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ABSTRACT

In recent years, the increasing demand for flexible and wearable devices
requires the synthesis of novel stretchable and piezoresistive materials.
Piezoresistive polymer composites are popular due to their excellent piezore-
sistivity and high stretchability, which can readily be attached to clothes or
human body. In this study, a stretchable and sensitive strain sensor based on
multi-wall carbon nanotube (MWCNT)/polydimethylsiloxane (PDMS) com-
posite with an excellent overall performance was fabricated in a facile and
effective way. The composite with 7% MWCNTs is ideal for strain sensor
compared to those with 5% and 9% MWCNTs. Not only can the gauge factor
reach 5-9 under 10—40% strain, but also the curve of relative change in resistance
versus strain is almost linear. The strain sensor can respond immediately with
low hysteresis. The strain sensor also exhibits great stability under 1000 cycles of
stretching /releasing, demonstrating the desirable long-term endurance to
mechanical stimuli as well. The strain sensor was then implemented to monitor
human motions (finger and wrist bending), precisely sensing the motion
deformation and states. In conclusion, the reported sensor based on MWCNT/
PDMS composite possesses numerous favorable characteristics including high
sensitivity, good stretchability, ease of fabrication, and promising practical
application in the field of biomedical system and wearable electronic devices.
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foils or semiconductors [1-3]. Apparently, conven-
tional sensors cannot undergo larger strain (> 5%)
and present a bad mechanical compliance with

Introduction

Stretchable piezoresistive polymer composites have
attracted a great deal of attention due to their excel-
lent endurance for human motion and sensitivity,
compared to conventional sensors based on metal
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human motions. Thus, stretchable polymer compos-
ites exhibit enormous potential to be employed for
making electronic skins [4, 5], human motion detec-
tors [6, 7], human health monitoring [8, 9], and so
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forth [10, 11]. There are still other advantages of
stretchable polymer composites besides high
stretchability and good sensitivity, including facile
fabrication approach, lightweight, and low cost
[12, 13]. The stretchable piezoresistive nanocomposite
is mainly fabricated by embedding and dispersing
conductive fillers into stretchable polymer matrices.
Owing to the percolation network in a matrix con-
structed by conductive fillers, the composite can keep
electromechanical stability with large strain [14].
There are a variety of conductive fillers, such as car-
bon nanotubes (CNTs) [15, 16], carbon nanofibers
[17, 18], graphene [19, 20], and silver nanowires [21],
all of which are usually popular with researchers to
manufacture strain sensors.

CNTs have unique mechanical and electrical
properties in contrast to other conductive fillers.
Besides the well-known electrical properties of CNTs,
their curvilinear structure and intertwining attribute
help to improve the stretchability and piezoresistivity
of the composite when CNTs are embedded into the
polymer. That is, the curvilinear shapes of CNTs
make them more inclined to construct the network in
the polymer matrices, which helps to enhance their
piezoresistivity [22]. In addition, CNTs are able to
withstand relatively higher stretch owing to their
mutual intertwinement [23, 24]. For instance, Amjadi
et al. [21] reported a strain sensor prepared by silver
nanowire—elastomer composite. In spite of the
acceptable stability and durability, the sensitivity
could not reach the extent of CNTs (the gauge factor
(GF) is around 2). In contrast, the sensor that Wang
et al. [16] proposed based on CNT/elastomeric tri-
isocyanate-crosslinked polytetrahydrofuran compos-
ite, possessed higher gauge factor (up to 90).
Nevertheless, some of the properties of CNTs have
negative influence on CNT nanocomposites. The
agglomeration of CNTs, which is very easy to form in
the composite, would adversely affect the mechanical
properties and electrical conductivity [25]. On the
whole, CNTs seem to be the best candidate compared
with other conductive fillers to make piezoresistive
materials provided that CNTs could be distributed in
the matrix uniformly or homogenously. Despite the
fact that single-wall carbon nanotubes (SWCNTs)
possess more outstanding electrical properties in
comparison with multi-wall carbon nanotubes
(MWCNTs), the expensive price and agglomeration
make them not as economic as MWCNTs. Mean-
while, maintaining good compatibility and
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interaction of CNTs with polymer matrices signifi-
cantly affects the piezoresistivity of composites, such
as hysteresis and durability [15]. This is mainly
related to the fabrication approach and the selection
of polymer. Although great progress has been made
in the field of CNT composites, it is still a great
challenge to prepare the high-performance stretch-
able strain sensor through a facile approach, ensuring
all the fundamental properties of sensors are favor-
able simultaneously. For instance, Robert et al. [26]
invented a sensor made of PC-CNT nanocomposite.
Although it exhibited favorable sensitivity (GF up to
100), the hysteresis and stretchability could not be
relatively satisfactory. Hence, fabrication of piezore-
sistive composites with good and balanced funda-
mental sensing properties is vital for further
applications.

