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Abstract

Wearable strain sensors are widely engaged in the fields of soft robotics, health

monitoring, and human-machine interfaces. However, low sensitivity, poor

environmental resistance, and low-air permeability of wearable strain sensors

severely limit their practical applications. Herein, a coaxial fiber consisting of a

polyvinyl alcohol/polyaniline hydrogel (PPH) core and a thermoplastic elasto-

mer (styrene-isoprene-styrene block copolymer, SIS) sheath was fabricated by

a cryo-spun encapsulation strategy. The as-obtained PPH@SIS fiber exhibited

high stretchability (>200% strain), large conductivity (0.51 mS.cm�1) and high-

yet-linear sensitivity (gauge factor of 2.4) when being directly used as a fibrous

strain sensor. The resultant PPH@SIS fibrous strain sensor showed a stable

response at a broad temperature range from �50 to 50�C to various strains

(0% � 100%) and frequencies (0 � 2 Hz). As a demonstration, the PPH@SIS

fibrous strain sensors are capable of identifying fast and slow bendings of

dummy joints, showing excellent wearability, high sensitivity, and wide

detecting range. This work therefore provides a unique cryo-spun encapsula-

tion strategy for fabricating coaxial conductive fibers promising for wearable

sensors with high sensitivity, excellent wearing comfort, and resistance to

extreme environments.
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1 | INTRODUCTION

Rapid developments of electronics and information tech-
nologies have prompted an increasing demand for wear-
able and stretchable electronic devices.1 Currently,
stretchable strain sensors based on a structural design of
silicon, metal, and ceramic materials are widely used in

biomedicine, automotive, and other fields.2 However,
shortcomings of high density, low sensitivity, and narrow
strain range made them unsuitable to meet the require-
ments for extremely cold and vacuum environments.3

Besides, air permeability is also necessary for wearable
sensors in consider of wearable comfort.2d,f,4 Therefore,
the fabrication of light-weighted, resistant to extreme
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environments, highly sensitive and stretchable conduc-
tive fibers are great potential candidates for next-
generation wearable fibrous structure and weaving strain
sensors.

Ionic conductors like ionic liquids, ionic gels, and
hydrogels have the characteristics of low modulus, which
have been used for fabricating fibrous stretchable ionic
conductors.5 As a new type of strain sensing material,
stretchable fibrous ionic conductors have been applied to
fabricating wearable strain sensors and optical sensors.6

However, ions in the conductors as carriers are uniformly
distributed in the entire material, leading to a negligible
change of conductive paths under deformations.7 As a
result, fibrous ionic conductors usually show low sensi-
tivity to accurately identifying small deformation of
human motions. Besides, fibrous ionic conductors are
normally hard to achieve long-term and wide-range
responses especially to withstand extreme environmental
conditions.7c,8 These drawbacks greatly limited the prac-
tical applications of fibrous ionic conductors in wearable
fibrous and weaving strain sensors. The development of
new-type and high-performance fibrous stretchable ionic
conductors has prospects while meeting great challenges.

Herein, a cryo-spun encapsulation strategy was pro-
posed to continuously fabricate a polyvinyl alcohol/
polyaniline hydrogel@thermoplastic elastomer (styrene-
isoprene-styrene block copolymer as the thermoplastic
elastomer, SIS) (PPH@SIS) coaxial fiber. The cryo-spun
encapsulation strategy consists of two steps. First, a coax-
ial wet-spun with PPH precursor solution and SIS solu-
tion as the core and sheath spinning solution,
respectively, was used for the formation of a coaxial fiber
with PPH precursor core and SIS sheath. Second, the
fresh-made coaxial fiber was frozen to further form the
PPH core via subsequent cryopolymerziation. The aniline
monomers among the PPH precursor were capable of in
situ polymerizing into PANI nanostructures within PVA
skeletons under frozen states. An electric and ionic dual
conductive network was achieved among the PPH,
greatly improving the sensitivity of PPH@SIS fibrous
strain sensors. The mixed solvent of water and ethylene
glycol (EG) reduced the freezing point of the resultant
PPH, thereby significantly enhancing the low-
temperature resistance of coaxial fibers. The high stretch-
ability of the SIS sheath endowed the PPH@SIS fibers
with a wide reversible strain range and high-fatigue resis-
tance. In addition, the high hydrophobicity of the SIS
sheath protected the PPH core from any evaporation,
endowing the PPH@SIS fibers with long-term working
life. As a proof of concept, the PPH@SIS fiber was
attached to dummy joints as a wearable strain sensor,
capable of monitoring the joint movements in real-time
with high sensitivity and extremely low hysteresis. The

