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ABSTRACT
Although flexible polymer composites based strain sensors have been widely studied,
it is still a challenge to obtain flexible strain sensors with large working range, high
sensitivity and reliable stability. In this research, a flexible strain sensor based on
poly(styrene-b-ethylene-ran-butylene-b-styrene) (SEBS)/multi-walled carbon
nanotubes (MWCNTs) composite fiber was prepared through the wet spinning method.
In particular, the effects of MWCNTSs content and aspect ratio (L/D) on the morphology,
and mechanical, electrical and electromechanical properties of the composite fiber were
studied. The results showed that with the increase of MWCNTSs content, the tensile
strength and elongation at break of the composite fiber decreased, while the electrical
conductivity and the strain sensing range increased. For the same MWCNTs content,
the composite fiber filled with MWCNTs of the lowest L/D ratio (1.25/15) showed the

highest tensile strength and elongation at break; whereas the composite fiber filled with
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MWCNTs of the highest L/D ratio (20/15) showed the highest electrical conductivity,
strain sensing range (0-506%) and sensitivity (gauge factor of 58.274 at 0% - 275%
strain, and of 197.944 at 275% - 506% strain). The fabricated composite fiber could be
formed into a knitted fabric and had the ability of detecting various human motions.
Keywords: Fiber; Electrically conductive; Strain sensing

1. Introduction

Smart wearable technology, which can integrate all kinds of perception, recognition,
connection and cloud services into daily wearable devices to realize the functions of
human senses, intelligent housekeeper, social entertainment, health monitoring, etc.,
has attracted extensive attention.!'? As an important part of intelligent wearable, strain
sensors have been widely used to measure physiological and physical signals generated
by human body,* * and have also become an important tool for disease diagnosis,’
treatment and health monitoring.® Traditionally, metal and semiconductor materials had
been used for strain sensors,” ® but their flexibility, ductility and detection range are
greatly limited. To meet the requirements of flexible strain sensors, conductive polymer
composites,” which overcome the shortcomings of traditional strain sensors and have
the advantages of good extensibility,'® lightweight and wearability, have received
increasing attention.!''!* In particular, conductive polymer fibers with weaveability
have been developed rapidly for application in strain sensors in recent years. Various
polymers, including thermoplastic polyurethane (TPU),!> styrene-butene-styrene
copolymer (SBS),!¢ and so on, have been selected as the matrix for fabricating fiber
based strain sensors.!”" For example, Li et al. fabricated a kind of fiber-shaped strain
sensor based on electrospinning TPU nanofiber yarns dipped with multi-walled carbon
nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTSs), respectively.

This strain sensor showed a working range of 0—100%, reliable stability during 2000



stretching-releasing cycles, but the gauge factor (GF = AR/(Ro-g), AR=R-Ry, R is the
instantaneous resistance, Ro is the initial resistance, € is strain) was below 2 in the strain
range of 0—100%.2°

The selection of a suitable conductive component has an important influence on the
performance of flexible strain sensors.?! At present, the conductive materials of flexible
sensors mainly include metal nanomaterials (metal nanowires, nanorods and
nanoparticles),”*?* CNTs,!® 2 graphene® 27 and their hybrids.?® ?° The conductive
fillers could be coated on the surface of the polymer matrix or dispersed inside the
polymer matrix.>*3> Among various conductive components, CNTs have the
advantages of excellent conductivity, good mechanical properties and good stability and
have been widely used in the fabrication of flexible strain sensors.?® For example, Wang
et al. fabricated TPU/MWCNTs fiber based strain sensor by utilizing the wet spinning
method. This strain sensor had a working strain range of 320%, a relatively high GF of
22.2 within 160% strain and 97.1 in the strain range of 160-320%.3

