fiber conductivity was measured using the two-point probe
method, in which probes were connected to a Keithley 6487 source
meter. The electrical conductivity of the fiber was calculated using
o =L/(R x S), where & (S/cm) is the electrical conductivity, R (Q) is
the electrical resistance, and L (cm) and A (cm?) are the length and
cross section area of the composite fiber, respectively.

The mechanical properties of the fibers were measured using a
universal testing machine (Instron 5996). For tensile tests, samples
were prepared by attaching the fibers to paper frames (10 mm in
aperture), and fibers were stretched to failure at a strain rate of
20 mm min~! (200% min~!). Electromechanical tests were con-
ducted by coupling a digital multimeter (Keithley 6487) to mea-
sure the electrical resistance of SGFs during cyclic straining. The
sample preparation was similar to the mechanical property test.
Copper tapes were attached tightly onto both ends of three fibers
to allow for resistance measurements. Silver paste was used to
ensure good contact between the copper tape and the fiber. The
cyclic stretching-releasing test was performed to investigate the
dynamic strain sensing behavior. Samples with a resistance above
1 x 10'° Q are considered as nonconductive due to the limitation
of experimental set-up. All these experiments were carried out at
room temperature. The free length of the fibers was set to be 10
mm and the strain rate was 5 mm min~! corresponding to 50%
min~!, if not mentioned otherwise.

3. Results and discussion
3.1. Morphology and structure of SGFs

SBS/FLG composite fibers (SGFs) were fabricated using a facile
wet-spinning process. The fabrication schematic and photographs
of obtained SGFs with different FLG loadings are shown in
Fig. S2, Supporting Information. As mentioned earlier, the disper-
sion of the filler and interfacial interactions are critical to the sens-
ing properties of the composites. To further investigate the FLG
dispersion on the electrical and morphological properties of SGFs,
the SEM micrographs of SGFs with different FLG loadings are
shown in Fig. 1. It can be seen that the fracture surface of the SGFs
appears porous, and the porosity increased with increasing FLG
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Fig. 1. SEM images of SBS/FLG fibers with FLG loadings of (a) 3 wt%, (b) 5 wt%, (c) 7 wt%, (d), (e), and (f) are higher magnification of (a), (b), and (c), respectively. The inserts
are the corresponding cross-section SEM images of SGFs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

contents (Fig. 1). Moreover, their cross-sectional profiles changed
from an irregularly shaped to a more circularly shaped with the
increase of FLG loading (insets in Fig. 1a—c). In wet-spinning pro-
cess, fibers tend to form irregular (or circular) cross-sections when
the diffusion rate of the coagulating solvent into the injected spin-
ning solution is higher (or lower) than the extraction rate of the
solvent of spinning solution into the coagulation bath, a process
normally referred to as the mass transfer rate difference [25]. In
this study, it was observed that the morphological changes
occurred due to the differences in the coagulation rates arising
from the various FLG content. This means the addition of FLG in
spinning solution influences the mass transfer rate differences.
With the increase of FLG content, it is difficult to achieve good dis-
persion and the FLG tends to agglomerate to form clusters. As a
result, the clusters can form a great quantity of micro-channels
which can significantly improve the extraction rate of the solvent
of spinning solution into the coagulation bath and suborbicular
cross-sections were obtained. Ultimately, the micro-channels
develop into microporous during rapid fiber formation/solidifica-
tion process and hence the porosity increased with increasing
FLG contents.

As shown in Fig. 1a, 1b, and 1c, few layer graphene sheets are
loosely agglomerated and homogeneously dispersed throughout
the SBS matrix without extraction, and the interface between the
FLG and SBS is very blurry (see dotted circle in
Fig. 1d, 1e, and 1f). All of these observations indicated strong
graphene-SBS interfacial interactions. This can be attributed to
two major aspects. First, the phenyl groups of graphene are capable
of forming m-m stacking with the phenyl groups of SBS [26,27]. Sec-
ond, the wrinkled surface of FLG can cause an enhanced mechani-
cal interlocking with the SBS chains, leading to better adhesion
[28].

