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1-D polymer ternary composites: Understanding
materials interaction, percolation behaviors and
mechanism toward ultra-high stretchable and super-

sensitive strain sensors

Senlong Yu, Xingping Wang, Hengxue Xiang , Mike Tebyetekerwa and Meifang Zhu

ABSTRACT A series of 1-D polymer ternary composites based
on poly(styrene-butadiene-styrene) (SBS)/carbon nanotubes
(CNTs)/few-layer graphene (FLG) conductive fibers (SCGFs)
were prepared via wet-spinning. Employed as ultra-high
stretchable and super-sensitive strain sensors, the ternary
composite fiber materials’ interaction, percolation behaviors
and mechanism were systematically explored. The resultant
SCGFs-based strain sensors simultaneously exhibited high
sensitivity, superior stretchability (with a gauge factor of 5,467
under 600% deformation) and excellent durability under dif-
ferent test conditions due to excellent flexibility of SBS, the
synergistic effect of hybrid conductive nanofibers and the
strong m-m interaction. Besides, the conductive networks in
SBS matrix were greatly affected by the mass ratio of CNTs
and FLG, and thus the piezoresistive performances of the
strain sensors could be controlled by changing the content of
hybrid conductive fillers. Especially, the SCGFs with 0.30 wt.%
CNTs (equal to their percolation threshold 0.30 wt.%) and
2.7 wt.% FLG demonstrated the highest sensitivity owing to
the bridge effect of FLG between adjacent CNTs. Whereas, the
SCGFs with 1.0 wt.% CNTs (higher than their percolation
threshold) and 2.0 wt.% FLG showed the maximum strain
detection range (600%) due to the welding connection caused
by FLG between the contiguous CNTs. To evaluate the fabri-
cated sensors, the tensile and the cyclic mechanical recovery
properties of SCGFs were tested and analyzed. Additionally, a
theoretical piezoresistive mechanism of the ternary composite
fiber was investigated by the evolution of conductive networks
according to tunneling theory.

Keywords: strain sensor, poly(styrene-butadiene-styrene), car-
bon nanotube, few-layer graphene, wet-spinning

INTRODUCTION

Rubber-like conductive polymer nanocomposites can be
applied in the field of flexible strain sensors such as
human body sign detection, human-computer interaction
and virtual reality where the resistivity signal changes
with the deformation of conductive polymers [1-3].
According to the previous reports [4], some character-
istics such as high sensitivity, flexibility, stability and light
weight are essential for stretchable strain sensors.
However, the strain sensors reported so far are not able
to meet all the listed requirements simultaneously. For
example, the sensors based on polyurethane acrylate and
cracked Pt exhibited a high gauge factor (GF) of about
2,000 at 2% strain [5]. Moreover, the sensitivity of this
nanoscale crack-based sensor could be further enhanced
by controlling the crack depth, exhibiting a superior GF
value of 16,000 at 2% strain [6]. However, the sensors
could not meet the requirements for the deformation
highly required in the human body sign detection even if
their sensitivity was high. Conversely, the stretchable
strain sensors have been also reported using ultrathin
gold nanowires and carbon nanomaterials, which exhibit
wide work range (>100%) but limited sensitivity (GF<10)
[7,8]. In addition to high sensitivity and stretchability, the
dynamic durability is also an important characteristic
index for flexible sensors [9,10]. In most cases, the
deterioration of durability is relevant to the irreversible
deformation of the flexible matrix, the fracture of
conductive network and weak interaction between
polymer and conductive fillers [11-13]. Aiming at the
problems above, we recently prepared strain sensors
based on poly(styrene-butadiene-styrene) (SBS)/carbon
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nanotubes (CNTs) and SBS/few-layer graphene (FLG)
conductive fibers, which possessed large deformation,
high sensitivity and good cycle stability under small
deformation (<50%) [14,15]. Unfortunately, the dynamic
stabilities of these hybrid conductive fibers is low under
large deformation (>100%), which limited their applica-
tion in the fields of human motion detection and smart
wearable devices.