Although CNTs have been widely used in the fabrication of strain sensors, the effect of
CNTs aspect ratio (L/D) on the sensing performance of fiber-based strain sensors is still
unclear. In this work, conductive composite fiber based on poly(styrene-b-ethylene-ran-
butylene-b-styrene) (SEBS) and MWCNTs was fabricated through a simple wet
spinning process. The effects of MWCNTs aspect ratio and content on the morphology
and mechanical, electrical, and electromechanical property of the composite fiber were
investigated. SEBS/MWCNTs fiber with electrical conductivity as high as 0.00686
S/cm was obtained when the L/D of the MWCNTs was 20/15 and the mass fraction was
5%. The SEBS/MWCNTs composite fiber could sense large strains of up to 506% with
a high GF of 58.274 at 0% - 275% strain, and of 197.944 at 275% - 506% strain. The

excellent mechanical properties of SEBS/MWCNTs composite fibers enabled their



knitting into textiles. The strain sensors based on the SEBS/MWCNTs composite fibers
and their knitted fabric can be used in monitoring various human body motions,
including the neck, hand, wrist, elbow and knee bendings.

2. Experimental Section

2.1. Materials

SEBS with Shore A hardness of 60 (10 seconds, molding), styrene/rubber ratio of 33/67
and density of 0.910 g/cm® was purchased from Kraton, USA. MWCNTs were
purchased from Xianfeng nanomaterials technology Co., Ltd (Jiangsu, China). Three
kinds of MWCNTs with different L/D ratios were used: length 10-30 pm, diameter 10-
20 nm, denoted as MWCNTs-20/15 (purity >95%); length 0.5-2 um, diameter 10-20
nm, denoted as MWCNTs-1.25/15 (purity >95%); length 0.25-2 pm, diameter 4-6 nm,
denoted as MWCNTs-1.25/5 (purity >98%). Tetrahydrofuran (THF, 99.5%) and
anhydrous ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Fabrication of SEBS/MWCNTs Composite Fiber

The process for preparing SEBS/MWCNTs composite fiber is shown schematically in
Figure 1. Firstly, a certain amount of MWCNTs was dispersed in THF (15 ml) and
dispersed under ultrasonication for 2 h (every 15 min, stop 5 min, repeat 6 times). Then,
a specific amount of SEBS was added into the mixed suspension of THF and MWCNTs
(SEBS and MWCNTs always accounted for 25 wt% of SEBS, MWCNTs and THF),
stirred magnetically for 18 h at ambient condition and treated under ultrasonication for
1 h followed by magnetic stirring for another 1 h. Finally, the SEBS/MWCNTs
conductive composite fibers were prepared through wet spinning and dried in vacuum
at 30 °C for 12 h to ensure complete removal of the solvent. A 23G needle with inner

and outer diameter of 0.33 mm and 0.63 mm respectively was used, and the extrusion



rate of the spinning solution was 1.7 ml/h. Anhydrous ethanol was used as coagulation
bath. The fibers fabricated by using different content of MWCNTs-20/15, MWCNTs-
1.25/15 and MWCNTs-1.25/5 were represented by SEBS/xXMWCNTs-20/15,
SEBS/xMWCNTs-1.25/15 and SEBS/xMWCNTs-1.25/5 respectively, where x
represents the mass ratio of MWCNTs in the SEBS/MWCNTs composite fiber. For
example, SEBS/2%MWCNTs-20/15 denotes for the composite fibers containing 2 wt%

MWCNTs-20/15.
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Figure 1. Schematic illustration for preparing SEBS/MWCNTs composite fibers.

2.3. Characterization

The longitudinal surface and cross section of fibers were observed by employing a
scanning electron microscope (SEM, Tescan Vega3, Czech). Samples for cross-
sectional observation were frozen in liquid nitrogen and broken manually. The samples
were coated with gold for 60 s before observation and SEM images were taken at an
accelerating voltage of 10 kV. The Raman spectra was performed by using an intelligent
Raman microscope (Thermo Scientific DXR2, America) in the range of 400-4000 cm™
P'at 1 cm™ resolution with 532 nm laser excitation. The mechanical properties of the

fibers were tested by employing an universal testing machine (Instron 5965, United



States). Single fibers with a clamping distance of 20 mm were used and the tensile
speed was controlled at 100 mm/min. At least five tests were conducted for each sample
and the average tensile strength and elongation at break were used. A TG/DSC thermal
analyzer (STA449 F3 Jupiter, Bavaria, Germany) was used to analyze the thermal
behaviour of the fiber. The measurement were conducted in the temperature range of
40-800 °C with a heating rate of 20 °C/min. A precision power supply (B2901A
Keysight, USA) was used to test the electrical resistance and the piezoresistive behavior
of the composite fibers. For piezoresistive behavior test, two ends of the fiber were
wrapped with copper strips and clamped on the stepping motor with a clamping distance
of 10 mm, the stretching speed was controlled at 10 mm/min, the precision power
supply was connected with the sample through wires, and the computer was connected
with the precision power supply to record the real time change of electrical resistance.