cryo-spun encapsulation strategy provides a new avenue
for the development of fibrous strain sensing materials
with high stretchability, extreme-temperature resistance,
large, and linear sensitivity.

2 | RESULTS AND DISCUSSION

Herein, a cryo-spun encapsulation strategy was proposed
for obtaining a coaxial fiber (PPH@SIS) with fibrous core
and sheath of PPH and SIS (Figure 1A), respectively. Eth-
anol is unable to dissolve SIS, while ethanol and dic-
hloromethane (CH2Cl2) are mutually soluble. When the
sheath solution of SIS/CH2Cl2 was squeezed into the eth-
anol coagulation bath from the outer channel of the coax-
ial needle, the CH2Cl2 was quickly extracted by the
ethanol, and thereby a hollow SIS fiber tube was pro-
duced. Afterward, the core solution of PPH precursor
(pre-PPH) was then injected into the hollow SIS fiber
tube from the inner channel of the coaxial needle for the
formation of pre-PPH@SIS fibers. The cryo-spun encap-
sulation strategy for the preparation of pre-PPH@SIS
fibers was simple yet efficient for continuous spinning
(Movie S1). The PPH@SIS fibers were finally obtained by
further sequentially treating the pre-PPH@SIS fibers at
�100 and �20�C, respectively, for cryopolymerizing the
aniline monomers into PANI nanostructures among the
PPH core. PVA skeletons with physically crosslinking
sites were also formed inside the PPH core at low
temperatures.

The cryo-spun encapsulation strategy can fabricate
continuous PPH@SIS fibers with a length of more than
6 meters. The PPH@SIS fibers were collected on a wind-
ing shaft (Figure 1B) and subsequent ethanol-washing
(Figure 1C), indicating that the cryo-spun encapsulation
strategy is capable of preparing the PPH@SIS coaxial
fibers on a large scale. The PPH@SIS fiber was capable of
being stretched for >200% strain (Figure S1) and bearing
a 200 g weights (Figure 1D), indicating that the PPH@SIS
fibers showed high stretchability and mechanical stabil-
ity. The surface of PPH@SIS fiber was smooth
(Figure 1E), and the boundary between the core and
sheath of PPH@SIS fibers was distinct, indicating the
core-sheath structure of PPH@SIS fibers were chemically
stable (Figure 1F), in which the core diameter was
�900 μm and the thickness of the sheath was �90 μm.
Field emission scanning electron microscopy (FESEM)
image of the PPH core of PPH@SIS fibers indicated that
the PANI nanostructures were evenly and uniformly dis-
tributed within the PVA skeleton (Figure 1G).

Structural characterizations of PPH are shown in
Figure 2. Similar to the fabrication of PPH@SIS fibers,
the solution containing aniline monomers and PVA was
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FIGURE 1 (A) Schematic of

the fabrication of the PPH@SIS

fiber via a cryo-spun

encapsulation strategy.

Photographs showing the as-

obtained PPH@SIS fiber

(B) collected on a spindle and

(C) immersed in an ethanol bath.

(D) Photograph showing the as-

obtained PPH@SIS fiber holding

a 200 g weight. (E) Surface and

(F) cross-section SEM images of

the PPH@SIS fiber. (G) SEM

image of the freeze-dried PPH

core among the PPH@SIS fiber.

