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ABSTRACT: Flexible strain sensors have attracted extensive attention in
electronic skins and health monitoring systems. To date, it remains a great
challenge for the development of a multifunctional strain sensor with
simultaneous ultralow detection limit, broad sensing range, and high
repeatability. In this paper, we report a new carbon nanotube/ﬂexible ﬁbershaped strain sensor. The ﬁber substrate has a novel microstructure where a
highly elastic rubber ﬁber core is tightly wound by a continuous spring-like
polypropylene ﬁber as the shell. Our sensor oﬀers combined sensing
performances of ultralow detection limit of 0.01% strain, wide sensing range
of 200% strain, and high repeatability of 20 000 cycles by designing doubleleveled helical gaps. This strain sensor shows a rapid response time of 70 ms
under both stretching and releasing. In addition, it is available for a variety of
other deformations such as bending and torsion. Due to the unique ﬁber
structure, it can extend the torsion detection range to 1000 rad m−1. On the
basis of the superior sensing performances, our sensor demonstrates to eﬃciently work for both subtle physiological activities
and vigorous human motions. This work provides a general and eﬀective strategy for designing smart wearable devices with high
performance.
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1. INTRODUCTION
Stretchable strain sensors have attracted extensive attentions
due to their potential applications in a variety of ﬁelds such as
ﬂexible electronics,1−6 soft robotics,7,8 and health monitoring.9−11 In recent years, massive eﬀorts have been devoted to
develop ﬂexible strain sensor with combined superiority of
ﬂexibility, broad sensing range, high sensitivity, and mechanical
stability of the strain sensor.12−14 To date, it is still a great
challenge to fabricate strain sensors with simultaneous large
workable strain range and high repeatability. Low detection
limit, which is one of the key indicators of a strain sensor, as
well as the maximum detection strain is equally important in
expanding the workable strain range.
A lot of eﬀorts have been made in developing new materials
to achieve detection limits as low as possible and high
repeatability. On the one hand, for instance, for the mostly
explored resistive-type strain sensors,10,15−19 a spectrum of
materials, including carbon black,20,21 carbon nanotube
(CNT),22−24 graphene,25−27 and metallic nanowire,28−30 has
been extensively incorporated into ﬂexible polymer matrices to
prepare strain sensors. The sensors work through the
© 2019 American Chemical Society

deformation of formed percolation networks to generate a
response in electrical resistance.31 However, the transfer of
deformation from polymer matrix to the percolation network
in the composite is not eﬃcient with mediocre detection limit
of 1%, and it is diﬃcult to further lower the detection limit
based on the current reported composite systems. In addition,
a drastic deformation often produces permanent destruction of
the percolation network and leads to low repeatability during
use. On the other hand, a variety of structures have been
designed to enhance the performances of strain sensors. For
instance, Liu et al. assembled a ﬁsh-scale-like graphene-sensing
layer onto elastic tape as strain sensors for detection of human
motions.15 The ultralow detection limit of 0.1% was achieved
due to this ﬁsh-scale-like microstructure. While the maximum
detection strain of this graphene-based sensor was about 82%,
restricting its application under large deformation to some
extent. Kang et al. designed highly sensitive strain sensors with
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power was 150 W, while the ultrasonic frequency was 40 kHz. The
structures were characterized by scanning electron microscopy (SEM,
Hitachi, FEG S-4800). The stretching and bending experiments of the
FSS were carried out using a single-column electronic universal testing
machine (EZ-LX, Shimadzu, Japan). To measure the response time,
the deformation rate was 500 mm min−1. For adhesion test, the 3 M
tape was adhered to the ﬁnger; then, the same area of the FSS was
touched gently, and the change in resistance was recorded at the same
time. The twisting test was carried out by a high-precision stepping
motor. The electrical resistances of FSSs were measured by a digital
precision multimeter (Tektronix, DMM 4050). The I−V curves were
measured by a RST5000 electrochemical workstation (Suzhou
Risetest Electronic Co., Ltd., China). To obtain the resistance
variations, a constant voltage (1 V) was loaded on the FSS to acquire
real-time current signals using the same electrochemical workstation.