3. Results and Discussion

3.1. Morphology, Raman Spectroscopy and Thermal Stability

Figure 2 shows the surface and cross-section morphology of the SEBS/MWCNTs fibers
fabricated by using MWCNTs with different L/D ratios. It can be seen that the surface
of the fibers was rough and granular (Figure 2a, ¢ and e), the cross section showed a
‘bean’ shape (Figure 2b, d and f) due to the shrinking of fiber during the solidification
process.”’” Compared with SEBS/5%MWCNTs-1.25/15 fiber (Figure 2d), more
MWCNTs aggregates (as marked by red dotted circles) could be observed clearly inside
the SEBS/5%MWCNTs-20/15 (Figure 2b) and SEBS/5%MWCNTs-1.25/5 (Figure 2f)
fibers, indicating that MWCNTs of a lower L/D ratio had better dispersion in the SEBS
matrix.

Porous structure could also be observed from the cross-sectional morphology of the

composite fibers. Notably, the porous structure was more obvious closer to the fiber



center (Figure 2g). In addition, the higher the content of MWCNTs in the fiber, the less
obvious the porous structure (Figure 2f, h). These phenomena can be explained by the
solvent exchange during the wet spinning process. In the solidification stage, the
solvent contained in the fibers diffused into the coagulation bath and simultaneously
the coagulation liquid diffused into the fibers. The fiber surface solidified firstly, which
inhibited the solvent exchange at the core of the fiber.>* For SEBS/MWCNTSs composite
fiber with a higher CNTs loading, more CNTs provided more channels for solvent

exchange, so the formed porous structure was less obvious.

Figure 2. SEM image of SEBS/MWCNTs composite fiber. The longitudinal surface and
cross section of (a, b) SEBS/5%MWCNTs-20/15, (¢, d) SEBS/5%MWCNTs-1.25/15,

(e, f) SEBS/5%MWCNTs-1.25/5; (g) the center and edge of cross section of



SEBS/2%MWCNTs-1.25/5; (h) cross section of SEBS/2%MWCNTs-1.25/5.

Raman spectroscopy was used to determine the carbon structure and possible
interactions between MWCNTs and the SEBS matrix. Figure 3a and b show the Raman
spectroscopy of MWCNTs-20/15, MWCNTs-1.25/15, MWCNTs-1.25/5 and their
SEBS composites with the MWCNTs content of 5%. It can be seen from Figure 3a that
MWCNTs-20/15, MWCNTs-1.25/15 and MWCNTs-1.25/5 showed typical D bands at
1346.3 cm™!, 1343.4 cm’!, 1340.5 cm™ and G bands at 1579.7 cm™, 1578.5 cm™, 1578.5
cm’! respectively. In general, a higher Ip/Ig ratio (Ip and Ig are the strengths of D and
G bands) indicates more defects in MWCNTs.>*3¢ The Ip/lc of MWCNTs-20/15,
MWCNTs-1.25/15 and MWCNTs-1.25/5 was 0.852, 0.851 and 0.849, respectively.
These results suggested that sp® defects might exist in the sp? carbon network of
MWCNTs.** %

Compared with MWCNTs, the peak center of D band for SEBS/5%MWCNT-20/15,
SEBS/5%MWCNT-1.25/15 and SEBS/5%MWCNT-1.25/5 showed a shift of 4.9 cm’!
(from 1346.3 cm to 1351.2 cm™), 7.1 em™! (from 1343.4 cm™ to 1350.5 cm™) and 5.9
cm’! (from 1340.5 cm™ to 1346.4 cm™), respectively. This indicates there was non-
covalent m—m interactions between MWCNTs and the aromatic rings of PS of the
SEBS matrix.*”* The Ip/I ratios of SEBS/5%MWCNTs-20/15, SEBS/5%MWCNTs-
1.25/15 and SEBS/5%MWCNTs-1.25/5 was 0.851, 0.854 and 0.848 respectively.
Compared with MWCNTs, The Ip/Ig ratio of SEBS/MWCNTs changed little, indicating

that the preparation process had little effect on the defects of MWCNTSs.*
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Figure 3. (a-b) Raman spectra of MWCNTs-20/15, MWCNTs-1.25/15, MWCNTs-