PPH, polyaniline hydrogel; SEM,

scanning electron microscopy;

SIS, styrene-isoprene-styrene

FIGURE 2 (A) FT-IR spectra and (B) XRD patterns of PPH, PANI, and PVA. (C) DSC curves of PPH, PVA, and PPH-H2

O. (D) Temperature dependence of G0 and G0 0 of PPH. (E) Continuous step-stress measurements of PPH at 1 and 1000 pa, respectively. DSC,

differential scanning calorimeter; FT-IR, Fourier transform infrared spectra; PPH, polyaniline hydrogel; SIS, styrene-isoprene-styrene; XRD,

x-ray diffraction
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first placed at �100�C for 24 h while PVA skeletons were
also formed. Free ions, derived from APS and HCl, were
evenly distributed within the PPH, and an ionic conduc-
tive network was formed during the freezing process. The
reaction system was then transferred from �100 to
�20�C and maintained for another 48 h. The aniline
monomers were in situ cryopolymerized into PANI
nanostructures and uniformly distributed in PVA skele-
tons. The electrical conductive network was constituted
from the in situ formed PANI nanostructures.

The PPH was able to retain at the bottle bottom after
cryopolymerization (Figure S2), indicating that the gel
network of PPH was formed. To investigate the influence
of aniline monomers and EG on the gel networks in
PPH, the PVA organogel without the addition of aniline
monomers and the PPH-H2O without the addition of EG
were also synthesized, respectively. Strain sweep mea-
surements of PVA organogel, PPH-H2O and PPH were
conducted for understanding the structural stability of
the gel networks.9 The values of storage modulus (G0) for
these three gels were all much higher than those of loss
modulus (G00) in the linear range of 1%–1000%
(Figure S3a) and wide angular frequency range of
1–100 rad s�1 (Figure S3b). These elastic characteristics
of PVA organogel, PPH-H2O and PPH were consistent
with the performance of hydrogels reported in the litera-
ture, confirming that the gel networks were successfully
constructed by PVA organogels in the PPH-H2O and
PPH.9a,10 It is worth noting that the addition of EG did
not change the values of G0 and G00, indicating that the
EG would not damage the gel network of PVA. Fourier
transform infrared spectra (FT-IR) of PANI, PVA organ-
ogel and PPH were characterized and shown in
Figure 2A. The peaks of 3458 and 1635 cm�1 in PVA
belonged to O H and C C, respectively.11 The O H
successfully formed hydrogen bonds with N-containing
functional groups in the PANI (O H� � �N C), which
caused the O H in PVA to shift to 3264 cm�1 in the
PPH. However, the peak at 1635 cm�1 attributed to the
C C bond of PVA in the PPH did not shift, suggesting
that the C C in PVA did not directly form bonds with
the PANI. The peak of 1317 cm�1 belonged to the C N
of PANI, but the C N in the PPH shifted to 1186 cm�1,
attributing to the formation of hydrogen bonding
between the C N and O H in PVA. Similarly, since the
quinone in PANI (1448 cm�1) and the O H in PVA
could form hydrogen bonds, the quinone in PPH shifted
to 1436 cm�1. Raman spectra of PANI showed peaks of
1130, 1188, 1347, and 1543 cm�1 (Figure S4), belonging
to C H bending, C N stretching (quinoid ring), C N+

stretching (semiquinoid ring), and C C deformation
(semiquinoid ring), respectively. The Raman results indi-
cated that the proton-doped PANI networks were