Recently, it was reported that the conductive network
and strain sensing performance can be efficiently
improved by hybrid conductive fillers [16,17]. Lin et al.
[18] reported that nickel powders with high tunnel
barriers could increase the tensile strain sensitivity of
polyurethane (PU)/CNTs composites, and carbon black
(CB) could inhibit CNTs entanglement and accelerate the
destruction of conductive network under the tensile
where a higher tensile strain sensitivity was presented in
composite materials [19]. Lee et al. [20] discovered that
oriented silver nanowires could act as bridges between
silver nanoparticles under tension state, exhibiting high
conductivity retention of composite fibers under high
strain. In addition, the deterioration of mechanical
properties for strain sensors could be dramatically
avoided due to low percolation threshold caused by the
synergistic effect of hybrid conductive fillers. Ke et al. [21]
manufactured a sensor based on PVDF/CB/CNTs
composite, in which the higher the CB amount used,
the higher the response sensitivity of sensors and the
lower electroosmotic flow threshold. In this scenario,
Liu et al. [22] fabricated flexible strain sensors based on
PU/CNTs/FLG conductive composites. As expected, the
entanglement between CNTs would be inhibited by the
graphene spacer, and thus the dispersion of CNTs and
conductive network in polymer matrix were improved.
At the same time, CNTs could be used as bridges to
connect adjacent graphene sheets. Unfortunately, such
composite materials present poor stability under high
applied strain.

In this work, SBS/CNTs/FLG hybrid conductive
nanofibers were prepared via a facile and scalable wet-
spinning process to fabricate high performance strain
sensors. The effects of hybrid conductive fibers on
morphology, mechanical property, hysteresis effect and
piezoresistive performance of the strain sensors were
investigated using stretching-releasing cycle tests under
different mass ratios of CNTs/FLG, applied strains and
strain rates. Besides, the sensing mechanism of the
ternary composite fibers was also well explained by the
evolution of conductive network according to tunneling
theory.
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EXPERIMENTAL SECTION

Materials

SBS triblock copolymer (p=0.94g cm °) with 28 wt.%
styrene was purchased from Kraton Corporation (Texas,
USA). Multiwalled CNTs (NC7000) with an average
diameter about 9.5nm and a length of 1.5um was
obtained from Nanocyl S.A. (Belgium). FLG (G-100) with
7.5 wt.% total oxygen content and about 700-1,500 S m '
conductivity was supplied by Shanghai Simbatt Energy
Technology Co. Ltd (China). The morphologies and
structures of CNTs and FLG were shown in Fig. Sl
(Supplementary information). All other chemical re-
agents were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China).

Preparation of SBS/CNTs/FLG composite fibers

The SBS/CNTs/FLG composite fibers (SCGFs) were
fabricated by a facile and scalable wet-spinning process
[14,15]. First, a certain proportion of CNTs and FLGs
were added into tetrahydrofuran solution for a further
ultrasonic of 4h in a 20°C water bath to obtain a
dispersed mixed solution. Then, a given mass of SBS was
fully dissolved in the mixed solution where the total mass
fraction of SBS, CNTs and FLG in the solution was
controlled to be 15wt.%. And then, SBS/CNTs/FLG
composite fibers could be fabricated after extruding the
mixed solution into ethanol coagulation using a home-
made spinning equipment where the spinning liquid flow
rate was 6mL h ' and the spinneret’s diameter was
330 pm. The resultant SCGFs are denoted as SBS/xC/yG,
where x and y represent the mass percentage of CNTs and
FLG in the composite fibers, respectively. Taking SBS/1C/
2G as an example, it represents that CNTs content and
FLG content in the composite fibers are 1.0 wt.% and
2.0 wt.%, respectively.

Characterization

Dispersion of CNTs and FLG in SBS: a field emission
electron microscope (JEOL JSM-4800LV, Hitachi, Japan)
was adapted to observe the morphology and micro-
structure of the composite fibers. The fiber cross-sections
could be obtained after SCGFs were quenched in liquid
nitrogen for 2 min. All samples were spray-coated with
platinum before observation.

Mechanical performance evaluation of SCGFs: the
tensile mechanical properties of the fibers were tested
with an Instron electronic universal test system (Model
5996, USA). The fiber grip length was 10 mm and the
stretching rate was 200% min . Five groups were tested
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Figure 1 Cross-sectional SEM images of SCGFs: (a) SBS/0.3C/2.7G, (b) SBS/0.5C/2.5G, (c) SBS/1C/2G, (d-f) are the higher magnification of (a—c),

respectively.

for each sample, and the analytical data was average.