Herein, we developed an improved and facile
fabrication method to prepare MWCNT/PDMS
nanocomposites in order to reduce agglomeration,
preparation time and cost. The stretchable sensor is
assembled based on the common sandwich-like
structure (MWCNT/PDMS nanocomposite which is
wrapped in two PDMS layers). The as-prepared
strain sensor not only provides adequate stretcha-
bility and great sensitivity, but also it possesses
instant response time, favorable durability, and low
hysteresis. Furthermore, the sensor is employed to
detect human motion. When they are mounted on the
wrist or finger, they can monitor the motions
promptly and accurately. With remarkable overall
properties, the CNT/PDMS composite would have a
considerable potential to be used as a wearable
electronics device in future.

Experiment investigation
Materials

Multi-walled carbon nanotubes (MWCNTs) were
purchased from Graphene Supermarket. The diame-
ter of MWCNTs ranges from 50 to 85 nm, and their
lengths lie in the range from 10 to 15 um. The pentane
was supplied by Sigma Aldrich, while the PDMS and
its curing agent were bought from Dow Corning
Company (Sylgard 184).
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Fabrication of the MWCNT composite

At first, MWCNTs were poured into the pentane and
the mixture solution was dispersed by the horn
ultrasonicator for half an hour to disperse MWCNTs.
Due to the low boiling point of pentane, we put the
mixture solution in cold water to retard the rapid
evaporation of the pentane. Meanwhile, the PDMS
prepolymer was magnetically stirred in the pentane
for 15 min, making it completely dissolved. After
that, these two solutions were blended together and
continued to be ultrasonicated for 1 h. Next, the
curing agent was added to the mixture and stirred
moderately. In order to remove the pentane in the
mixture, the mixture was heated at 40 °C for evapo-
ration and ultrasonicated simultaneously. Quick
evaporation of the pentane not only guarantees little
pentane left in the mixture, but also decelerates re-
agglomeration of MWCNTs [27]. This provided us
with the uniform suspension of MWCNTs and
PDMS. Notably, in order to find out the most suit-
able concentration of MWCNTs for stretchable sen-
sors, we prepared 5%, 7%, and 9% MWCNT/PDMS
mixture suspensions, respectively.

Afterward, the mixture was uniformly coated onto
a glass plate using a blade and then put into the
vacuum oven to degas. This step should be carried
out repeatedly until there is almost no bubble on the
surface of the mixture membrane as a result of the
high viscosity of the mixture which is induced by the
intensive network of MWCNTs in the PDMS matrix.
It is helpful to make CNTs with better mutual con-
nection. The membrane was sequentially heated at
80 °C for 2 h. Finally, the glass plate with membrane
was taken out from the oven, and the final membrane
was peeled off from the glass plate. Noticeably, the
experimental specific data are listed in Table S1.

Sensors fabrication

Figure la depicts the step-by-step procedure of
making the stretchable sensor. The MWCNT/PDMS
membrane was cut into some sections with rectan-
gular shapes. After placing them into the alumina
mold, the mixture of PDMS prepolymer and curing
agent was cast into the mold and covered the mem-
brane. This was followed by curing at 80 °C for 2 h.
After that, the PDMS layer adheres to the MWCNT/
PDMS layer and then the whole adhered layer was
peeled off from the mold due to the penetration of the
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liquid PDMS into the composite. Then, two copper
wires were attached onto the two ends of the
MWCNT/PDMS membrane by silver paste. Finally,
another layer of liquid PDMS was cured on the top of
the MWCNT/PDMS layer to form a sandwich-like
structure as displayed in Fig. 1b. Thus, there are three
layers in total. Top and bottom layers are PDMS,
while the middle layer is the MWCNT/PDMS com-
posite layer. Notably, due to the penetration of liquid
PDMS, the top layer of PDMS can firmly combine
with the other two layers. Moreover, the adhesive
force between these layers induced by the penetra-
tion of PDMS is big enough to guarantee these layers
can be stretched together with a large strain [28].
Based on the previous tension test (Supporting
Information Figure S1), Young's modulus of the
MWCNT/PDMS composite is bigger than that of the
pure PDMS. Thus, the adhesive force between these
layers will give a shear force to the MWCNT/PDMS
layer in order to make it stretched as long as the outer
PDMS layer. Once the strain gets beyond a certain
value, the adhesive force cannot sustain sufficient
shear force to make the composite layer stretched and
the composite layer will detach from the outer PDMS
layer [28, 29]. Due to the encapsulation of PDMS, the
sensor can be directly mounted on the skins without
wrinkling and plastic deformation to the middle
nanocomposite membrane. The length of conductive
section of the sensor (the section between two silver
pastes) is around 35 mm. The stretched length and
original length are measured as illustrated in Fig-
ure S2 (refer to the supporting information).