successfully synthesized.12 The x-ray diffraction (XRD)
patterns showed the peaks in PPH were superimposed by
PANI and PVA and shifted slightly (Figure 2B), indicat-
ing that PANI was successfully introduced into the PVA
networks. Differential scanning calorimeter (DSC) mea-
surements were used to evaluate the effect of EG and ani-
line monomers on the anti-freezing performance of PPH
(Figure 2C). A sharp peak at �2.3�C was observed on the
DSC curve of PPH-H2O, showing that the PPH was fro-
zen below 0�C without the addition of EG. Since the PVA
skeletons in PPH-H2O were established during the
freeze–thaw process, the freezing point of PPH-H2O was
slightly higher than that of water. However, no peaks of
PPH and PVA organogel were observed from 15 to
�70�C, indicating that the H2O-EG mixed solvent signifi-
cantly increased the freezing point of PPH and aniline
monomers would not damage the anti-freezing perfor-
mance of PPH. The PPH had excellent low-temperature
resistance, which was of great significance to using the
as-obtained electronic devices in a low-temperature envi-
ronment. The changes of G0 and G00 values under variable
temperatures accurately reflected the stability of gel net-
works under different temperatures.9a,b,10b Looking at the
PPH (Figure 2D), the G0 value was remained greater than
that of G00 in the range of 25 � 90�C, indicating that the
gel network of PPH was stable at the range of 25 � 90�C.
In the range of 90 � 100�C, the difference between G0

and G00 began to decrease, showing that the gel network
of PPH was partially destroyed in this temperature range.
Therefore, the PPH had the potentials to work stably
under 90�C. The varying intensities of stress were used to
simulate the changes of PPH under external force and
standing (Figure 2E). The values of G0 and G00 for PPH
were constant under small applied stress of 1 Pa
(G0 > G00), indicating the elastic property of PPH was sta-
ble without external force. When the applied stress
moved to 1000 Pa, the values of G0 and G00 decreased rap-
idly and remained almost unchanged, respectively, and
the values of G0 kept greater than that of G00. This was
because the gel network of PPH was partially destroyed
by the applied stress. When the stress was back to 1 Pa,
the values of G0 and G00 immediately return to the origi-
nal state, suggesting that the gel network of PPH was
self-healed in a static environment. After 30 min (3 cycles)
of alternately applied stress (1 and 1000 Pa), the values of
G0 and G00 of PPH were still able to return to their origi-
nal state. This result showed that the gel network of PPH
had excellent self-healing ability.

To investigate the influences of PVA and PANI
nanostructures on the mechanical properties of the
PPH@SIS, the hollow SIS and PVA@SIS were synthe-
sized, respectively. The hollow SIS, PVA@SIS, and
PPH@SIS fibers were stretched for 5000 cycles at a 100%
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strain, and the results of plastic deformations based on
the tensile experiments are shown in Figure 3A,
Figures S5 and S6.13 The plastic deformations of hollow
SIS, PVA@SIS, and PPH@SIS fibers were 30%, 28%, and
27%, respectively. The decreases in plastic deformation
were attributed to the stable coaxial structure. The maxi-
mum stress of the three fibers at different cycles was nor-
malized, and the values of hollow SIS fiber had been
directly marked in Figure 3B. The maximum stress of
hollow SIS fiber decreased by 10% at the 100th cycle, and
then cliff-like faded to 25% (1000th cycle), 30% (3000th

cycle), and finally stabilized at 31% (5000th cycle). The
introduction of PVA into SIS fibers effectively prevented
its maximum stress from the sharp decrease after
1000 cycles. The maximum stress of PVA@SIS only had
9% (1000th cycle), 13% (3000th cycle), and 15% (5000th

cycle) reductions after the cyclic stretching-releasing pro-
cesses. This was because PVA effectively reduced the
stress concentrations of the SIS sheath during the
stretching of PPH@SIS fiber. Therefore, the PVA@SIS
fiber exhibited a higher fatigue resistance than that of
hollow SIS fiber. The maximum stress decrease of
PPH@SIS fibers was similar to that of PVA@SIS fibers,
indicating that the PANI nanostructures would not
destroy the mechanical performance of PPH@SIS fibers.
Figure S7 is the loading-unloading curve of PPH@SIS
fibers at different frequencies. Under a 100% strain, each
time-stress curves of PPH@SIS fibers were almost

symmetrical, which further showed the excellent
mechanical performance of PPH@SIS fibers. The tensile
work and energy loss as a function of time for the
PPH@SIS fiber were calculated (Figure S8). Taking the
first cycle as an example, the tensile work during loading
(U) was 0.34 mJ. When the unloading was complete, the
work, which was energy dissipation (ΔU), remained at
0.07 mJ. The energy loss coefficient (η) can be calculated
from Equation (1):