1.25/5 and SEBS/5%MWCNTs-20/15, SEBS/5%MWCNTs-1.25/15,

SEBS/5%MWCNTs-1.25/5; (c) Initial decomposition temperature and maximum

decomposition temperature of different SEBS/MWCNTs fibers; (d-f) TG curves of

SEBS and SEBS/xMWCNTs-20/15, SEBS/xMWCNTs-1.25/15, SEBS/xMWCNTs-

1.25/5 fibers.

Thermal stability of the composite fiber was investigated through thermogravimetric

analysis. Figure 3d-f show the TG curves of SEBS and SEBS/MWCNTs composite

fibers. It can be seen that the thermal decomposition process of SEBS fiber and

SEBS/MWCNTs composite fibers was almost the same. The decomposition

temperature of the fiber was calculated, as shown in Figure 3c. The initial and maximum

decomposition temperatures of pure SEBS fiber were 242.44 °C and 530.05 °C

respectively. With the addition of MWCNTs, the initial decomposition temperature of

the fiber increased, the maximum decomposition temperature decreased, and the

decomposition process of the fiber was shortened. This is because the thermal

conductivity of carbon nanotubes was up to 3000 W/MK, which could transfer heat to

the inner layer of the composite fiber and accelerate the decomposition of the fiber.>



3.2. Mechanical and Electrical Properties

Figure 4a-c show the stress-strain curves of SEBS/MWCNTs fibers filled with
MWCNTs of different L/D ratios, the average values of tensile strength and elongation
at break are shown in Figure 4d-f. The tensile strength and elongation at break of pure
SEBS fiber were 50.46 + 1.44 MPa and 1626.68 + 30.00%, respectively. The addition
of MWCNTS decreased the tensile strength and elongation of SEBS fiber. It can be seen
that for SEBS/MWCNTs fibers filled with the same kind of MWCNTSs, the tensile
strength and elongation at break decreased with the increase of MWCNTs content. This
is because when the content of MWCNTs was high, the strong van der Waals force
between them led to serious agglomeration and limited the movement of SEBS
molecular chain.*

When the MWCNTs content was the same, SEBS/MWCNTs-1.25/15 showed the
highest tensile strength and elongation at break. This is because MWCNTs-1.25/15 with
the lowest aspect ratio had enhanced mobility during dispersion inside the polymer
matrix.*! Compared with MWCNT-1.25/5, the MWCNT-20/15 had both longer length
and larger diameter. Longer nanotubes are in favor of the formation of polymer-
MWCNT network through bridging the neighboring polymer and the formation of
CNTs network through entanglement, thus increasing the mechanical properties of the
composite fiber.*? The elongation at break of all conductive composite fibers was higher
than 800% and the tensile strength was higher than 30 MPa, which were suitable for

manufacturing strain sensors in terms of elongation at break and tensile strength.
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Figure 4. Mechanical properties of SEBS/xXMWCNTs composite fibers. (a-c) Stress-
strain curves of SEBS/XMWCNTs-20/15, SEBS/xMWCNTs-1.25/15,
SEBS/xMWCNTs-1.25/5 in order; (d-f) Tensile strength and elongation at break of
SEBS/xMWCNTs-20/15, SEBS/xMWCNTs-1.25/15, SEBS/XMWCNTs-1.25/5 in
order.