Sensors characterization

The microstructure of MWCNT/PDMS composite
was observed using scanning electron microscope
(SEM, Hitachi SU-70). The electrical conductivity and
piezoresistivity of sensors were measured using a
UNI-T UT803 multimeter by a standard two-probe
method. The tension test was conducted using TA.XT
plus microforce analyzer to study the hysteresis,
durability, sensitivity, and so on. It is worth noting
that the clamps of the analyzer should clamp the two
ends of the sample and cover the silver paste section
to avoid tension of silver paste as shown in Sup-
porting Information Figure S2.
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Place the MWCNTs/PDMS

Figure 1 a Fabrication
procedure of the strain sensor
based on MWCNT/PDMS
composite with sandwich-like
structure. b Photographs of the
as-prepared sandwich-like
strain sensor connected with
copper wires. ¢ The SEM
image of the cross section of
the MWCNT/PDMS
composite containing 7%
MWCNTs.

Results and discussion

Effect of MWCNT concentration
on electrical property

At first, the stretchable MWCNT/PDMS composites
were manufactured with different concentrations of
MWCNTs (5%, 7%, and 9%). Their electrical con-
ductivities expressed by the electrical resistance were
compared as shown in Table S2 in supporting infor-
mation. 5% MWCNT composite membrane exhibits
poor and unstable electrical conductivity, electrical
resistance ranging from 263.18 to 1028.64 kQ,
whereas the resistance of 7% fluctuates from 4.54 to
20.36 kQ. 9% MWCNT nanocomposite has the most
stable and  excellent electrical resistance
(0.175-0.341 kQ). It can also be clearly seen that the
standard deviations of electrical resistance for com-
posites with different MWCNT concentrations
reduce by increasing the MWCNT concentration.
This reveals the unstable resistance of the composites
with low MWCNT concentration. The reason is
related to the fact that it has less probability to con-
struct conductive network [29, 30]. In the context,
without an adequate quantity of CNTs to construct

Curing another PDMS layer
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Curing the PDMS layer
membrane in the mold f.

Attaching copper wires
by silver paste

20.0um

conductive paths, it is mainly dependent on the net-
work structure. Conversely, once there is a sufficient
quantity of CNTs, the network structure will not play
an important role. Furthermore, with more additions
of CNTs, the electrical conductivity of the composite
will not increase as quickly as it did initially. For
better observing the dispersion state of the MWCNTs
in the PDMS matrix, the corresponding SEM images
of cross sections for all samples with 5 K magnifica-
tion were taken as shown in Figure S3. It can be
clearly seen that CNTs are homogenously dispersed
in the matrix for three SEM images of cross sections.
The cross-sectional image of the composite with 5%
MWCNTs exhibits less MWCNTs (Figure S3a), thus
with less connected network, whereas for the com-
posite with 9% MWCNTs (Figure S3c), the cross-
sectional image is full of connected network con-
structed by MWCNTs. This characteristic indirectly
reflects the relationship among electrical conductiv-
ity, concentration of CNTs and network structure
(dispersion state).