η¼ΔU
U

: ð1Þ

At this time, η was 0.21, and ΔU was 0.071 mJ. The
ΔU decreased continuously within 100 cycles and stabi-
lizes (0.071 � 0.062 mJ) (Figure 3C). The reason for the
high ΔU within 100 cycles was that the PPH@SIS fibers
suffered from extensive and inevitable structural damages
during the loading/unloading process. After 100 cycles of
loading and unloading, an almost stable η was obtained
(0.0193 � 0.198), and ΔU was also stabilized at
0.057 � 0.054 mJ. The elongation at break and fracture
mechanical strength of hollow SIS fibers was lower than
that of PVA@SIS and PPH@SIS fibers (Figure 3D). To
observe the mechanical properties of hollow SIS fiber,
PVA@SIS fiber and PPH@SIS fiber more clearly, the
results were summarized and shown in Figure S9. The
elongation at break of hollow SIS fibers was �2200%,

FIGURE 3 (A) Cyclic loading/unloading tests of the PPH@SIS fiber. (B) Normalized maximum stress of the hollow SIS, PVA@SIS, and

PPH@SIS fibers, respectively. (C) Cycle-dependent energy loss and energy loss coefficient of the PPH@SIS fiber. (D) Typical strain–stress
curves of the hollow SIS, PVA@SIS, and PPH@SIS fibers. (E) Conductivity and (F) weight changes of the PPH@SIS fiber at various

temperatures. PPH, polyaniline hydrogel; SIS, styrene-isoprene-styrene
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which was slightly lower than that of PVA@SIS fiber
(�2300%) and PPH@SIS (�2370%). These results were
attributed to the PVA and PPH were all capable of pro-
viding stress dispersion for the SIS sheath, which were
beneficial to increase the maximum strain of SIS. Simi-
larly, the fracture strength of hollow SIS fiber (1480 kPa)
was lower than that of PVA@SIS fiber (1810 kPa) and
PPH@SIS (1820 kPa), and the results were also attributed
to the energy distribution of PVA and PPH for the SIS.
The tensile fracture strength and elongation at break of
PPH@SIS fibers were both slightly higher than that of
PVA@SIS fibers. The above results showed that the
PPH@SIS fiber had excellent mechanical properties.
Figure 3E presented the relationships between the con-
ductivity of PPH@SIS fibers under various temperatures
and storage time. With the change of temperature from
�50 to 50�C, the conductivity of PPH@SIS fibers
increased from 0.33 to 0.51 mS cm�1. It was following the
theory of ionic conductivity that the rates of ion migra-
tion in the PPH network were limited by the low temper-
ature. The lowest conductivity of the PVA@SIS fibers
was obtained under the low temperature at �50�C (-
Figure S10). This was because the core PVA in PVA@SIS
fiber had become solid-state, and ions were hard movable
directionally.14 Under a constant temperature, the con-
ductivity of PPH@SIS did not vary with storage time. The
results were attributed to the extremely low-vapor

pressure of PPH given by the mixed solvents of EG-H2O.
In addition, the SIS sheath had excellent hydrophobicity
and can inhibit internal water vaporation. Therefore, the
PPH@SIS fibers were able to maintain a stable weight
and conductivity at different temperatures (Figure 3F).