The dispersion of FLG in SBS was further characterized by XRD.
Fig. S3 (Supporting Information) displays the XRD patterns of FLG
and SBS and SBS/FLG composites with different FLG loadings. The
diffraction pattern of FLG shows a broad peak with a maximum
at 20 = 23.7° that corresponds to an interlayer spacing of 3.75 A.
This is somehow larger than the interlayer spacing in pure graphite
(3.35 A), certainly caused by some defects in the few layer graphite
and the broadness results from its small size. Pure SBS shows a

diffuse-like peak ranging from 15° to 26° and centered at 19°, indi-
cating the amorphous nature of SBS [29]. The SBS/FLG composites
with different FLG loadings only show one broad peak correspond-
ing to the diffraction of SBS matrix and the FLG is detectable only
as soft broadening of the SBS diffraction pattern at the right hand
side. It is generally believed that the XRD pattern would cause a
diffraction peak at 23.7° if the graphene layers are restacked to lar-
ger graphitic structures during the preparation [14]. However, in
this work, the disappearance of this separate peak reveals that
FLG has been well dispersed in the SBS matrix.

3.2. Electrical properties

The electrical conductivity as a function of FLG loading for the
composite fibers is shown in Fig. 2. A drastic conductivity increase
of SGFs can be observed when the FLG loading in the range of 2.0-
3.0 wt%, which is referred to as the electrical percolation of com-
posites. After percolating, the conductivity increased gently with
FLG loading. The relationship between FLG content and electrical
conductivity of SGFs was further investigated by the classical sta-
tistical percolation theory (Eq. (1)) [30]. Usually, experimental
results are fitted by plotting the logarithmic (log) o versus log
(P-P) and incrementally varying P until the best linear fit is
obtained (Eq. (2)),

6=A-(P-P) (forP>P,) (1)

logo =logA+t-log(P—P) 2)

where A is a scaling factor, P is the percolation threshold, c is the
conductivity of the CPCs, P is the FLG content, and t is the critical
exponent, which depends on the geometry of the conducting net-
work. The experimental data were well fitted (R? = 0.9968) accord-
ing to Eq. (2). The percolation threshold P calculated using Eq. (2)
was 2.7 wt%. It has been reported that composites near electrical
percolation threshold generally show the highest sensitivity
because of the just formed conductive networks are vulnerable to
the external stimuli [12]. To obtain a stable electrical signal, the
SGFs containing 3 wt%, 5 wt%, and 7 wt% FLG, beyond the percola-
tion threshold, were selected for further investigation.
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Fig. 2. Conductivity as a function of FLG content for SGFs; the insert shows a log-log
plot of conductivity versus P-P above the percolation concentration P. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3.3. Elastic recovery behavior and mechanical hysteresis

Good mechanical reliability is indeed one of the most important
properties of strain sensors for their practical applications. The rep-
resentative strain-stress curves of SGFs with different FLG contents
and their specific mechanical properties are shown in Fig. S4 (Sup-
porting Information). The tensile strength of SBS/3G, SBS/5G and
SBS/7G are 18.3 MPa, 13.3 MPa and 5.0 MPa, respectively. It is
observed that the SGFs with higher FLG loading show lower tensile
strength and the elongation at break reduces also due to increasing
agglomeration and porosity acting as initiating site for fatal failure.
However, the stretchability of the SGFs with elongation at breaks
of >700% for SBS/3G and still over 200% for SBS/7G fulfill the
requirements of the flexible strain sensors. Therefore, all the three
SGFs can meet the strain sensing requirement due to their large
elongation at breaks (the minimum is >200%).

The elastic recovery and mechanical hysteresis play a funda-
mental role in sensor reproducibility and reliability. For the elastic
recovery tests, SGFs were first stretched to 50% and were then
released to the original length at a strain rate of 20 mm min'.
Fibers were subsequently stretched to 100%, 200%, 400%, and
600% (if they did not break) before releasing to the initial length.
The representative elastic recovery behavior of the SBS/3G fiber
is displayed in Fig. 3a. It was observed that the loading and unload-
ing paths of curves were different for each cycle under the same
strain, suggesting a mechanical hysteresis in these SGFs. The elastic
recovery (ER) at each applied strain (&) was calculated using Eq. (3)
[31].

