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Abstract
Flexible strain sensors have attracted extensive attention due to their potential appli-
cations in wearable electronics and health monitoring. However, it is still a challenge to
obtain flexible strain sensors with both high stretchability and wide linear strain sensing
range. In this study, styrene-ethylene-butadiene-styrene copolymer/carbon nanotubes
(SEBS/CNTs) composite fiber which showed both electrical conductivity and high
stretchability was fabricated through a scalable wet spinning method. The effect of CNTs
content on the strain sensing behavior of the SEBS/CNTs fiber based strain sensor was
investigated. The results showed that when the CNTs content reached 7 wt%, the SEBS/
CNTs composite fiber was capable of sensing strains as high as 500.20% and showed a
wide linear strain sensing range of 0-500.2% with a gauge factor (GF) of 38.57. Combining
high stretchability, high linearity and reliable stability, the SEBS/CNTs composite fiber
based strain sensor had the ability to monitor the activities of different human body parts
including hand, wrist, elbow, shoulder and knee.
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Introduction

In recent years, flexible wearable electronic devices for detecting human physiological
signals and body movement have made great progress.1–3 Flexible strain sensors have
been widely used for measuring and quantifying physiological and physical signals
generated by human body.4–8 Qualified flexible strain sensors should have excellent
stretchability, high sensitivity and high durability.5,9 Compared with metal based elec-
tronic devices which have excellent conductivity, electrically conductive polymer
composites have the advantages of lightweight, softness and easily being processed into
complex structures. Therefore, wearable strain sensors fabricated by combining the
excellent properties of conductive fillers and polymer matrices have received widespread
attention in recent years.10 Various elastomers, such as polydimethylsiloxane (PDMS),11

polyurethane (PU) and silicone rubber,12,13 have been used as matrices for the fabrication
of flexible strain sensors because of their high stretchability and good elastic recovery.14

Carbon black (CB),15 carbon nanotubes (CNTs),11,16–19 silver nanowires (AgNWs),17,20

and graphene have been used as conductive components due to their excellent electrical
conductivity.21–23 Among these conductive fillers, CNTs possessing both high electrical
conductivity and excellent mechanical robustness are ideal for fabricating flexible strain
sensors.17,24–27

Flexible strain sensors have been designed in the form of thin films, fabrics, and
fibers.10,28,29 In contrast to thin films and fabrics with two dimensional planar config-
urations, fiber based strain sensors have been developed extensively in recent years due to
their special one dimensional structure and weaveability. For instance, Zhu et al.30

prepared AgNWs embedded PU fibers through the capillary tube method, the composite
fiber exhibited a response range of 43% and gauge factor (GF) of 87.6 up to 22% strain.
Chen et al.31 prepared graphene decorated PU fiber for strain sensor. Although the strain
sensor showed a low detection limit (0.1% strain), the sensing range was very narrow (0–
80%). Wang et al.32 prepared poly(styrene-butadiene-styrene)/few layer graphene (SBS/
FLG) composite fiber based strain sensor which showed a workable strain range up to
230%. Wang et al.19 utilized the wet-spun method to prepare PU/MWCNTs fiber based
strain sensor, which displayed a wide workable strain range of 320%, a relatively high GF
of 22.2 within 160% strain and 97.1 for 160–320% strain. Cui et al.33 fabricated
stretchable strain sensors having a dentate groove structure based on CNTs decorated
styrene-ethylene-butadiene-styrene copolymer (SEBS) filament. The maximum sensing
strain was 240% and the linear sensing range was 0-90% with a GF of 0.12. The SEBS/
CNT hybrid fibers based strain sensor reported by Zeng et al.34 showed a wide strain
sensing range of 0-471% and a GF of 368 at 471% strain.