Figure 4A was the working curve of the PPH@SIS
fibrous strain sensor at 0% � 100% dynamic tensile strain.
Stable and repeatable working curves were observed
under the same strains, and the step-like shapes of the
working curve were presented under different strains,
which was consistent with the applied strain signals. This
result indicated that PPH@SIS fiber could work stably
under wide and complex deformations. Similarly, the
PPH@SIS fibers also exhibited the resistance-strain
response that was resistant to complex frequencies
(Figure 4B). The working curves of PPH@SIS fibers were
gradually dense with the working frequencies increased.
This strain-resistant and frequency-resistant performance
was beneficial for PPH@SIS fibers to adapt to monitoring
complex human movements, such as variable speed run-
ning. Figure S11 showed the hysteresis performance of
PPH@SIS fibers. The small area enclosed by the tensile
working curve and the release working curve of
PPH@SIS fibers indicated their low hysteresis. Figure 4C
showed that the response time of PPH@SIS fiber was less
than 120 ms. The low hysteresis and fast response perfor-
mances of PPH@SIS were attributed to the dual

FIGURE 4 Relative resistance variations of the PPH@SIS fiber at (A) various tensile strains and (B) frequencies, respectively.

(C) Response time and (D) cycling stability of the PPH@SIS fiber. (E) Relative resistance variations of the PPH@SIS fiber monitoring elbow

bending. PPH, polyaniline hydrogel; SIS, styrene-isoprene-styrene
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conductive network of PPH and the excellent mechanical
property of PPH@SIS fibers. More than that, these strain
performances also laid solid foundations for PPH@SIS
fibers as an instant response sensing material. Figure 4D
exhibited the durability of PPH@SIS fibers. PPH@SIS
fibers were capable of running stably for 10,000 s
(3000 cycles) under a 100% strain. The working curves of
PPH@SIS fiber in the beginning (0 � 300 s) had a slight
drop. This was due to unavoidable microstructure dam-
ages of PPH@SIS fibers. The insets in Figure 4D were the
working curves of PPH@SIS fibers at different stages (ini-
tial, intermediate, and final stages). The great repeated
working curves at different stages verified the PPH@SIS
fibers had excellent cycle stability. For proof-of-concept,
PPH@SIS fibers had been worn on a dummy (insets in
Figure 4E, Figures S12 and S13) for characterizing the
wearable performance of PPH@SIS fibers. During the
process of wearing on and taking off the PPH@SIS fibers,
no residuals were found on the dummy limbs, indicating
that PPH@SIS fibers were suitable for wearing. Figure 4E
was the working curve of PPH@SIS fibers monitoring the
movements of dummy elbow. When the dummy was
moving, the working curves of PPH@SIS fibers showed
symmetry in real-time, which meant that PPH@SIS fibers

could accurately recognize dummy movements and iden-
tify slow and fast movements. Similarly, the PPH@SIS
fibers could also accurately identify the bending move-
ments of the dummy finger, including the slow bending,
rest and fast bending (Figure S12). Marching, resting and
leg lifting were also identified by the PPH@SIS fibrous
sensors (Figure S13). This ability to accurately identify
different joint motions showed that PPH@SIS fibers
could be used as multirole wearable sensing materials.
The fibrous strain sensors based on PPH@SIS were also
worn on the human body, and the marching movements
were monitored in real-time (Movie S2).

The working performance of the PPH@SIS fibers in
extremely low-temperature environments was also inves-
tigated. Figure 5A and Figure S14 were the resistance
change mechanism of PPH@SIS and PVA@SIS fibers
when being stretched, respectively. Figure 5A showed the
PNAI nanostructures were broken into short uncon-
nected nanostructures during the stretching. However,
Figure S14 showed the concentration of ions only chan-
ged uniformly during the stretching of PVA. The concen-
tration of ions, derived from APS and HCl, would
uniformly decrease with the deformation of the PVA dur-
ing the PVA@SIS fibers being stretched (Figure S14).