Piezoresistive performance of SCGFs: the tensile strain
tester was constituted with a tensile strain measurement
system (electronic universal testing machine, Instron
5996), a resistance test system (digital multimeter,
Keithley 2000) and a data collection system. The changes
in fiber resistance were measured under different tensile
strain rates, tensile strain amplitudes and tensile cycles.
The specific operation was described according to our
previous work [14,15].

RESULTS AND DISCUSSION

Morphology and structure of SCGFs

The morphologies and structures of SCGFs were
investigated by cross-sectional SEM images.In Fig. la-c,
the cross-section of SCGFs is flat, owing to a wet spinning
process where the diffusion rate of coagulating agent
ethanol into fiber composite was higher than that of
solvent (tetrahydrofuran) into coagulation bath [23].
Fig. 1d-f are the high-resolution and cross-sectional
SEM images of SBS/0.3C/2.7G, SBS/0.5C/2.5G and SBS/
1C/2G composite fibers. As shown in the images, FLG
loosely accumulates together and uniformly disperses in
the SBS matrix (red oval), while CNTs also distribute on
the cross-sections of these composite fibers (blue oval).
The FLG and CNTs are completely embedded in SBS,
indicating a strong interaction and good interfacial
compatibility between FLG, CNTs and SBS. The main
reason is th e strong m-m* interaction between benzene
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rings in FLG, CNTs and SBS [24,25], while FLG surface
with folds could increase the mechanical interlocking
with SBS molecule chains and further enhance the
adhesion between multiple components [26].

Mechanical behaviors of SCGFs

The fibers with high tensile mechanical strength and
excellent elastic recovery are essential for strain sensors.
As shown in Fig. 2, the unidirectional tensile strength of
pure SBS, SBS/0.3C/2.7G, SBS/0.5C/2.5G and SBS/1C/2G
composite fibers are 32.8, 14.3, 21.3 and 17.0 MPa, with
the elongation at break of 1,330%, 870%, 949% and 700%,
respectively. Therefore, all of the SCGFs present good
tensile mechanical properties and the elongation at break
are all more than 700%, which meets the tensile
performance requirements of strain sensors under large
deformation. Moreover, the mechanical property of SBS/
0.5C/2.5G is better than SBS/3CNT and SBS/3FLG
[14,15], which could be attributed to a synergistic effect
between one-dimensional CNTs and two-dimensional
FLG at this ratio, promoting uniform dispersion in the
polymer matrix.

The elastic recovery and the mechanical hysteresis of
the conductive composite fibers directly determine the
response reproducibility and detection reliability of strain
sensors. Therefore, the hysteresis effect of SCGFs was
investigated using cyclic loading-unloading tests under
the applied strain ranging from 50% to 600% at the strain
rate of 200% min . The elastic recovery rate under
different tensile strain amplitude could be calculated
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Figure 2 (a) Stress-strain curves of SCGFs with different mass ratios of CNTs to FLG. (b) Mechanical properties of the SCGFs.

based on Equation (1) [27], where ¢ is the tensile strain,
and & is the residual strain after tensile-recovery tests.

ER. = 2R« 100.

= (M

In Fig. 3a, b, the elastic recovery rate of SCGFs
increases with the increase of tensile strain and meyry/
mgr g under the same tensile strain amplitude. As shown
in Fig. 3¢, d, the stress-strain curves of tensile phase and
recovery phase in each stretching-releasing cycle are not
coincident under the same tensile strain, indicating a
hysteresis effect in SBS/1C/2G composite fibers. The
mechanical hysteresis and the stress softening of SCGFs,
which is the most obvious in the first cycle, reduce with
the increase of cycle index. The mechanical hysteresis and
the stress softening increase with the increase of tensile
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strains which is caused by the slippage between FLGs,
FLG and SBS molecular chains, and SBS molecular chains
under large applied strains [28].