detection limit of 0.1% strain by generating cracks in the
platinum (Pt) ﬁlm.16 However, the Pt conductive network
would be irreversibly broken when the applied strain was larger
than 2%, leading to some destructions of the sensors under
large deformation. In addition, these sensors always showed
relatively low repeatability in sensing property. Although great
advances have been made to achieve high performance strain
sensors by designing special geometrical structures, such as
percolation networks,32,33 gaps and islands structures,34
thickness-gradient ﬁlms,35 carbonized textiles,36−38 and
woven fabrics,39,40 it still remains challenging to further
lower the detection limit (<0.01% strain) of the strain sensor
and realize high repeatability (>10 000 cycles) synchronously
to satisfy the next-generation electronics.10
Herein, we develop a simple, cost-eﬀective, and large-scale
fabrication strategy for a new ﬁber-shaped strain sensor (FSS)
by designing double-leveled helical gaps of CNT/polymeric
ﬁber composite. This novel microstructure can not only
produce larger recoverable structure deformations even under
very small strains but also ensure the recoverable slipping
deformation, rather than the direct destruction of conductive
networks under drastic deformation, demonstrating the
excellent performance toward stretching, such as ultralow
detection limit (0.01% strain), broad sensing range (>200%
strain), high repeatability (up to 20 000 cycles), and fast
response time (70 ms). In addition, it also works for a variety
of other deformations, such as bending and torsion. Due to the
unique ﬁber structure, it can extend the torsion detection range
to 1000 rad m−1 (at least 3 times superior to that of planar
strain sensors). On the basis of its superior performance, our
sensor can better meet the requirements for detection of both
subtle physiological signals such as wrist pulse, speaking, and
breathing, and vigorous human motions such as ﬁnger bending
and lower limb movement (e.g., walking, jumping, jogging,
etc.). The sensor shows great potential in the ﬁeld of smart
skin, healthcare, and wearable devices.

3. RESULTS AND DISCUSSION
To fabricate the FSS, spring-like ﬁber substrates were dipped
into CNT conductive ink (Figure S2) to wrap CNT networks
on the PP ﬁbers under ultrasonication (Figure 1a). It can be

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Spring-like ﬁber substrates were
provided by Zhiheng Co., Ltd. and served as the stretchable substrate.
It can be seen clearly in Figure S1 that polypropylene (PP) ﬁbers
(with the diameter of 25 μm) were tightly wound onto a highly elastic
rubber ﬁber (with the diameter of 400 μm) to form a spring-like ﬁber.
CNT ink with CNT weight concentration of 30% was supported by
Suzhou Tanfeng Graphene Technology Co., Ltd., China, which
included acrylic modiﬁed PU, methylbenzene, polyacrylic acid,
polyacrylate, carboxymethylcellulose sodium, and dipropylene glycol
monobutyl ether as matrix resin and binder, dispersing agent,
stabilizer, leveling agent, adhesion promoter, and ﬁlm former,
respectively.
2.2. Fabrication of Fiber Strain Sensors. The CNT conductive
ink was diluted to 10% weight concentration by deionized water
under ultrasonic treatment for 30 min. Spring-like ﬁber substrates
were cleaned by ultrasonic washing in deionized water for 1 h,
followed by drying for 20 min at 60 °C. They were then immersed in
the diluted CNT conductive ink under ultrasonic treatment for 15
min and dried again at 60 °C for 20 min. The resulting continuous
conductive ﬁbers were cut into diﬀerent lengths for measurements.
Two electrodes were attached on both ends of conductive ﬁbers by
silver paste to fabricate the FSS. The lengths of the FSSs for
stretching, bending, and torsion measurements were 10, 20, and 50
mm, respectively.
2.3. Characterization and Performance Testing. All ultrasonic
treatments were carried out by CNC ultrasonic device (KQ3200DE,
Kunshan Ultrasonic Instrument Co., Ltd., China). The ultrasonic

Figure 1. Schematic illustration of the fabrication process and the
characterization of the FSS. (a) Schematic illustration of the
fabrication process of the FSS. (b and c) SEM images of spring-like
substrate ﬁber and conductive composite ﬁber, respectively. (d) SEM
image of conductive ﬁbers at high magniﬁcation (the CNT
conductive ink was absorbed on the PP ﬁbers). (e) Dependence of
stress on strain of the spring-like ﬁber substrate and the FSS. (f)
Photograph of an as-prepared continuous FSS.