The sensitivity of the composite sensors is investi-
gated as depicted in Figure S4. It shows that the rel-
ative change in resistance of all the composites with
different MWCNT concentrations experiences a rise

@ Springer



2174

(a) 3°

3.0 |-

20 -

40% Stretch

ARRR,

1.0 I 10% Stretch

0% Stretch

0.0 " 1 " 1 " 1 " 1

0% 10% 20% 30% 40%
Strain (%)

J Mater Sci (2019) 54:2170-2180

(b) | 1.0mm/sec

05|

04 |

S 03|

5 0.1mm/sec
<

02}

0.2mm/sec
0.1
0.5mml/sec
0.0 " . i i " i "
0 10 20 30 40 50 60 70
Time (Sec)

Figure 2 a Curve of relative change in resistance against the applied strain upon stretching in different strain for the sandwich-like sensor.

b The correlation between the relative variation in resistance versus time subjected stretching of 10% strain at different tension speeds.

when subjected to stretching, which can be ascribed
to the reconstruction of the percolation network. In
fact, both the formation and separation can act at the
same time over the course of stretching, which might
be the reason why the relative change in resistance
would increase in an oscillating pattern [31]. Addi-
tionally, when adjacent CNTs begin to separate, the
tunneling resistance between them will increase
which results in an increase in the total resistance
[32, 33]. Among the three composites, the one con-
taining 5% MWCNTSs has the best gauge factor (GF),
approximately equal to 15. The GF is defined as
GF = ARE/RO, where AR is the change between the
current resistance and the initial resistance, Ry is the
initial resistance, and ¢ denotes the strain in the lon-
gitudinal direction. AR/Ry is called relative change in
resistance. However, the relationship of relative
change in resistance versus strain is not close to lin-
earity and experienced drastic wavelike rise after
strain 25%. This is because a large number of the
connected paths of CNTs start to break. Although a
few of them recombine simultaneously, the effect of
breaking is more significant. The composite with 7%
MWCNTs has an approximately linear curve of the
relative change in resistance against the applied
strain (GF ranging from 5 to 9), while the GF of 9%
MWCNTs is relatively small (GF ~ 1). The denser
network constructed by MWCNTs leads to generat-
ing more conductive paths, avoiding drastic increases
of resistance under stretching. While stretched, the
electrical conductivity will not significantly decrease
as long as the effective conductive paths are
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maintained by sufficient quantity of MWCNTs [34].
Although the sensitivity turns relatively mediocre,
the sensor responds to the strain variation with out-
standing linearity for the whole process (from 0 to
40%). From above, it can be found that the sensitivity
of 9% MWCNT composite sensor is not as high, and
the curve of relative change in resistance versus the
applied strain for 5% of MWCNTs is not linear
enough. Hence, the 7% MWCNT sensor is the most
suitable, which relatively has the most stable electri-
cal conductivity, favorable sensitivity, excellent lin-
earity, and good stretchability. In addition, the
microstructure of the MWCNT/PDMS is observed by
the SEM image to examine the dispersion state of
MWCNTs as shown in Fig. lc. It indicates that
MWCNTs are dispersed evenly with little agglom-
eration so that the existence of conductive network is
verified.

Piezoresistivity characterization

The 7% MWCNT sensor undergoes stretching/re-
laxing cycle with different applied strains, respec-
tively (10%, 20%, and 40%), and the tension speed is
set to 0.5 mm/s. The dependence of relative change
in resistance and strain history is displayed in Fig. 2a.
No matter what the applied strain is, the slopes of the
curve of relative change in resistance against the
applied strain are close, which indicates that the
sensor has excellent stability and linear response to
mechanical stimuli. That is to say, the gauge factor of
the sensor ranges from 5 to 9 upon stretching within
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Figure 3 Resistance response of the strain sensor to the cycle of stretching/releasing with 0—0% strain variation (a) and 0-20% strain

variation (b).

strain 40%. The CNT-based sensor made by Wang
et al. possessed unstable gauge factor, which varied
from 10 to 50 under strain 40% [16]. Besides, the
graphene-based strain sensor fabricated by Park et al.
only exhibited gauge factor of around 1. Hence, this
sensor has excellent sensitivity [20]. Furthermore, the
relative change in resistance diminishes promptly
when the sensor starts to be released. The trace of
relative resistance variation curve is very close for
both cases of stretching and releasing cycles. In other
words, the hysteresis performance of the sensor is
good. The hysteresis of electrical resistance might be
slightly affected by the slippage of CNTs upon
stretching [13]. Besides, the hysteresis of PDMS per-
haps contributes to the sensor hysteresis to some
extent [35]. To better understand the hysteresis per-
formance, the hysteresis error is introduced here.
Based on the hysteresis error equation,

AHmax

Vg = x 100% (1)
where the yy is the hysteresis error index, while
AH,,.« is the maximum difference between the 4AR/R,
in stretching and releasing cycles, and Y denotes the
maximum full-scale 4R/R,, respectively. The hys-
teresis error index for 20% strain is 30.4%, whereas
that for 10% strain is 16.8% and for 40% strain is 9.3%.
Although the hysteresis for 20% strain is larger than
the other two, the error still can be tolerable. For
example, the carbon black/PDMS composite sensor
fabricated by Kong et al. [36] exhibited hysteresis

error around 25% upon stretching of 10% strain.