Electromechanical properties of SCGFs

Effect of CNTs and FLG loading on the strain sensing
behavior

The dosage and proportion of hybrid conductive fillers
are important to the tensile strain response of strain
sensors [19,21]. The relation curves of CNTs/FLG dosage
changes on the responsive sensitivity and tensile strain of
SCGFs under 50% min ' tensile rate are shown in
Fig. 4a, b. The sensitivity of strain sensors can be
quantified by AR/R, and GF. GF is defined as the ratio of
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Figure 3 (a) Stress-strain curves of SBS/1C/2G composite fibers in cyclic elastic tests with growing maximal strain from 50%~600%. (b) Elastic
recovery of SCGFs during cyclic stretching-releasing tests as a function of growing maximum strain. (c) Mechanical hysteresis of 50% strain for 5
cycles of SBS/1C/2G fiber. (d) Mechanical hysteresis for 50%, 100%, 200%, 400% and 600% strain of SBS/1C/2G fibers.
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Figure 4 (a, b) AR/R, of SCGFs as a function of applied strain. (c) GF of SCGFs as a function of applied strain. (d) Comparison of the performance of
the SCGFs sensor with that of recently reported flexible strain sensors. Note: AR/R, and GFs of (b-d) are in logarithmic coordinates.

AR/R, to the applied strain (AR/Ry)/e, where AR is the
change in resistance, R, is the initial resistance, and ¢ is
the applied strain. As shown in Fig. 4b, ¢, the SCGFs
exhibit a “positive strain effect” during the stretching
process. The response sensitivity of the composite fibers
increases with the increase of tensile strains, and the GF
of composite fibers decreases with the increase of mcyr,/
mypc under the same strains. Based on our previous
studies [14], the percolation thresholds of SBS/CNTs and
SBS/FLG composite fibers are 0.30 wt.% [15] and
2.7 wt.%, respectively. Therefore, the CNTs and FLG
contents in SBS/0.3C/2.7G composite fibers are near the
percolation zone where the conductive network is
sensitive to the external stimuli, exhibiting a high tensile
strain response sensitivity coefficient. For SBS/1C/2G
composite fibers, CNTs content was far higher than their
percolation threshold, and thus a dense conductive
network forms as a dense CNT network in this case
and a synergistic effect of FLG, presenting better stability
but a lower sensitivity coefficient under tensile strains. In
Fig. 4d, the GFs of SCGFs in the maximum strain
detection range exhibit certain advantages, showing a
wide strain range and a high sensitivity coefficient
[11,16,29-37]. Besides, the workable range and GFs
(under the maximum applied strain) of SCGFs are
superior to those of SBS/CNTs or SBS/FLG composite
fibers (Table S1), which is beneficial to detecting large
deformation. Furthermore, the response time of the
SCGF-based sensor was further determined to be less
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Figure 5 Schematic illustration of the conductive network consisting of
CNTs and FLG before and after stretching for SCGFs with CNTs con-
tents below and above 0.30 wt.%.

than 190 ms (Fig. S2).

Based on the above analysis, the structural evolution
diagram of the composite conductive network of CNTs
and FLG in SCGFs during the stretching process was
shown in Fig. 5. When the CNTs content was equal to
their percolation threshold (0.30 wt.%), the CNTs were
not sufficient to form a complete conductive path, and
FLG could bridge to connect CNTs into a conductive
path (red region). During the stretching process, CNT's
and FLG lost their connection or the gap increased due to
the deformation of the matrix, leading to a sharp increase
in the tunnel resistance and SCGFs resistance. When
CNTs content in fibers was higher than their percolation
threshold, CNTs were sufficient to form a continuous
conductive path, and FLG further strengthened the
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Figure 6 (a) The dynamic strain sensing behaviors of SCGFs under cyclic stretching and releasing at a strain of 0-50% (Note: The AR/R, is in
logarithmic coordinates). (b) The representation of where recovery ratio (D/P) and amplitude are derived. (c) The D/P of conductive network and

amplitude of AR/R, peak during dynamic stretching.

connection between CNTs. Therefore, during large
deformation process, even if the space between partial
CNTs increased, the remaining CNTs could still be in the
conductive path through entanglement or FLG connec-
tion (blue area), and SCGFs could still exhibit high
stability but low response sensitivity. On the whole,
SCGFs presented high sensitivity when the CNTs content
was equal to their percolation threshold (0.30 wt.%), and
high stability when the CNTs content was higher than
0.30 wt.%. The composite fillers played a regulatory role
in the strain sensing performance of SCGFs.