seen from the photos in Figure 1a that the pristine white ﬁber
became black after the ultrasonication treatment. As seen in
Figures 1b−d, the scanning electron microscope (SEM)
images of the ﬁber substrate before and after ultrasonication
conﬁrmed that the CNT ink was absorbed onto the ﬁber
substrate successfully. A tensile test was conducted to evaluate
the mechanical properties of spring-like ﬁber substrates and
FSSs (Figure 1e). The tensile strengths were calculated to be
33.53 and 52.20 MPa, respectively, and the rupture strains
were measured as 834.36 and 611.64%, respectively. The
higher tensile strength of FSS was ascribed to the introduction
of CNT networks. The excellent elasticity of ﬁber substrates
lays the foundation for the superior stretchability of FSSs.
Noteworthily, based on the above simple procedure, the FSS
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micrometers among individual CNT/PP ﬁbers (Figure 2f)
were formed simultaneously. The two kinds of gaps
disappeared upon the release of the tensile force applied on
the FSS. Due to the synergy eﬀect of these double-leveled gaps,
FSSs can produce larger structure change even under very
small strains, which enables the sensor to capture tiny strains
accurately. In addition, the recoverable deformation, rather
than destruction of conductive network, also improves the
stability of sensors eﬃciently. The conducting CNT network
had been ﬁrmly adhered on the surfaces of the PP ﬁbers even
after further treatment by ultrasonication (Figure S5), and the
electrical resistance of the FSS changed slightly even after
being adhered and stripped by a 3 M tape for 1000 cycles
(Figure S6). The above structure and resistance stability were
important for the following high sensing performance of the
FSS.
To investigate electromechanical characteristics of the FSS,
the variation of relative resistance (ΔR/R0), toward the
stretching, bending, and torsion deformation was further
traced. Here, ΔR = R − R0, where R0 and R were the electrical
resistances of FSSs before and after deformation, respectively.
The relative resistance of the FSS increased linearly under
increasing stains within 200% (Figure 3a), so it was available to
sense a broad strain range. The increase in resistance was
attributed to the separation and slippage of adjacent
conductive CNT/PP ﬁbers under the increasing distances of
doubled-leveled gaps among CNT/PP ﬁber bunches and
CNT/PP ﬁbers. It can be seen in Figure 3a that the slope of
the relative change of resistance vs applied strain, i.e. gauge
factor (GF, which reﬂects the sensitivity of strain sensors),
after ∼280% strain to be steeper than for strain lower than
280%. That means the FSS showed a GF of 2.14 when the
strain was lower than 280% and a higher GF of 6.14 after 280%
strain, indicating higher sensitivity under large strain. The
growth of GF can be attributed to the violent change in
resistance at higher strain value (higher than 280%), resulting
from the state that the destruction of the conductive network is
more and more aggravated.30 Interestingly, the above
resistance change was highly sensitive and might be used to
detect ultralow strains. Figures 3b and S7 show the relative
resistance variations under stretching and releasing with
decreasing tiny strains, and the detection limit of the FSS
was eﬀective for the very low strain of 0.01%, which is rarely
reported in available literature. Furthermore, highly reproducible output signals under repeated tiny strains are exhibited in
Figure S8, endowing the sensor with the capability of
monitoring subtle physiological signals. The designed doubleleveled helical gaps were believed to be the key factor for the
extremely low detection limit. To verify the above hypothesis,
two ﬁber-shaped control sensors (Figure S9) only with the
similar large gaps and only with the similar small gaps were
studied under the same conditions. The detection limits were
measured as 0.2 and 1.0%, respectively (Figures S10 and S11),
both much higher than that of the FSS.
For practical applications, the FSSs are also required for high
responses to alternating strains and deformation rates. We ﬁrst
performed the sensing tests under increasing strains of 0.5, 1, 2,
5, 10, 20, and 50% (Figures 3c and S12). As expected, under
each strain, a good and stable response was achieved, and the
relative change in the resistance of the sensor increased
regularly, which is consistent with the result of Figure 3a. In
addition, the cyclic performance of the strain sensor at a
maximum strain of 20% exhibits good reproducibility upon

can be easily and continuously fabricated for a large-scale
application, and it was uniform for the diameter typically in
hundreds of micrometers (Figure 1f). To corroborate the
reproducibility of mechanical characteristics and electrical
properties, tensile strength and rupture strain of ﬁve ﬁber
substrate and the FSS samples were tested, respectively. The
test results show that samples exhibit good reliability in
mechanical characteristics when fabricated for large-scale
applications (Figure S3). Similarly, the electrical properties of
the large-scale FSS samples were also of good reliability
(Figure S4).
By designing the FSS into the structure of double-leveled
helical gaps (Figures 2a and b), the stretchable FSS could be