ERS:S_SSRme 3)

where ¢ is the applied strain and ¢ is the residual strain after
stretching-releasing tests (Fig. 3a). For SGFs with different FLG load-
ings, the elastic recovery showed similar trends that initially
increased with applied strain before eventually falling (Fig. 3b).
For applied strain above 100%, it was found that the elastic recovery
decreased gradually with increased FLG loading. This is because an
irreversible slip is likely to happen between the graphene layers and
between the graphene sheets and SBS chains under significant
mechanical deformation, even when strong interfacial adhesion
was observed. Although the FLG deteriorates the mechanical prop-
erties still the elastic properties of SBS (in all the SGFs) persisted
with good elastic recovery properties.

The mechanical hysteresis of these SBS/3G fibers was further
investigated by repetitive stretching and releasing for five cycles
under the stepwise increase deformations of 50%, 100%, 200%,
400%, and 600% at a strain rate of 20 mm min~! (Fig. 3c and 3d).

At each applied strain (take 50% applied strain as an example), both
the mechanical hysteresis, stress softening (defined as the reduc-
tion in stress by strain history, Fig. 3c), and Young’'s modulus
decreased with increasing number of cycles. It is noted that most
mechanical hysteresis and stress softening occurred in the first
cycle. According to previous report, the mechanical hysteresis
and stress softening for butadiene-styrene block copolymers are
typically attributed to the breakage of styrene domains upon
stretching [32,33]. In our case, the mechanical hysteresis and stress
softening originate from the irreversible deformations during
stretching due to slippage between graphene sheets, graphene
sheets and SBS chains, and between polymer chains in the hard
segment domains. During the first stretching run, instable contacts
and inner bonds formed during the fiber preparation brake irre-
versibly and do not reform during relaxation. Thus the second
deformation process and all the following need much less power
to reach same elongations. These observations are in agreement
with the previous reports on cyclic behavior of butadiene-styrene
block copolymers [34] as well as polyurethane composites [25].

3.4. Electromechanical properties

3.4.1. Effect of FLG loading on the strain sensing behavior

The content of conductive fillers has a significant impact on the
strain sensing behavior of a sensor [12]. The effect of FLG content
on the strain sensing behavior of SGFs was well investigated.
Fig. 4a shows the relative resistance change (AR/R, where AR =R
— R, R represents the transient resistance during the testing pro-
cess, and R is the initial resistance of the sample.) of the SGFs as
a function of the applied strain at a strain rate of 5 mm min .
The sensitivity is defined as the ratio of the instantaneous change
in resistance (AR) to the resistance (R) at the initial state. The SGFs
with different FLG loading exhibited similar piezoresistive
responses at the initial stages of deformation, whereby AR/R
increased with applied strain, which can be attributed to the dis-
connection of FLG in SBS matrix and increased tunneling resis-
tance, both resulting in an increase in resistance. Note that the
slope coefficient of the AR/R-strain curve increases rapidly under
larger applied strain, which becomes visible when plotting
Fig. 4a in linear scale (see Fig. S5, Supporting Information). This
is ascribed to a significant amount of interruption of the conduc-
tive graphene networks under tremendous applied strain, leading
to a dramatic reduction of the conductive pathways.

The variation of composites’ resistivity due to mechanical defor-
mation can be quantified through determination of the Gauge fac-
tor (GF, defined as (AR/R)/€), which is usually applied to evaluate
the sensitivity of strain sensors [35]. The GF of SGFs with different
FLG contents as a function of applied strain is shown in Fig. 4b. It is
observed that a small change in FLG contents gives rise to an obvi-
ous change in the slope coefficient of the GF-strain curve when
strain is above 20%, indicating that the sensor sensitivity is strongly
dependent on the FLG content. The GF are found to be 1160, 54,
and 28 for SBS/3G, SBS/5G, and SBS/7G composite fibers, respec-
tively, under the strain of 50%. Obviously the composite fiber with
lower FLG content shows higher sensitivity. For the composite fiber
containing FLG contents slightly above the percolation threshold
(i.e. 3 wt%), the amounts of FLG are just enough to form a sparse
conductive network. As a result, the composite fibers with such
sparse network structure show lower electrical conductivity and
are more sensitive to deformation, reflected by higher GF values
at the same strain level. On the contrary, for the composite fiber
containing FLG contents much higher than the percolation thresh-
old (like 7 wt%), the amounts of FLG are sufficient to form dense
conductive network. During stretching, the destruction of conduc-
tive networks will not be as effective as that in the composite fiber
with lower FLG loading because more contacts must be broken to
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reduce the number of conductive paths significantly. Therefore, the
piezoresistive sensitivity of the composite fiber decrease with the
increase of FLG contents at the same strain level.