Although a great deal of efforts have been made to improve the performances of
composite fiber based strain sensors, it remains a big challenge to achieve a wide strain
sensing range and high linearity simultaneously. In this work, a strain sensor based on
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wet-spun SEBS/CNTs composite fiber was fabricated. SEBS was employed as the matrix
because of its high stretchability, excellent elastic recovery, and good processability.
CNTs was utilized as the conductive filler due to their excellent electrical properties,
outstanding mechanical properties, and large aspect ratios. The SEBS/CNTs composite
fiber based strain sensor showed a strain sensing range up to 0-500.2% and excellent
linearity in this strain range. Furthermore, the sensing mechanism, the stability and its
application in various human motion detection of the strain sensor were investigated.

Experimental

Materials

SEBS (Shore A hardness of 60) was provided by Kraton, USA.MWCNTs, with lengths of
10-20 μm, diameters of 4-6 nm and purity of 98% were purchased from Xianfeng
nanomaterials technology Co., Ltd., China. Tetrahydrofuran (THF) and anhydrous
ethanol were both provided by Sinopharm Chemical Reagent Co., Ltd., China.

Wet spinning of SEBS/CNTs Fiber

Firstly, the spinning solution consisting of SEBS, THF and CNTs was prepared by
dispersing CNTs in THF under ultrasonic stirring for 2h, followed by adding SEBS to the
above mixture. The whole mixture of CNTs, THF and SEBS were stirred magnetically at
room temperature (about 10°C) for 18h, ultrasonically treated for 1h and then stirred
magnetically for another 1h to ensure complete dissolving of SEBS and dispersion of
CNTs. Then, the spinning solution was placed into a 10 mL syringe and extruded into the
anhydrous ethanol coagulation bath with an extruding speed of 1.7 mL/h. Finally, the
SEBS/CNTs fibers were dried in a vacuum oven at 30°C for 12h to ensure a complete
removal of the solvent. The obtained composite fibers with different CNTs contents were
denoted as SEBS/xCNTs, where x represents the mass fraction of CNTs in the composite
fiber. For example, SEBS/3CNTs represents the composite fiber containing 3% CNTs.

Figure 1. Schematic illustration for preparing SEBS/CNTs composite fiber.
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The procedure for preparing SEBS/CNTs conductive composite fibers is shown in
Figure 1.

Characterization

The surface and cross sectional morphology of the fibers were observed by using a Tescan
Vega3 scanning electron microscope (SEM, Czech). A thin layer of gold was sputter
coated on the samples before observation. The FTIR spectra were obtained by employing
a Fourier transform infrared spectrometer (FTIR, Bruker TENSOR27, Germany). The
Raman spectra was performed by using a Raman microscope (Thermo Scientific DXR2,
America). The tensile properties of the fibers were tested by using an universal testing
machine (Instron 5965, United States). The clamping distance of the sample was 20 mm
and the tensile tests were performed at a speed of 100 mm�min�1. The electrical and
electromechanical properties of the fibers were measured by using a digital multimeter
(B2901A Keysight, USA). A stepping motor was used to induce extension or cyclic
extension-relaxation deformations. Samples were prepared by wrapping a copper tape at
each end of the fiber and then connected with the digital multimeter to record the real time
electrical resistance change.

Results and discussion

Morphology, mechanical property and electrical conductivity of SEBS/CNTs
composite fiber

Figure 2 shows the longitudinal surface and cross-sectional morphology of the SEBS/
CNTs fibers with CNTs contents of 3%, 5% and 7%. It can be seen that with the increase of
CNTs content, the fiber surface became rougher. The SEBS/CNTs fiber had ‘bean’ shape
cross section caused by the shrinkage of fiber during solidification. CNTs aggregates (as
shown by the red dotted circles) could be observed on the cross section of the fiber, and the
agglomeration phenomenon became more obvious as the content of CNTs increased.

The chemical composition of the composite fiber and possible interaction between
SEBS and CNTs were studied by FTIR. It can be seen from Figure 3(a) that for pure SEBS
fiber, there was a peak at 1457 cm�1, which belongs to C-H in-plane bending vibration
and C-C single bond skeleton vibration.35 The peak at 2919 cm�1 belongs to C-H
stretching vibration on saturated carbon;36 For SEBS/CNTs fibers, a new absorption peak
appeared near 3304 cm�1, which was attributed to the stretching vibration of C-H on the
unsaturated carbon double bond in CNTs,37 indicating the existence of CNTs in SEBS
matrix. In addition, the peaks originally located at 1457 cm�1 and 2919 cm�1 shifted to
1450 cm�1 and 2914 cm�1, respectively. It can be inferred that there were some in-
teractions between SEBS and CNTs.