To further investigate the dynamic response and
stability of SCGFs, the cyclic stretching-releasing tests
were carried out at a strain rate of 50% min ' and strain
amplitude of 50%. The relation curves between resistance
and tensile strain of SCGFs are shown in Fig. 6a. The
electrical resistance of SCGFs increases with the increase
of tensile strain and decreases with the decrease of tensile
strain during the releasing stage. After the first cycle, the
relative resistance of SCGFs could not be recovered to its
initial value, resulting in a residual relative resistance
which decreased with the increase of mgcyr/mp g Some
conductive networks were irreversibly destroyed by the
irreversible slip of SBS molecular chain (mechanical
hysteresis) during stretching. When the CNTSs content
was higher than their percolation threshold (0.30 wt.%),
this destructive effect was well restrained. Besides, the
AR/R, response of SBS/1C/2G strain sensors further
exhibits excellent stability during 200 stretching-releasing
cycles except for the overshoot of incipient cycles due to
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the viscoelastic nature of SBS matrix (Fig. S3). To
quantitatively evaluate the response sensitivity and
dynamic stability of SCGFs, the ratio of the drop in
relative resistance peaks during tensile cycle tests (D) to
the peak value in the first stretch-release cycle (P) was
defined as the maximum relative resistance decay (D/P).
As shown in Fig. 6b, a higher D/P indicates a more severe
attenuation in strain response sensitivity of composite
fibers [38]. According to Fig. 6c, D/P and average
amplitude (A) gradually decrease with the increase of
Ments/Merg,  indicating  that the stability of SCGFs
conductive network gradually increases and the dynamic
response sensitivity decreases. This is consistent with the
evolutionary behavior of conductive network as shown in
Fig. 5, confirming again that the higher the mcyr/ Mg is,
the more stable conductive network of composite fibers
but the lower the strain response sensitivity are.
Compared with a single filler, mixed fillers could
significantly improve the dynamic stability of the
conductive network (lower D/P, Table S1), enabling
larger deformation.

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

The SBS/1C/2G composite fibers were selected to further
illustrate the effects of applied strain and strain rate on
piezoresistive performances. As shown in Fig. 7a, the
relative resistance of SCGFs increases with the increase of
tensile strain under different strain amplitudes and the
relative resistance gradually decreases during the releas-
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Figure 7 (a) The dynamic strain sensing behavior of SBS/1C/2G fiber with a cyclic loading-unloading of 100%, 200%, 300%, 400% and 500%. (b) The

representation of where recovery ratio (D/P) and amplitude are derived.
dynamic stretching. Note: The AR/R, is in logarithmic coordinates.

ing process. Moreover, the residual relative resistance of
SCGFs varies with the tensile strain amplitude, due to the
permanent irreversible structural damage of some
conductive networks during stretching process caused
by large deformation, such as slippage of SBS molecular
chains, slippage between FLG layers, slippage between
CNTs and FLG. The relationship between maximum
relative resistance decay rate and strain response
amplitude of SBS/1C/2G composite fibers at 100% strain
and the relation curves among maximum relative
resistance decay rate, strain response amplitude and
tensile strain are shown in Fig. 7b, c.

The strain response amplitude increased with the
increase of tensile strain amplitude. The deformation
(or damage) of the conductive network was more serious
when the tensile strain amplitude was greater, leading to
an increase in a relative resistance change of SCGFs. In
addition, larger strain amplitude led to a more irreversible
damage to the conductive network and a higher
maximum relative resistance decay rate.