According to the above discussion, the composite fibers with
higher FLG contents show higher electrical conductivity and are
more robust to resist deformation. Thus the maximum workable
strain range should increase with increasing FLG contents. In this
work, the maximum workable strain range for SBS/3G, SBS/5G,
and SBS/7G were 118%, 230%, and 70%, respectively, since at these
strains the resistance reaches the limit to be measurable with our
instrumentation. This limitation results in a paradoxically lower
maximum workable strain range of SBS/7G composite fiber com-
pared to that of SBS/5G composite fiber. As mentioned above, the
SBS/7G composite fiber shows lowest tensile strength and the low-
est elongation at break (230%) because of the large FLG agglomer-
ates and the high porosity formed inside the fiber. The conductive
network in this SGF containing theses larger agglomerated and
porous FLG structures can be easier and irreversibly destroyed
when stretching the SBS/7G composite fiber above 73% strain,
which causes a dramatically increase in resistance, and when the
strain reaches ca. 82%, the limit of the measuring range of our
apparatus is reached (see Fig. S6, Supporting Information). As a
result, the SBS/7G composite fiber shows lower workable strain
range. This shows that the content of filler can be fitted to the
desired strain range.

The comparison of the sensing performance of the SGFs sensor
with that of recently reported flexible strain sensors is shown in
Fig. 4c. It is observed that the sensing performance of SGFs is very
competitive to these recently reported strain sensors [1,5,7,20,36-
44].

For practical applications, dynamic durability is also desirable
for wearable strain sensors since very large, complex, and dynamic
strains should be accommodated by these sensors [2]. Therefore, to

investigate the dynamic durability and reliability of these SGFs, the
dynamic strain sensing behavior was studied with a cyclic
stretching-releasing profile between 0% and 50% strain (as shown
in Fig. 5a). For all samples, it was observed that the AR/R increased
with increasing strain and decreased with decreasing strain in each
cycle. Nevertheless, in the first cycle, after releasing, a higher AR/R
value than the initial one was observed, suggesting the conductive
graphene networks could not be fully recovered to initial state
known as electromechanical hysteresis. This is mainly caused by
the mechanical hysteresis of SBS matrix mentioned above as well
as the interaction between graphene and SBS. The electromechan-
ical hysteresis becomes inapparent in the following cycles, which
means most electromechanical hysteresis occurred in the first
cycle. This is in accordance with the mechanical hysteresis of SGFs.
It is worth noting that the “shoulder peaks” reported in previous
literature [12,14] were not observed in SGFs, illustrating the good
stability of the conductive graphene networks of SGFs.

In order to perform a more quantificational estimation of sensi-
tivity and dynamic durability, the ratios between the reduction of
peak value during cyclic strains (D) and AR/R peak of the first cycle
(P) for SGFs (Fig. 5b shows the representation of D and P determi-
nation) are shown in Fig. 5c. The ratio of D/P represents the recov-
ery ratio of conductive networks under cyclic strain. The increase
of D/P was also considered as a reduction of sensitivity during cyc-
lic strains [12]. The ratios were 20.4%, 7.9% and 3.4% for SBS/3G,
SBS/5G, and SBS/7G, respectively. It is evident that the SGFs with
lower loading of FLG show higher D/P ratio. This indicates that
the SGFs with higher FLG content have more stable conductive net-
works due to the much denser graphene network structure as com-
pared to those with lower content. The average amplitude (A, see
Fig. 5b) of these SGFs is also shown in Fig. 5¢, where much higher
amplitude values are observed for samples with lower FLG load-
ings, indicating higher sensitivity. These results agree well with
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those in Fig. 4. Compared with previous studies [45], there is no
obvious downward drifting of the amplitude, reconfirming the
excellent stability of the conductive networks during cyclic
loading-unloading. Accordingly, SGFs with the combination of
large workable strain range, high sensitivity, and good reliability
can be qualified for practical applications in wearable strain sensor.
SBS/3G fiber was used for further investigations because of its
higher sensitivity.