Raman spectroscopy was employed to clarify the interactions between SEBS and
CNTs. It can be seen from Figure 3(b) that the characteristic peaks of CNTs were
1339 cm�1 and 1585 cm�1, which corresponded to typical D-band and G-band re-
spectively, reflecting its graphite structure.38,39 The crystal disorder in D-band is the main
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Raman feature, and G-band represents the vibration of planar C-C bond.40,41 Compared
with CNTs, the peak centers of D-band of SEBS/3CNTs, SEBS/5CNTs and SEBS/7CNTs
changed by 3 cm�1 (from 1339 cm�1 to 1342 cm�1), 5 cm�1 (from 1339 cm�1 to

Figure 2. The surface and cross section morphology of SEBS/CNTs fibers with CNTs content of
(a–c) 3%, (d–f) 5% and (g–i) 7%.

Figure 3. (a) FTIR spectra and (b) Raman spectra of SEBS and SEBS/xCNTs fibers.
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1344 cm�1) and 10 cm�1 (from 1339 cm�1 to 1349 cm�1) respectively. Those tiny
changes indicate that there was a weak non-covalent π-π interface interaction between
CNTs and SEBS matrix.42,43

Mechanical properties are very important for the practical application of fiber based
strain sensors. Figure 4(a) and (b) shows respectively the typical stress-strain curves and
the average values of tensile strength and elongation at break of SEBS/CNTs fibers with
different CNTs contents. Compared with pure SEBS fiber, SEBS/CNTs composite fibers
showed reduced mechanical properties. As the CNTs content increased from 3% to 7%,
the tensile strength decreased from 37.66 ± 3.24 MPa to 27.46 ± 1.85 MPa and the
elongation at break decreased from 1008.77 ± 83.62% to 772.87 ± 63.43%. This is
because with the increase of CNTs content, more CNTs agglomerates were formed due to
strong van der Waals force, which led to the decrease in mechanical properties.

The electrical conductivity of the composite fiber as a function of CNTs content is
shown in Figure 4(d). It can be seen that the electrical conductivity of the fiber increased
with increasing CNTs content. The relation between electrical conductivity and CNTs
content was explored by employing the percolation theory (equation (1))43

Figure 4. (a) Stress-strain curves, (b) tensile strength and elongation at break and (c) photographs
of SEBS/CNTs fiber in original length and stretched state; (d) Electrical conductivity of SEBS/
CNTs with different CNTs contents.
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σ ¼ A � ðP � PcÞt ðP> PcÞ (1)

Where σ is the conductivity of the composite fiber, A is a scaling factor, P is the CNTs
content, Pc is the percolation threshold, and t is the critical exponent depending on the
geometry of the conducting network. The calculated percolation threshold was 2.29 wt%.
Figure 4(c) shows the photographs of the SEBS/CNTs fiber in original length and in
stretched state (with a strain of 700%) which intuitively showed the excellent stretch-
ability of the fiber.

Electromechanical properties

The electromechanical properties of the SEBS/CNTs composite fiber based sensors were
studied. Figure 5(a)-(c) shows the relative resistance change (ΔR/R0,ΔR =R-R0, R and R0

represents the real-time and original resistance, respectively) as a function of strain
for SEBS/CNTs composite fiber based sensors. It can be seen that for each fiber sensor,