Figure 5a shows the electrical conductivity of SEBS/MWCNTSs composite fibers. From
Figure 5a it can be seen that, for each kind of MWCNTs used, the conductivity of the
composite fiber increased with the increase of MWCNTs mass fraction. Except for the
CNTs content, the electrical conductivity of CNTs filled polymer composites is also
reported to be related to the intrinsic conductivity of the CNTs, the dispersion and
dimensions of CNTs.*® As known from the Raman spectroscopy, the Ip/Ig ratios of
MWCNTs-20/15, MWCNTs-1.25/15 and MWCNTs-1.25/5 were quite close, indicating
similar structural qualities and intrinsic electrical conductivity of these MWCNTs.** A
higher aspect ratio generally lead to a lower percolation threshold and better electrical
conductivity, because CNTs with a higher aspect ratio would form a better conductive
CNT network inside of polymer.** It can be seen from Figure 5a that when the

MWCNTs content was the same, the conductivity of SEBS/xMWCNTs-20/15 was



higher than SEBS/xMWCNTs-1.25/15 because of the better
formed. It can also be seen that the conductivity of SEBS/XMWCNTs-1.25/15 was
higher than that of SEBS/xMWCNTs-1.25/5 when the MWCNTs content was the same.
This is because the larger the diameter of the MWCNTs, the easier they were to contact
along the diameter direction, forming a conductive path.*> The conductivity increased
dramatically when the content of the filler reached the electrical percolation threshold.*¢
The percolation thresholds of SEBS/xMWCNTs-20/15, SEBS/xMWCNTs-1.25/15,

SEBS/xMWCNTs-1.25/5 was 1.52524, 2.58892 and 2.24747, respectively (Figure 5b-

d).

—
V)
—
-
=]

Conductivity (Sfcm)
] ] 3
= da o

-
[=]
&

10°¢

107

—
0
—

Conductivity (S/cm)
= =
s da

=
[=]
&

10%

Figure 5. (a) The effect of MWCNTs content on conductivity of SEBS/xMWCNTs-

=—@— SEB SixMWCNT-2015
=#— SEB SixMWCNT-1.25/15
—d— SEB S/'xMWCNT -1.25/5

1 L L 1
1 2 3 4 5

CNTs Content ( wth )

CNTs Content { wit%)
—8— SEB S'xMWCNT -1.25/15
= Fit Curve
-
_ __'___._.-‘ir"'_
o=A(P-P_}' (P>P;)
A=0.00072
P,=2.58892
t=0.92426
R=0.99453
. . . . 1 . 1
1 2 3 4 5 6 T

(b)"

=y - -
= = =
- b [

Conductivity (Sfcm)

-
=
&

10%

(d)m*

=
[=]
s

Conductivity (S/cm)
3

10

MWCNTs network

=—— SEB S/xMWCNT-20015
e Fit Curve

o=A{P-P} (P>P;)
A=0.00095
P,=152524
t=1.60192
R*=0.99859

1 2 3 4 5 i} 7
CNTs Content ( Wt )

= SEB S/xMWCNT-125/5 - |

—FitCure ’/

rd

o=AP-F) (PR}
A=0.0000132
P,=224747
t=260547

R0 98548

1 2 3 4 5 [ 7
CNTs Content ( with )

20/15, SEBS/xMWCNTs-1.25/15, SEBS/xXMWCNTs-1.25/5; Fit curves of (b)

SEBS/xMWCNTs-20/15, (c) SEBS/xMWCNTs-1.25/15 and (d) SEBS/xXMWCNTs-

1.25/5.




3.3. Piezoresistive Performance

The piezoresistive performance of SEBS/MWCNTs composite fibers with MWCNTs
of different L/D aspect ratios was investigated. Figure 6a-c show the change of relative
resistance (AR/Ro, where AR=R-Ry, R is the instantaneous resistance, Ry is the initial
resistance) with increasing strain for SEBS/MWCNTs composite fibers. For
SEBS/MWCNTs composite fibers with the same type of MWCNTs, the strain sensing
range increased with increasing MWCNTs content. For example, the strain sensing
range of SEBS/3%MWCNTs-20/15 was 0-72%, while it was 0-506% for
SEBS/5%MWCNTs-20/15. When making a comparison between SEBS/MWCNTs
composite fibers with MWCNTs of different L/D aspect ratios, it was found that for the
same MWCNTs content, the strain sensing range of SEBS/MWCNTs-20/15 (0-506%)
was higher than that of SEBS/MWCNTs-1.25/15 (0-81%), while the strain sensing
range of SEBS/MWCNTs-1.25/15 was higher than that of SEBS/MWCNTs-1.25/5 (0-
11%). This is because the better conductive network formed by MWCNTs with longer
length and larger diameter need larger deformation to be broken.