Amjadi et al. [21] made a stretchable sensor com-
posed of silver nanowire—elastomer nanocomposite
which presented hysteresis error roughly 30% sub-
jected to 10% strain stretching. It is perhaps attributed
to the fact that the network of CNTs would recon-
figure differently in each stretching. Therefore, the
hysteresis error only can be guaranteed to be under
an acceptable limit.

Considering that the tension speed is one of the
main influential parameters on the piezoresistivity
performance, herein the piezoresistive behavior of
the sensor is studied at different tension speeds. The
sensor is stretched up to 10% strain at different tensile
speeds as illustrated in Fig. 2b. It can be seen that not
only the sensitivity remains stable, but also the curve
of relative resistance change versus time maintains its
linearity. In other words, the strain gauge exhibits a
strain-rate-independent piezoresistive response in
terms of sensitivity and linearity. However, the
response time is slightly different when subject to
stretching/releasing with different tensile speeds. As
shown in Figure S5, when the tension speed is
0.5 mm/s and 1 mm/s, the electrical resistance
response will produce a slight delay, which could be
observed through comparing the peaks of AR/Ro-time
curve and strain—time curve. Nevertheless, when the
sample was stretched at a rate of 0.1 mm/s or
0.2 mm/s, the delay can be neglected. It might be
attributed to the error caused by the resolution limit
of the multimeter, or it is probably induced by the
hysteresis of the PDMS [35, 37]. Furthermore, quicker
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Figure 4 a Long-term relative variation in resistance of the strain sensor when subjected to the 1000 cycles of stretching/releasing (from

0-10% strain). b The relative change in resistance of the strain sensor magnified from the red circle part in (a).
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Figure 5 a Curve of relative change in resistance versus time for the strain sensor when subjected to wrist bending. b The dependence of
relative change in resistance and time of the strain sensor under finger bending with two motion states.

tensile speed would lead to a bigger difference
between initial and ending resistance, which can be
explained by the fact that the CNTs cannot go back to
the balanced state promptly in the PDMS matrix due
to the presence of friction between the CNTs and
PDMS [38, 39]. That is to say, quick tensile speed does
not offer sufficient time to make internal structure
reaching balanced and stable status. To be specific, as
the sensor is stretched the MWCNT network struc-
ture reshapes at the same time, so the neighboring
MWCNTs need time to reach the equilibrium state
mutually again through the van der Waals interac-
tions between them and the interactions between
CNTs and PDMS [40-42].
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Figure 3a exhibits the dynamic relative resistance
change response of the sensor incorporating 7%
MWCNTs to the strain variation (0-10%) under
stretching/relaxing cycles at a tension rate of 1 mm/
s. As indicated in the figure, the profile of the change
in resistance has greatly overlapped the strain profile,
manifesting that the sensor has prompt response
speed. Although the resistance after the cycle of
stretching/releasing cannot go back to the initial
value at once, the difference is tiny enough to neglect.
In addition, the GF still reaches around 2. In contrast,
the sensor is also applied on stretching and releasing
with 0-20% strain at the same tension speed as
illustrated in Fig. 3b. As expected, the profile of the
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relative change in resistance almost precisely fol-
lowed the strain variation, in spite of one remarkable
phenomenon that the resistance after the first cycle of
stretching/releasing cannot go back to the initial
value. However, in the following cycles, not only
does the value of the relative change in resistance in
each valley vary marginally less than 1%, but also its
curve against time shows stable wave variation. This
phenomenon is mainly caused by the frictions
between the CNTs and PDMS [38]. Due to the high
tension strain and CNTs slippage, CNT percolation
network in the PDMS matrix upon releasing is unable
to recover to the stable and balanced structure fully
and promptly. Hence after the first cycle, the values
of relative change in resistance in the valleys are
bigger than the initial value and then stay similar.
Besides, in the 10% strain stretching/releasing cycle,
the resistance after every cycle can recover to the
initial value approximately because the relatively
small strain does not lead to the delay time of
recovery. In any case, when the sensor is subjected to
sequential stretching/relaxing cycles with 10 or 20%
strain, it still shows a desirable consistency between
resistance change and strain variation.