FIGURE 5 (A) Schematic of the

evolution of conductive paths of PANI-

based electric conductive network and

ion-based ionic conductive network of

the PPH@SIS fiber during the stretching

and releasing process. (B) GF values of

the PPH@SIS and PVA@SIS fibers,

respectively. (C) Photographs showing

the bending of a woven fabric of

PPH@SIS fibers at �30�C. (D) GF values

and (E) relative resistance variations of

the PPH@SIS fiber at various

temperatures. PPH, polyaniline

hydrogel; SIS, styrene-isoprene-styrene
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Since ions were carriers in PVA@SIS fibers, the uniform
changes of ion concentration would lead the PVA@SIS
fibers to lack drastic changes in the conductive paths dur-
ing the stretching process, which in turn made the resis-
tance change of PVA@SIS fibers small. On the contrary,
although the ion concentrations in PPH@SIS fiber still
changed uniformly with the deformation of PPH, the
PANI nanostructures in PPH would break during the
deformation process of PPH, which made the PPH@SIS
fiber have a high-resistance change (Figure 5A). The cal-
culation of gauge factors (GF) was as follows:

GF ¼ΔR
Δε

: ð2Þ

Here, ΔR was the value of resistance change and Δε was
the value of strain change. Therefore, the GF values
depended on the values of resistance change when the
strain was the same. The GF values of the PPH@SIS
fibers were higher than the PVA@SIS fibers in theory.
Figure 5B showed the GF values of actual measurements
for the PPH@SIS fibers at different temperatures, which
was �2.4 (R2 = 0.99). However, the GF value
of PVA@SIS fibers at room temperature was only 0.89
(R2 = 0.99). Figure 5C showed that PPH@SIS-based
woven fabrics could be bent at �30�C, which preliminar-
ily showed that PPH@SIS fiber could work at low tem-
peratures. Figure 5D is the working curves of PPH@SIS
fiber at different temperatures. At each temperature, the
working curves of PPH@SIS fiber were symmetrical and
similar, indicating that PPH@SIS fiber had stable sensing
performance at different temperatures (Figure 5E). These
results showed PPH@SIS fiber had the potentials to work
in a variable temperature environment.

3 | CONCLUSION

In summary, the PPH with an electric and ionic dual con-
ductive network was designed and prepared. The as-
obtained PPH was encapsulated in an SIS sheath by a
cryo-spun encapsulation strategy for realizing continuous
preparation of a PPH@SIS fiber. The dual conductive net-
works endowed the PPH@SIS fibers with an excellent
conductivity (0.51 mS cm�1) and high-GF value (2.4).
Anti-freezing solvent (EG-H2O mixture) and the hydro-
phobic SIS sheath together ensured the stability of the
weight and conductivity of PPH@SIS fibers for 6 months
at various temperatures. The excellent anti-freezing per-
formance and the stability endowed the PPH@SIS fibers
with similar and repeatable working curves at extreme
and room temperatures. Besides, the PPH@SIS fibers

were also able to work stably under various frequencies
(0 � 2 Hz) and deformations (0% � 100% strain) for more
than 3000 cycles. In addition, the wearable performance
of PPH@SIS fibers had also been conceptually verified. It
was directly attached to the dummy arm, finger, and
knee, and could monitor all subtle changes in the differ-
ent amplitudes and rhythms. The cryo-spun encapsula-
tion strategy thus opens a new avenue to fabricate
wearable strain sensing fibers with high sensitivity,
wide-range linearity range, and environmental stability.

4 | EXPERIMENTAL SECTION

4.1 | Materials

Aniline (≥99.5%), PVA (Mw: 85000 � 124,000, 99 + %
hydrolyzed), styrene-isoprene-styrene block copolymer
(SIS, styrene 22 wt%), ethanol (≥99.5%), and dic-
hloromethane (CH2Cl2, ≥99.5%) were purchased from
Sigma-Aldrich. Hydrochloric acid (HCl, CP, 36% � 38%)
and ammonium persulfate (APS, ≥98.0%) were pur-
chased from Sinopharm Chemicals. Deionized (DI) water
was used throughout the experiments. All the chemicals
were used as received unless otherwise stated.