GF was employed to characterize the sensitivity and linearity of the composite fibers.
Figure 6e showed that the electrical response characteristics of SEBS/7%MWCNTs-
1.25/15 could be divided into three linear regions: GF; of 22.873 at 0% - 15% strain,
GF> of 74.498 at 15% - 80% strain, and GF3 of 21.587 at 80% - 180% strain. The
electrical response characteristics of SEBS/5%MWCNTs-20/15 could be divided into
two linear regions: GF; of 58.274 at 0% - 275% strain and GF> of 197.944 at 275% -
506% (Figure 6d). SEBS/7%MWCNTs-1.25/5 had GF; of 13.700 at 0% - 170% strain.
Compared with SEBS/MWCNTs-1.25/15 and SEBS/MWCNTs-1.25/5 composite fiber,
the strain sensor based on SEBS/MWCNTs-20/15 had wider strain sensing range and

high sensitivity, which is better than recently reported strain sensors (Figure 6g).



2500

(a) 4 SEBS/2% MWCNTs-20/15 ‘(b)“mw 4 SEBSR% MWCNTs-1.25/15 (c) 4 SEBS/2% MWCNTs-1.25/5
60000 | o SEBS/3% MWCNTs-20/15  SEBSR% MWCNTs-1.25/15 & SEBS/3% MWCNTs-1.25/5
4 SEBS/5% MWCNTs-20/15 12000 | 4 SEBS/% MWCNTSs-1.25/15 a WCNTs-1.25/5
SEBS/5% M
v SEBST% MWCNTs-1.25/15 2000 - SEBS/7% MWCNTs-1.256
50000 A
. 30000 _
—_ 4 = s
Fa0000 | s = 1500 |
- rFa n?&llﬂﬂ <
'3 e = 000 £
£ 30000 - 14000 i =
= A o o 6000 A 250 1000 |
[ A o e o 2 200 P
20000 | a0 ; = 4000 N 100 =
5000 s A
4000 : 4 1000 500
10000 - ., 2000 E-' i“‘ 2000} & & 500
> ’ 060 120 3 6 0 7 15 11 0
0 L ' ' N ' L L h N
0 100 200 300 400 500 600 700 800 00 20 20 50 80 100 120 140 160 180 200 30 60 Stra!i]:]l("/)m 150 180
Strain (%) Strain (%) 2500 °
(d)ﬁﬂﬂun 4 SEBS/5% MWCNTs-20115 (e) 14000 | v SEBS/T% MWCNTs-1.25/15 (f) v SEBSITY% MWCNTs-1.25/5
12000 | 2000
50000 GF;=21.587
- GF=197.944 S 10000 [ -
3340000 = /)/; 3 1500 GF,=13.700
o o 8000 o
30000 > grame i.‘:‘ﬂmn
S S
[ n.: 6000 o
o 20000 -= x
~ GF,=58.274 4000 =~ 500
10000 2000 |. OF =22873
0 of or
. . L . . . . . L L L L . .
0 100 200 300 400 500 0 50 100 150 200 0 30 60 90 120 150
Strain (%) Strain (%) Strain (%)
1000
(g) ® Ref.2 < Ref.19
< Ref3 D Ref.21
100 4 Ref.4 Ref.26
-
g * @ Ref10 @ Ref2s | 3
g 10 @ Ref11 @ Ref.31 1 |
) “ Ref.13 b Ref.35
S
4 P> Ref.14 m Ref.41
© %
13 U Ref.16 This work
S Ref17 *
0.1 T T
0.1 1 10 100 1000

Strain (%)
Figure 6. (a-c) The AR/Ro-strain curves of SEBS/xMWCNTs-20/15,
SEBS/xMWCNTs-1.25/15, SEBS/xXMWCNTs-1.25/5; (d-f) The detailed sensitivity
and linear behavior of SEBS/5%MWCNTs-20/15, SEBS/7%MWCNTs-1.25/15,
SEBS/7%MWCNTs-1.25/5 strain sensors; (g) Comparison of GF and maximum
workable range of SEBS/5%MWCNTs-20/15 strain sensor with those of recently
reported piezoresistive strain sensors.