Figure 5. (a-c) The (R-R0)/R0-strain curves and GF of SEBS/CNTs composite fibers with different
CNTs contents; (d) Comparison of the GF and the linear strain sensing range reported in the
references and this work; (e) Current-voltage curves under different strain for SEBS/7CNTs fiber;
(f) Relation between (R-R0)/R0 and time for SEBS/7CNTs fiber under 20% strain for five stretching-
rest-releasing-rest cycles; (g) Changes in LED brightness when the SEBS/7CNTs fiber was
stretched to strains of 0%, 50%, 100%, 150% and 200%.
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ΔR/R0 increased with increasing strain, showing strain sensing characteristics. With the
increase of CNTs content, the strain sensing range of the fiber sensor increased. The
SEBS/7CNTs fiber sensor had a strain sensing range as wide as 0–500.2%. This is because
the higher the content of CNTs, the more compact and complete the CNTs conductive
networks inside the fiber, which needs larger deformation to be broken.

GF (GF = ΔR/(R0�ε), ε is strain) was used to characterize the sensitivity of the
composite fiber based sensors.44–47 It can be seen from Figure 5(a) that SEBS/3CNTs fiber
sensor had a GF of 10.14 in the strain range of 0–18.67%. The electrical response
behaviour of SEBS/5CNTs fiber sensor could be divided into two linear regions: GF1 of
50.90 at 0–55.67% strain and GF2 of 8.19 at 55.67–151.67% strain (Figure 5(b)). The
SEBS/7CNTs fiber sensor showed a high linearity (correlation coefficient of 0.992) in the
sensing range of 0–500.2% with a GF of 38.57 (Figure 5(c)), which outperforms the
recently reported stretchable strain sensors in respect of maximum sensing strain and
linear strain sensing range (Figure 5(d)).

Figure 5(e) shows the current-voltage (I-V) curves of SEBS/7CNTs composite fiber at
different strains. The linear I-V curves confirmed the excellent Ohmic characteristics of
the composite fiber under stretching. It can also be seen from Figure 5(e) that under a
specific applied voltage, the resistance of SEBS/7CNTs increased with increasing strain in
the range of 0–300%, which further confirmed the strain response behavior.

To demonstrate the dynamic sensing behavior of SEBS/CNTs fiber based strain sensor,
five cycles of stretching-rest-releasing-rest experiment was carried out, and the change of
resistance with deformation was recorded and shown in Figure 5(f). It can be seen that
(R-R0)/R0 increased with the increase of strain, when the strain was maintained at 20% for
120s, (R-R0)/R0 decreased gradually after reaching the maximum value and reached a
stable value within 120s; When the strain was released, the (R-R0)/R0 decreased si-
multaneously. Notably, the (R-R0)/R0 at the end of the first cycle and the next four cycles
was almost the same, revealing good repeatability.

To further demonstrate the tensile-resistance response behavior, a series circuit
composed of a power source (B2901A Keysight), light emitting diode (LED) lights and
the SEBS/7CNTs fiber was assembled. As can be seen from Figure 5(g), the brightness of
the heart-shaped pattern composed of LED lights gradually dimmed as the tensile strain of
the fiber increased up to 200%. This proves that the electrical resistance of SEBS/7CNTs
fiber increased with increasing strain.

In practical application, dynamic reliability under different applied strains and different
frequencies is essential for wearable strain sensors. Therefore, the dynamic strain sensing
behavior was performed with a cyclic stretching-releasing under different strains (10%,
20%, 50%, 100%, 200%, 300%), and at different strain rates (5, 10, 20, 50, 100, 200,
300 and 400 mm/min). As can be seen from Figure 6, the SEBS/7CNTs fiber had a stable
response under different strains ranges and different tensile rates.

To evaluate the durability and reproducibility of the SEBS/7CNTs based strain sensor,
7500 stretching-releasing cycles were tested at a constant strain range of 0–10% with a
tensile speed of 20 mm/min, the change of (R-R0)/R0 with cycles is shown in Figure 7(a).
It can be seen that the (R-R0)/R0 increased slowly as the number of stretching-releasing
cycles increased, but the shape of the signal remained similar.
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The evolution of CNTs conductive network during the stretching-releasing process
was schematically presented to explain the mechanism of electrical resistance change
(Figure 7(b)). Before extension, the CNTs conductive network in the composite fiber was
compact (Figure 7(b) (A)), and the electrical resistance was the lowest. During the cyclic

Figure 6. (a-b) Dynamic response behaviors of SEBS/7CNTs sensor at different strains under a
fixed tensile speed of 10 mm/min; (c-d) Dynamic response behaviors of SEBS/7CNTs sensor
under different tensile speed at a fixed strain range of 0–20%.