The durability which is an important indicator for
the strain sensor represents the endurance to the
long-term stretching/releasing cycles with excellent
mechanical and electrical performance simultane-
ously. As depicted in Fig. 4a, the strain sensor was
stretched and relaxed circularly 1000 times with 10%
strain at the tension speed of 1 mm/s. The bulk
electrical resistance of the sensor experiences a quick
drop at the initial phase, and then it slightly dimin-
ishes. To the best of our knowledge, two competitive
processes that are destruction and formation of con-
ductive paths work during the stretching of com-
posites [42]. In the region where CNTs are dispersed
evenly, the conductive paths would be destroyed
remarkably under stretching process. Due to the
sufficient aggregation of MWCNTs in the region of
CNT clusters, conductive channels of CNTs would
not be destructed. Instead, the clusters of MWCNTs
may be separated apart gradually when the sensor is
repeatedly stretched and released, resulting in the
formation of more conductive paths in the MWCNT
agglomeration regions [43, 44]. This demonstrates
that the initial resistance after each cycle decreases.
Moreover, with the progressive separation of CNT
agglomeration, the downtrend of resistance slows
down and the resistance will approach one
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stable value. Besides, the CNTs would become
aligned in stretching direction after a series of
stretching/releasing [45]. As a consequence, this may
help to improve the electrical conductivity along the
stretching direction, but the sensitivity may be dete-
riorated [46, 47]. Furthermore, after a large number of
stretching /releasing, the sensor still exhibits the
stable sensitivity and quick response time when
subjected to strain variation, which can be seen in the
detailed view of the red circle part (Fig. 4b).

After a series of characterization, the sensor proves
that it has a desirable overall performance. It not only
exhibits favorable sensitivity, low hysteresis, and
quick response, but also it can adapt to different
tension speeds and guarantee the sufficient longevity.
In the end, the as-prepared strain sensor was
employed for detection of human motions to observe
whether it can be eligible for these tasks or not.

The deformation of the majority of human motions,
such as wrist and finger bending, typically would not
give rise to strain exceeding 40% [48]. Figure 5a shows
the relative change in resistance when subjected to wrist
bending. This process was recorded (see in Supporting
Information Movie 1). After a set of bending cycles, the
relative change in resistance exhibits stable and similar
waveforms, demonstrating a desirable reproducibility
of the sensor. Furthermore, the maximum values of
relative variation in resistance lie in the range from 2 to
2.5. In contrast to Fig. 2a, it is evident that the defor-
mation of wrist bending is around 30-35% as presented
elsewhere in the literature [48, 49]. Besides, the finger
bending was detected by two different motions, like
quick bending/relaxing and bending/holding/relax-
ing, as shown in Supporting Information Movie 2. The
relative change in resistance leveled on one value while
the finger maintained the bending state until the finger
was unbent. This phenomenon provided evidence that
the sensor possesses high sensitivity and prompt
response speed.

Conclusion

In summary, the stretchable MWCNT/PDMS com-
posite was manufactured through a facile and effective
approach and then encapsulated by PDMS with sand-
wich-like structure. After comparison and analysis, the
composite containing 7% MWOCNTs is the most suit-
able for making the stretchable sensor. Also, it can be
seen that MWCNTs is dispersed fairly uniformly in the
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PDMS matrix by observing SEM images. The as-pre-
pared strain sensor not only exhibits high stretchability
which was able to be stretched as high as 40% of its
original length, but also it shows high sensitivity rang-
ing from 3 to 5. In addition, the sensor can respond
immediately and precisely when subjected to a suc-
cession of stretching/releasing cycles with low hys-
teresis. Furthermore, the strain sensor still performs
well after 1000 stretching/releasing cycles, demon-
strating favorable durability. In the end, the practical
employment of the strain is verified by the fact that the
sensors can detect wrist bending precisely and
promptly as well as the discrimination between two
finger bending motions. Considering these advantages
of the strain sensor, it is trustworthy that both the sensor
and the composite have potentials to be utilized in
various fields, including wearable devices, biomedical
detectors.
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