3.4.2. Effect of applied strain and strain rate on the strain sensing
behavior

To investigate the reliability and stability of SGFs at different
applied strains, the dynamic strain sensing behavior was per-
formed with a cyclic loading-unloading of 5%, 10%, 25%, 50% and
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Fig. 5. (a) The dynamic strain sensing behavior of SGFs fiber with different FLG
loading under cyclic stretching and releasing at a strain between 0 and 50%, (b) The
representation of the determination of the recovery ratio (D/P) and amplitude A, (c)
The recovery ratio D/P of conductive network and amplitude A of AR/R peak during
dynamic stretching in dependence of FLG content. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

100% strain (as shown in Fig. 6a). For all applied strain levels, the
SGFs based strain sensor shows good reversibility and repro-
ducibility starting from the second cycle. In previous studies
[46,47], the stable responsive curve was reached only after several
extension cycles due to the unstable conductive networks. By con-
trast, the conductive network of SGFs is more stable and robust
during the dynamic loading-unloading process. This could be
attributed to both the homogeneous dispersion of FLG within SBS
matrix and the denser graphene networks.

In practical application, dynamic reliability under different fre-
quency is also essential for wearable strain sensors [2]. Thus, the
dynamic strain sensing behavior was performed with a cyclic
stretching-releasing at different strain rates of 5, 20 and 500 mm
min~! (corresponding to 50, 200 and 500% min~') to a maximum
applied strain of 50%. As shown in Fig. 6b, the AR/R of the SGFs
based strain sensor exhibited almost no rate dependence within
the tested strain rate range (5-50 mm min~!) to the applied strain.
The reduction of AR/R peaks at 50 mm min~! is due to the multi-
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meter which could not keep pace with the resistance variation of
SGFs based strain sensor.

3.5. Modeling and mechanism

As reported in previous literature, the dominant piezoresistive
mechanism of the FLG-polymer nanocomposites based strain sen-
sors was ascribed to be built on the tunneling effect [48,49].
Herein, a model based on tunneling theory is carried out to explore
the above strain sensing behavior of SGFs. According to the model
[50] derived from tunneling theory by Simmons [51], the total
resistance R of the composites can be calculated using Egs. (4)
and (5):

R (5) (saeee ) ex005) (4)
y = A/2mP (5)

where L is the number of particles forming a single conducting path,
N is the number of conductive paths, h is the Plank’s constant, s is
the smallest distance between conductive particles, a? is the effec-
tive cross-section, e is the electron charge, m the electron mass, and
¢ the height of potential barrier between adjacent particles.

During external stress application onto the SGFs, the resistance
will change owing to particle separation and the increase of inter-
particle distance. Assuming that the FLG sheet separation propor-
tionally varies from s (the initial particle separation) to s under
the applied strain, and the number of conductive paths decreases
from N to N. Then, it can be expressed as follows Eq. (6):

s = so(1 + be) (6)

where b is a constant. In consideration of the high rate of resistivity
increase at larger strain, it is assumed that the number of conduc-
tive pathways changes at a much higher rate, and can be expressed
as follows Eq. (7) [52].

N= No
"~ exp(Ae + Be? + Ce3 + De4)

(7)

where A, B, C, and D are constants.
The substitution of Egs. (56) and (7) into (4) yields

AR R-R, [ Ns
R Ro (m) exp[y(s —so)] — 1

= (1 + be) exp [(A + ybso)e + Be? + C&® + D&*] — 1

(8)

As can be seen from Fig. 7, the model derived from tunneling
theory matches the experimental data of SGFs quite well (R%=
0.9997).

To better understand the strain sensing behavior of the SGFs
strain sensors, the evolutions of conductive graphene networks
during stretching and releasing are schematically represented in
Fig. 8 based on above results and discussion. Fig. 9 shows the plot
of AR/R and stress as a function of applied strain in a cyclic
stretching-releasing process for the first two cycles. Each zone is
marked by a number in the figure. According to tunneling effect,
within a critical distance between neighboring FLG sheets, elec-
trons can path through thin polymer layers and form quantum tun-
neling junctions. The tunneling resistance between two adjacent
few layer graphene sheets can be approximately estimated by Sim-
mons’s theory for tunneling resistance:

h*d 4nd
Ruumnel = ————— exp | —=+/2m. 9
N p( h ) ®)