Figure 2. Schematic illustration and the morphology of the FSS under
stretching and releasing. (a) Schematic illustration of the FSS with a
spring-like structure under stretching and releasing (for simplicity and
clarity, only one layer of CNT/PP ﬁbers was demonstrated). (b)
Schematic illustration to the magniﬁed rectangle in panel a,
demonstrating large gaps formed between two neighboring knots of
CNT/PP ﬁber bunches and small gaps formed among CNT/PP
ﬁbers. (c and d) SEM images of an FSS before stretching at low and
high magniﬁcations, respectively. (e and f) SEM images of the FSS
after stretched to 100% at low and high magniﬁcations, respectively.
The red dashed lines in panel e and arrows in panel f show a large gap
between two neighboring knots from the CNT/PP ﬁber bunch and
small gaps among individual CNT/PP ﬁbers, respectively.

stretched and released, accompanied by the generation and
disappearance of large and small gaps among spring-like CNT/
PP conductive ﬁbers. The structure change in the process of
stretching/releasing was studied by SEM. Figures 2c and d
showed the original morphology of an FSS, and the spring-like
CNT/PP ﬁbers with a diameter of approximate 25 μm were
densely connected with each other side by side. When the FSS
was stretched, double-leveled helical gaps with large sizes of
hundreds of micrometers among the neighboring knots of the
CNT/PP ﬁber bunch (Figure 2e) and small sizes of tens of
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Figure 3. Strain sensing properties of the FSS. (a) Typical relative resistance−strain curve (black) and stress−strain curve (blue) of the FSS. (b)
Relative resistance response of the FSS under decreasing tiny strains. (c) Multicycle tests of the FSS upon stretching to strains of 0.5, 1, 2, 5, 10, 20,
and 50% in 10 stretching−releasing cycles. (d) Relative resistance change of the FSS at a tensile strain of 20% with increasing deformation rates of
0.5, 1.0, 2.0, 5.0, and 20.0 mm min−1. (e and f) Rapid response upon loading and unloading of the FSS, respectively (inset, close-up of the response
times), deformation rate: 500 mm min−1. (g) Current−voltage characteristic curves of the FSS under increasing strains. (h) The durability test of
the FSS over 20 000 loading−unloading cycles under a strain of 10% (inset, 10 cycles of the middle part).

increasing deformation rates from 0.5 to 20 mm min−1
(Figures 3d and S13). Impressively, the relative resistance
change remained almost unchanged, that is to say, the sensing
performance was not aﬀected by the frequency of the applied
strain because of its excellent elasticity and rapid response rate
(Figure S14).
For the strain-sensing applications, the response time is
another crucial factor. Shorter response time is very meaningful
for the real-time detection of fast and intricate movements. To
determine the response time, the FSS was loaded and unloaded
with a quasi-transient step strain of 1%. Impressively, as seen in
response curves, the response time for both loading and
unloading operations was the same of only 70 ms (Figures 3e
and f), and it was shorter than most previous strain sensors.11
For the two ﬁber-shaped control sensors only with the large
gaps and only with the small gaps, the response time was
measured as 85 and 90 ms, respectively (Figure S15). The FSS
displayed linear current−voltage characteristics under increasing strains to 100% (Figure 3g), indicating an outstanding
ohmic behavior. In addition, cycle test was conducted under
10% strain (Figure 3h). Remarkably, due to the structural
stability of the sensor, the electrical responses of such FSSs can
be well-maintained for 20 000 cycles without fatigue (Figure
3h), exhibiting excellent durability and stability. No structure
damage was traced after stretching and releasing operations for
20 000 cycles under SEM (Figure S16). As a comparison, the
two ﬁber-shaped control sensors only with the large gaps and
only with the small gaps can be eﬀectively used to sense the
strain change just for 7000 and 3000 cycles, respectively