On the contrary, SBS/1C/2G composite fibers exhibited
excellent dynamic stability when the tensile strain
amplitude was in the range of 0-200%. When the strain
was more than 200%, the relative resistance of the
composite fibers at the end of the first cycle presented a
considerable deduction, and the relative resistance decay
rate was 39.0%, 61.5% and 66.7% with strain amplitude of
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(c) The D/P of conductive network and amplitude AR/R, peak during

300%, 400% and 500%, respectively. From the second
cycle, the strain response of the composite fibers basically
reached a stable state. It is important to note that the
strain response curves of SBS/1C/2G composite fibers in
the tensile strain range of 100%-500% did not show any
unstable “shoulder”, suggesting an excellent dynamic
stability of the composite fibers. This result is different
from the previously reported polymer-based strain
sensors, which require multiple cycles to reach a steady
state [22,39].

The relationship between the relative resistance and
time changes during the stretching-releasing cycles of the
SBS/1C/2G composite fibers at a 100% strain amplitude
and a tensile strain rate of 100%, 200%, 500% min ' is
shown in Fig. 8. The strain response sensitivity of the
composite fibers is negligibly affected by the tensile strain
rate, presenting a good dynamic reliability. With the
increase of strain rate, the residual relative resistance of
composite fibers increases continuously and the strain
response curve “drifts” upward, due to the limited
recovery time at a higher stretching-releasing rate and
the conductive network could not return to its initial state
in a short time.

The piezoresistive mechanism of conductive polymer
nanocomposite-based strain sensors is derived from the
tunnel effect [40,41]. Taking SBS/1C/2G as an example,
the tensile strain response of composite fibers was

1001



ARTICLES

SCIENCE CHINA Materials

12004 100% mln ! ——200% mln 1 500% min™!
T
800+ I| ’\ I Ik ||I
S |
& I&I
% 400 4
D_ T
300 BDD 900 1200
Time (s)

Figure 8 Effect of strain rate on the dynamic sensing performance of
SBS/1C/2G composite fibers.

discussed based on the tunnel effect. The relation between
the number of conductive paths (N) and the tensile strain
¢ is shown in Equation (2) [42], where A, B, C and D are
constants.

S @
exp(Ag +Be2+ Ce3+Det)’

And the relation between the resistance and the tensile
strain of the composite fibers could be calculated by
Equation (3) [14], where s is the shortest distance between
conductive nanoparticles, b is a constant, y is the barrier
height between adjacent conductive nanoparticles.

AR _ R—R, _

Tr;o exp[r(s —sy)]—1

= (1 +be)exp[(4+ybse+Be*+ Ce*+ De*]1 - 1. (3)

Fig. 9 is the fitting of the resistance and tensile strains
of SBS/1C/2G based on Equation (2) and (3) where the
fitting data and experimental data are highly consistent
(correlation index R’=0.99987). This suggests that
theoretical tunnel model can explain the resistance
change mechanism of CNTs and FLG hybrid conductive
fillers in SCGFs under tensile strains.

CONCLUSIONS

In this work, the high-performance strain sensors based
on 1-D polymer ternary composite fibers (SCGFs) were
prepared via wet spinning. The resultant strain sensors
simultaneously ~exhibited high sensitivity, superior
stretchability (with a GF of 5,467 under 600% deforma-
tion) and excellent durability, which could be effectively
controlled by changing the contents of CNTs and FLG.
The SCGF with 0.30 wt.% CNTs (equal to their
percolation threshold 0.30 wt.%) and 2.7 wt.% FLG
demonstrated the highest sensitivity owing to the bridge
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effect of FLG between adjacent CNTs. The SCGFs with
1.0 wt.% CNTs (higher than their percolation threshold)
and 2.0 wt.% FLG showed the maximum strain detection
range (600%) due to the welding connection caused by
FLG between contiguous CNTs. In addition, the strain
response sensitivity and the maximum relative resistance
decay rate of SCGFs also increased with the increase of
tensile strain due to the damages of the conductive
network during the stretching process. Compared with
single-component conductive fillers, such as SBS/CNTs
and SBS/FLG composite fibers, the tensile strain detection
range of SCGFs was improved. The dynamic stability of
SCGFs under large deformation (100%-200%) was also
obviously enhanced. Even if the sensitivity dropped, it
still satisfied the requirements for practical applications.
Besides, the associated sensing mechanism was also
systematically explained by tunneling theory and the
evolution of conductive network during stretching-
releasing process. In conclusion, this work provides a
simple and efficient assembly method for the preparation
of conductive polymer ternary composite fiber-based
strain sensors.
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