The dynamic strain sensing behavior was investigated. Figure 7a-c shows respectively
the dynamic response behavior of the strain sensor based on SEBS/5%MWCNTs-20/15
under different strain ranges. It can be seen that the SEBS/5%MWCNTs-20/15 strain
sensor could give response to strains as low as 1.0% and as high as 700%. In addition,
the effect of different tensile rates (5-200 mm/min) on the dynamic strain sensing
behavior was studied, as shown in Figure 7d and e. The strain range was controlled at

0-50%. The results showed that the (R-Ro)/Ro of SEBS/5%MWCNTs-20/15 fiber



increased slightly with the increase of tensile rate. When the strain was increased every
100 s, (R-Ro)/Ro increased rapidly with the increase of each strain, and after reaching
the maximum value of each strain, (R-Ro)/Ro decreased slowly with the increase of time
(Figure 7f and g). The above results show that the sensor can effectively sense different

levels of strain changes.

48 — 400 e 30000
(a) 16 ' (b)m (C) 22500
24 200 15000
12 100 7500
08 o 0
& 2640 42000
4 ¥ 1760 3 28000
F 2 S 880 E 14000
e o €
g€ ‘o e = = —rT
S : 60000
o @ 570 c
o 146 3800 40000
13 1900 20000
0.0
—
2%6.4 12900
176 8600
88 2300
0.0 0
[ 5 10 15 20 25
Time (s)

(d)oro (©)

3000
1860 2000

%
3 %
F wof 1000 L .
N — o £ 0 ]
;5 2640 o 3000 0 150 300 450 600 750
o 1760 E;ugu Time (s)
-] & 1000 (9115000 500%
o . . L N L 0 &8 12000 aoose 207
100 mmimin 200% )
2490 2940 i 2000 100%
1660 1960 g:? 6000
830 960 = 000 o
0
0 0 0 150 300 450 600
0 100 200 300 400 500 600 0 &5 10 15 20 25 30 35 40 45 Time (s)
Time (s) Time (s)

Figure 7. Dynamic response behaviors of SEBS/5%MWCNTs-20/15 sensor during
stretching-releasing cycles towards strains from 0 to (a) 1.0%, 2%, 5% and 10.0%, (b)
20.0%, 50%, 100% and 200% and (c) 300%, 400%, 500% and 700%, tensile speed
was 10 mm/min; Dynamic response behaviors of SEBS/5%MWCNTs-20/15 sensor
during stretching-releasing cycles towards different stretching speeds of (d) 5, 10
and—50 mm/min and (e) 100, 150 and 200 mm/min, strain range was 0—50%;
Dynamic response behaviors of SEBS/5%MWCNTs-20/15 sensor in the strain range
of (f) 0-60%,10% strain was added every 100 s and (g) 0—500%, 100% strain was
added every 100 s, tensile rate was 10 mm/min.

The current-voltage behaviour of SEBS/5%MWCNTs-20/15 strain sensors under



various tensile strains are shown in Figure 8a and b. The results showed that there was
a good linear relationship between voltage and current under the load of large strains
(up to 500%) and small strains (as low as 0.5%), which indicates that the strain sensor
conforms to Ohm's law under different stretching conditions. Additionally, the
resistance increased with increasing tensile strain, which further proved the electrical
response behavior under applied strain.*’

In order to analyze the durability of the strain sensor, 2500 stretching-releasing cycles
were tested at 20% strain with a tensile speed of 10 mm/min. Figure 8c showed that the
relative resistance increased slowly at the initial cycle and tended to be stable after
several stretching-releasing cycles due to the continuous destruction and reconstruction
of the conductive path during the stretch process.*® The above results showed that
SEBS/5%MWCNTs-20/15 strain sensor had good repeatability, stability and durability,
which can be attributed to the excellent elastic properties of SEBS, as well as the strong

T - 7 interaction between SEBS and MWCNTs.
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Figure 8. (a-b) Current-voltage curves under different strains for SEBS/5%MWCNTs-

20/15 strain sensor; (c) Relative change of electrical resistance during 2500 tension-



release cycles at 20% strain and strain rate of 10 mm/min, the illustrations in (c) are
enlarged views of the tension-release cycles at different stages.