(Figure S17). Remarkably, to study the cycle performance
under large strain such as 50 and 100%, extra experiments were
conducted to verify that the electrical responses of FSSs can be
well-maintained for 5000 cycles without fatigue under a strain
of 50% (Figure S18), while only 250 cycles under a strain of
100% (Figure S19). It is diﬃcult to achieve excellent cyclic
performance under large strain for strain sensors, but it is
reported that the human skin always shows diﬀerent strain
ranges under 80% strain.23 Therefore, the FSS can meet the
requirements for human motion detection. We summarize the
key strain-sensing property under stretching; the FSSs can
detect the lowest strain deformation of 0.01% among the
available stretchable strain sensors to our knowledge (Figure
4).13,15,16,30,41−48
In addition to the tensile deformations, the FSS can also
detect bending deformations. To show bending angles clearly,
here the bending degree, i.e., ΔL/L0 = (L0 − L)/L0, where L0
and L are the chord lengths before and after bending,
respectively, was used to characterize the bending deformation.15 The relative resistances were enhanced dramatically
with the increasing bending degrees from 0 to 20%, then slowly
enhanced from 20 to 40%, and ﬁnally reaching a platform
(Figure 5a). It is notable that the relative resistances were
recovered without hysteresis after releasing due to the high
response rate and the well-maintained structure during
deformation. The variations of relative resistances remained
stable without conspicuous degradation after bending for 5000
cycles at a bending degree of 20%, which further veriﬁed the
high stability and repeatability of the FSS in bending (Figure
4348
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understand that at the beginning of the bending deformation,
the conductive network changes dramatically once the adjacent
conductive CNT/PP ﬁbers are separated and slipped with each
other, and as the deformation progresses, the conductive
network changes more and more slowly as the adjacent
conductive CNT/PP ﬁbers are separated and the contribution
of slippage to the destruction of conductive networks is getting
smaller and smaller. On the contrary, the inﬂuence of slippage
to the reconstruction of conductive networks is getting bigger
and bigger. Therefore, the resistance variation is faster at the
beginning of bending and the end of the release.
Besides the detection of typical stretching and bending
deformations, torsion monitoring is another highlight of the
FSS. The sensing measurement was illustrated in Figure 5c,
and a high-precision stepping motor worked as the torsional
sensor. The relative resistances had been traced under
increasing torsion levels (Figure 5d). Due to the spring-like
structure of the CNT/PP ﬁbers, the one-dimensional FSS
could eﬀectively detect the torsion level from 0 to 1000 rad
m−1, which far exceeded the traditional two-dimensional
sensors.49−52 The variations of relative resistances with
increasing torsion levels of 20, 50, 100, and 200 rad m−1
were measured to be appropriately 0.03, 0.08, 0.20, and 0.46,
respectively (Figure 5e). Similar to the stretching and bending
deformations, the above sensing performances under diﬀerent
torsion levels can also be repeated well. For instance, the
variations in relative resistance remained almost unchanged
after 5000 cycles with a torsion level of 120 rad m−1 (Figures 5f

Figure 4. Minimum detection strain of the FSS compared with the
previous stretchable strain sensors.13,15,16,30,41−48

5b). A shoulder peak appears during the unloading process;
this phenomenon is attributed to the competition between
destruction and reconstruction of CNT conductive networks
in the ﬁber. The increase in resistance was attributed to the
separation and slippage of adjacent conductive CNT/PP ﬁbers
under the increasing distances of doubled-leveled gaps among
CNT/PP ﬁber bunches and CNT/PP ﬁbers. It is easy to

Figure 5. Bending and torsion sensing properties of the FSS. (a) Dependence of relative resistance on bending degree during bending back and
forth. (b) Cyclic stability test of bending at 20% for 5000 cycles (inset, 5 cycles of the middle part). (c) Photograph of the experimental setup for
twisting measurement. Scale bar, 50 mm. (d) Resistance variation of the FSS under torsion test from 0 to 1000 rad m−1. (e) Resistance variation
during ten cycles at torsion levels of 20, 50, 100, and 200 rad m−1. (f) Cycle stability test of torsion under 120 rad m−1. (g) Middle 10 cycles from
panels f and h. Torsion detection range of the FSS compared with the previous planar sensors.
4349
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Figure 6. Use of the FSS for wearable strain sensors in monitoring human activities. (a) The FSS attached to the knee, marked in the red box. (b)
Relative resistance change of the FSS on the knee under motions of ﬂexing/extending, walking, jogging, jumping, and squatting-jumping. (c)
Relative resistance responses of the FSS in detecting ﬁnger bending (insets, diﬀerent ﬁnger-bending degrees). (d) Relative resistance responses of
the FSS in detecting rapid ﬁnger bending. (e) Relative resistance change of the FSS on the wrist induced by the pulse before and after exercise. (f)
Relative resistance change of the FSS on the canthus induced by blink. (g) The FSS attached to the throat, marked in the red box. (h) Relative
resistance change of the FSS when the wearer spoke “nano”, “graphene”, “sensor”, and “ZZU”. (i) The FSS attached to the chest, marked in the red
box. (j) Relative resistance change of the FSS induced by respiration before and after exercise.