where A is the cross sectional area of the tunneling junction, h is
Plank’s constant, d is the distance between adjacent FLG sheets, e
is the single electron charge, m is the mass of the electron, and 1
is the height of energy barrier for polymers. The tunneling critical
distance between two parallel FLG sheets insulated with polymers
was determined to be around 2-3 nm. Thus, the changes in the tun-
neling gaps play crucial roles in the piezoresistive response. In the
original state, the SGFs show relatively compact graphene networks
and minimum tunneling distance. As a result, the SGFs showed a
minimum resistance. When the SGFs are stretched (Fig. 9, zone 1),
the flexible FLG sheets wriggled with the SBS chains, leading an
increase in the tunneling distance between FLG sheets (Fig. 8b,'
green dotted ellipse). The increase in tunneling distance results in
an increase in R and destruction of the conductive pathway. Simul-
taneously, some new conductive pathways are formed due to the
reduction of tunneling distance (Fig. 8, green solid ellipse). The
destruction and reconstruction of the conductive pathways coexist
in the whole process. However, the destruction of the conductive
graphene networks is predominant in the stretching process, so an
increase of AR/R is observed. During the hold period at strained state
(Fig. 9, zone 2), both the stress and AR/R decreased over time, sug-
gesting the partial reconstruction of conductive networks owing to
the creep in the SBS matrix. During the releasing process (Fig. 9, zone
3), the reconstruction of the conductive graphene networks is pre-
dominant (Fig. 8c, green dotted ellipse), resulting in a sharp drop
in AR/R. When the fiber is held at zero strain for 2 min (Fig. 9, zone
4), the AR/R continues to decrease due to the further reduction of
tunneling distance. It should be noted that the AR/R at the end of
the first cycle was observed to be higher than that of the unstretched
SGF. This is because of the irreversible destruction of conductive

! For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
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pathways (Fig. 8¢, red dotted ellipse). When the fiber is re-stretched
in the second cycle (Fig. 9, zone 6), at first both the stress and AR/R
did not increase with applied strain until it reached to 15%. This is
also caused by hysteresis. In the following process, similar phe-
nomenon occurs in zone 6, 7, and 8 as in zone 2, 3, and 4, respec-
tively. Notably, the AR/R at the end of the first cycle and second
cycle are nearly the same, demonstrating that the conductive gra-
phene networks can reach the stable state after only one cycle.

4. Conclusions

SGFs were fabricated through a facile and scalable wet spinning
process and evaluated as piezoresistive strain sensors. It was
demonstrated that the FLG content has a significant impact on
the strain sensing behavior of these SGFs. The SGFs near the elec-
trical percolation threshold show the highest sensitivity with
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Fig. 9. Stress and AR/R change by applied strain for SBS/3G fiber in a cyclic
stretching-releasing test under application of 50% strain for the first two cycles.
Numbers show the stretching, releasing, and relaxation zones. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

applied strain. The cyclic stretching-releasing test results indicate
that the SGFs with higher FLG content show better stability and
reliability but lower amplitude. This is attributed to the more
robust conductive network consisting of dense few layer graphene
sheets, which is harder to interrupt. Furthermore, the electrome-
chanical hysteresis occurring in the first cycle is mainly caused
by irreversible disconnection of conductive paths caused by slip-
page between graphene sheets and between graphene and SBS
chains as well as between polymer chains in the hard segment
domains. Overall, SBS/5G fiber revealed the widest workable strain
range of nearly 250% and highest sensitivity at large strains. Other-
wise, the composite fibers with the lowest usable FLG content,
SBS/3G, combines the higher sensitivity at lower stains (GF of
160 at a strain of 50% and that of 2546 at a strain of 100%) and a
still high workable strain range of >110%. All composite fibers exhi-
bit appropriate stability in sensing after first stretching-releasing
run. As proved by both the experimental observations and theoret-
ical analysis, the strong graphene-SBS interfacial interactions and
the stable conductive networks of SGFs contribute to the superior
properties of the strain sensors. An analytical model derived from
tunneling theory was used to investigate the strain sensing behav-
ior of SGFs. Results showed that the model matched with the
experimental data of SBS/FLG fibers quite well and the change in
tunneling distance owing to stretching was responsible for the
strain sensing behaviors. Therefore, the reported methodology,
material selection, and design can be used to re-fabricate various
piezoresistive strain sensors based on other related polymers,
carbon-based materials and 2D-materials with high performance.
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