3.4. Application

In order to demonstrate the potential application of the composite fiber in human-
computer interface interaction, the SEBS/5%MWCNTs-20/15 strain sensor was
installed in elbow, back of hand, neck, finger, knee and other parts to detect various
human motions. The participants read and signed a consent form before conducting the
experiment. Figure 9a shows the real-time monitoring of finger gesture activities. When
the volunteer made different finger gestures, the SEBS/5%MWCNTS-20/15 strain
sensor could give real-time response with change in resistance. When the same posture
was maintained for a certain time, (R-Ro)/Ro began to decline and tended to be stable
immediately after reaching the maximum value, which indicates that the sensor can
distinguish different movements accurately and timely.

Figure 9b shows the real-time monitoring of different elbow bending angles. It can be
observed that (R-Ro)/Ro increased with the increase of elbow joint bending angle and
decreased with the decrease of elbow joint bending angle, indicating that different
degrees of bending deformation can be sensed. Figure 9c¢ shows the bending and
stretching of index finger. The signal of the index finger bending was successfully
captured by SEBS/5%MWCNTS-20/15 strain sensor. Meanwhile, the knee bending
movement was tested in real time, (R-Ro)/Ro rose with the bending of the knee, and the
initial value was recovered after the volunteer released the knee.

The illustration in Figure 9d shows the real-time monitoring of the sitting posture of a
human body, which was used to remind whether the sitting posture was correct during
working or learning. When the volunteer exchanged between the correct sitting posture

“a” and the wrong sitting position “b” without pause, a good response diagram was



obtained. These results showed that the SEBS/5%MWCNTs-20/15 based sensor had
the ability to detect tiny and large-scale motion of human body well, and it had good

application prospects in motion monitoring and artificial robot.
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Figure 9. Human motion monitoring: (a) different gesture changes of fingers, (b)
bending of elbow at different angles, (c) finger and knee extension and bending, (d)
back bending; (e) knitting elbow sleeve made of SEBS/5%MWCNTS-20/15 fiber and
its coil diagram, (f) change of relative resistance of elbow sleeve when elbow was
straight and bent.

To further demonstrate its application, the SEBS/5%MWCNTs-20/15 fiber was made
into a piece of 10 x 30 mm knitted fabric (Figure 9e). It was found that the fiber could
withstand the force applied during knitting and form a continuous knitting loop. In order
to enable the fabric sensor to stretch when bending and recover when straightening on
the volunteer's arm, it was sewn on an elbow sleeve (Figure 9¢). When the elbow
changed from straight to a bending degree of 120°, the fabric could give real time
change in relative resistance (0-80%) with reliable repeatability (Figure 9f); The
decrease of electrical resistance was attributed that the loops in the fabric were in

contact with each other when it was stretched.



4. Conclusion

In this paper, a simple and economical wet spinning method was used to prepare
stretchable SEBS/MWCNTs composite fibers. The results showed that the content and
aspect ratio of MWCNTs had significant effects on the morphology, mechanical
property, electrical property and electromechanical property of the composite fiber. The
tensile strength and elongation at break of the composite fiber decreased with the
increase of MWCNTs content, while the electrical conductivity and the strain sensing
range increased with increasing MWCNTs content. When the content of MWCNTSs was
the same, the composite fiber filled with MWCNTs of the lowest L/D ratio
(SEBS/MWCNTs-1.25/15) showed the highest tensile strength and elongation at break;
while the composite fiber filled with MWCNTs of the highest L/D ratio
(SEBS/MWCNTs-20/15) showed the highest electrical conductivity, strain sensing
range and GF. The SEBS/MWCNTs-20/15 composite fiber with 5% MWCNTs
exhibited a wide working range of 0-506%, GF of 58.274 at 0% - 275% strain, and of
197.944 at 275% - 506% strain, and reliable durability. The SEBS/5%MWCNTS-20/15
composite fiber had the capability to detect different kinds of human motions, including
elbow, back of hand, neck, fingers, knees and other parts, but also bear the tension
applied in the weaving process to form a continuous braided ring, which can be used to
detect the movement of elbow joint.
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