lead to a further increase or decrease in the resistance, forming
a stepwise signal. An accurate and repeatable response was
acquired by the changes in the relative resistance when the
ﬁnger was bent to a certain degree rapidly (Figure 6d). On the
other hand, subtle motions such as wrist pulse, voice
recognition, respiration, and blink had also been detected
eﬀectively. The wrist pulse waves with 5 peaks in 5 s were
recorded, indicating a pulse rate of 60 times per minute in
relaxation (the red curve in Figure 6e). The repeatable and
regular signals became more violent at a higher frequency after
exercise, corresponding to a pulse rate of 120 times per minute
(the blue curve in Figure 6e). As expected, another subtle
motion of blink could also be detected in real time (Figure 6f).
In addition, the FSS was attached onto the throat to detect
vibration signals of vocal cords when the wearer spoke diﬀerent
words such as “nano”, “graphene”, “sensor”, and “ZZU”
(Figure 6g). Distinguishable signals recorded in Figure 6h
demonstrated the sensor’s potential applications in phonation
rehabilitation exercise and human−machine interaction. The
FSS was attached onto the chest for respiration monitoring
(Figure 6i); the respiration rate and depth in relaxation and
after exercise were clearly distinguished (Figure 6j). All of
these applications prove that our FSS can monitor full-range
human body motion and have great application potential in the
ﬁelds of smart robot development, medical health, and
wearable electronic devices.

and g). The excellent responsive behavior in torsion sensing
will enrich the application of the FSS in capturing complex
motions. The performance comparison of the typical torsion
sensors is shown in Figure 5h, in which we can see that the
torsion detection range of the FSS is at least three times
superior to that of planar strain sensors.49−52
The ultralow-detection limit and broad sensing range,
together with the ability to catch both bending and torsion
deformations, can greatly broaden the application of the FSS.
Indeed, the FSSs can function as a new kind of wearable
sensors. They were attached onto diﬀerent positions (such as
ﬁnger, knee, wrist, throat, chest, and canthus) of the human
body by medical patches to monitor activities. On the one
hand, vigorous human motions such as lower limb movement
and ﬁnger bending were detected eﬀectively. The FSS was
ﬁxed on the knee to see its response to the lower limb
movements (Figure 6a), and with lower limb movements of
knee ﬂexing/extending, walking, jogging, jumping, and
squatting/jumping, distinguishable feedback signals were
generated by the FSS (Figure 6b). Furthermore, ﬁngerbending could also be monitored by the FSS attached on an
index ﬁnger. Whatever the bending modes were, diﬀerent
bending degrees of the ﬁnger could be easily detected by virtue
of the diﬀerent response curves (Figures 6c and S20). When
the ﬁnger was bent to a speciﬁc angle, the relative resistance
change of the FSS reached to a certain value and then
remained stable. Further extended or released bending would
4350
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4. CONCLUSIONS
In summary, we developed a new family of high-performance
one-dimensional strain sensors by designing double-leveled
helical gaps from the electrically conducting ﬁbers wound
outside a highly stretchable rubber ﬁber core. They could
detect an ultralow strain of 0.01% with a broad sensing range
(>200%), rapid response (<70 ms), and high repeatability
(20 000 cycles). They also eﬃciently worked for the other
deformations such as bending and torsion and extend the
torsion detection range to 1000 rad m−1. These onedimensional strain sensors had been further demonstrated as
eﬀective wearable sensors to monitor both subtle and vigorous
motions in the human body. Due to the unique ﬁber shape,
they may be woven into sensing textiles for the next-generation
electronics such as wearable electronic devices that are
expected to be breathable and comfortable and thus open up
many new and promising application avenues. This work also
provides a general and eﬀective strategy in the development of
smart devices with high performances.
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