4.2 | Preparations of PPH@SIS,
PVA@SIS, and hollow SIS fibers

SIS spinning solution for fabricating the fiber sheath was
prepared as follows: 10 g of SIS and 20 g of CH2Cl2 were
mixed and stirred at room temperature until dissolved.
PPH spinning solution for fabricating the fiber core of
PPH@SIS was prepared as follows: 0.83 mL of HCl,
0.23 g of APS, 0.1 mL of aniline and 4.5 g of EG were
added into 10 mL of PVA solution (18 wt%). PVA spin-
ning solution for fabricating the fiber core of PVA@SIS
was prepared as follows: 0.83 mL of HCl, 0.23 g of APS
and 4.5 g of EG were added into 10 mL of PVA solution
(18 wt%). PPH-H2O was synthesized as follows: 0.83 mL
of HCl, 0.23 g of APS and 0.1 mL of aniline were added
into 10 mL of PVA solution (10 wt%). All the spinning
solution was degassed for 10 min before wet spinning. A
coaxial needle consisted of a 21G needle (inner channel)
and a 15G needle (outer channel) was used for cryo-spun
encapsulation fabrication of PPH@SIS fibers.15 First, the
SIS spinning solution was extruded from the outer chan-
nel into an ethanol coagulation bath at a speed of
400 μL min�1. The CH2Cl2 among the spinning solution
was quickly exchanged with ethanol for the formation of
SIS fiber sheath. Subsequently, the spinning solution of
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PPH precursors was extruded from the inner channel at a
speed of 200 μL min�1. The as-spun continuous fiber was
transferred to �100�C and maintained for 24 h, and then
the temperature was raised to �20�C and maintained for
another 48 h. Finally, the PPH@SIS fiber was obtained
after being washed with ethanol and air-dried at room
temperature. Cryo-spun encapsulation fabrications of
PVA@SIS fibers were similar to that of PPH@SIS fibers
except for the use of PVA spinning solution, instead of
PPH precursors. SIS hollow fiber was obtained by
extracting the PPH core from the as-spun PPH@SIS
fibers.

4.3 | Characterizations

Freeze-dried samples (PANI, PPH, and PVA) were ana-
lyzed by Fourier transform infrared spectroscopy (FT-IR,
Nicolet iS10, Thermo Fisher Scientific), XRD patterns
(Cu Kα, Bruker D8) and Raman spectra (λexc = 631 nm,
InVia Reflex). Differential scanning calorimetry (DSC,
Q250, TA Instruments) was carried out in a nitrogen atmo-
sphere. Rheological measurements were investigated by
using a 25 mm parallel-plate geometry (MARS60-iS10,
HAAKE). Morphologies of fiber samples were measured
by field-emission scanning electron microscopy (SEM,
JSM-IT300). Mechanical tests were performed on a univer-
sal testing machine (SANS UTM2102) equipped with a
100 N sensor. Thermographic images were taken by an
infrared thermal camera (TiS40, Fluke).

4.4 | Measurements of fibrous strain
sensors based on PPH@SIS and PVA@SIS
fibers

SIS sheath has two different glassy transition tempera-
tures (�60 and 70�C), assigned to isoprene and styrene
segments, respectively. A viscous flowing state of the SIS
sheath was formed when the temperature exceeded 70�C.
In this study, two ends of the PPH@SIS fiber were sealed
by a hot-pressing method. Copper wires were inserted
into the two ends of a PPH@SIS fiber, and hot-pressing
was used to seal the two ends of the PPH@SIS fiber. The
detailed conditions of hot-pressing were set at 100�C and
1 MPa for 30 s. Similarly, PVA@SIS fiber was also sealed
by the same hot-pressing method. The as-obtained
fibrous strain sensors were placed in a motorized actuat-
ing system, consisting of a tensile testing machine
(UTM2000, SANS) and a source meter (2612B, Keithley).
To monitor the movements of dummy joints, the fibrous
strain sensors were attached to dummy joints and con-
nected with the source meter through copper wires.
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