Figure 7. (a) Relative change of electrical resistance during 7500 stretching-releasing cycles at 20%
strain and 20 mm/min strain rate, the illustrations in (a) are enlarged views of the stretching-
releasing cycles at different stages; (b) Schematic illustration for the evolution of the CNTs
conductive network during the stretching-releasing process. A. The initial state; B. the stretching
state; C. the releasing state.
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stretching-releasing test, the destruction and reconstruction of the CNTs conductive
networks in the SEBS/CNTs fiber changed periodically with the applied strain due to the
periodical change of the distance between adjacent CNTs. When the fiber was stretched,
the distance between two adjacent carbon nanotubes increased with increasing strain, the
CNTs-CNTs coincidence point in the dense CNTs network was gradually destroyed when
the distance between CNTs was greater than the critical distance, meanwhile, new CNTs-
CNTs contacting points formed (Figure 7(b) (B)). As the destruction of the CNTs network
predominant in the stretching process, (R-R0)/R0 increased with increasing strain. When
the fiber was released, the distance between adjacent CNTs decreased, the CNTs con-
ductive networks reconstructed when the distance between CNTs was less than the critical
distance (Figure 7(b) (C)), the (R-R0)/R0 of SEBS/7CNTs strain sensor decreased with
releasing strain. Due to the continuous destruction and reconstruction of CNTs conductive
networks in the stretching-releasing process, partial conductive pathways might be de-
stroyed and hence the (R-R0)/R0 showed a slight upward trend as shown in Figure 7(a).

Application for human motion detection

The excellent electromechanical properties of the SEBS/7CNTs strain sensors endowed
their use in wearable devices for human motion detection. A consent form was read and
signed by the participants before the test. Figure 8(a) shows the real-time monitoring of
human finger movement and the bending of interphalangeal joints at different angles of
30°, 60°, 90° and 120°, respectively. It can be seen that the value of (R-R0)/R0 increased
with the bending of interphalangeal joint and decreased with the straightening of joint. In
addition, the maximum value of (R-R0)/R0 increased with the increase of angle, indicating

Figure 8. Human motion monitoring. (a) Finger bending test at different angles, (b) wrist bending,
(c) knee bending, (d) back of hand bending, (e) arm bending and (f) shoulder movement.
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that different degrees of bending deformation can be distinguished in time. As shown in
Figure 8(b)-(d), the real-time monitoring of human wrist, knee and back of hand bending
for 60° and extension was recorded respectively. Figure 8(e) and (f) shows the motion
monitoring of arm and shoulder bending for 90°. It can be seen that SEBS/7CNTs strain
sensor could successfully capture the bending signals of different parts, (R-R0)/R0 rose
with the increase of bending and returned to the initial value after the bending was
released. These results showed that the sensor based on SEBS/7CNTs fiber had the ability
to detect small and large-scale movement of different human body parts.

Conclusion

Highly stretchable SEBS/CNTs composite fibers were fabricated through wet spinning
and their application in strain sensors was evaluated. The results showed the CNTs content
had important influence on the strain sensing performances of the composite fiber. The
SEBS/7CNTs fiber based strain sensor showed the widest strain sensing range of 0-
500.2% with a high linearity in the whole sensing range. The composite fiber with 5%
CNTs also exhibited the ability to sense strains of above 150%. Furthermore, the SEBS/
CNTs fiber based strain sensor showed reliable stability when subjected to 7500 cycles of
stretching-releasing deformations. Finally, it was demonstrated that the SEBS/CNTs
composite fiber based sensor had the ability to detect the activities of different human
body parts including hand, wrist, elbow, shoulder and knee.
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