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A B S T R A C T   

Integration of high wearing comfort, excellent conductivity and superior stretchability is required for wearable 
strain sensors. The construction of ionic conductors into elastic fibers and woven cloths can simultaneously 
realize wearing comfort and high elasticity. However, the fabrication of ionic conductive fibers with mechanical 
elasticity and high conductivity for fibrous strain sensors is challenging. Herein, a wet-spun encapsulation 
strategy is proposed for preparing a highly stretchable and fatigue-resistant ionic conductive fiber with a unique 
coaxial structure of ionic liquid core and thermoplastic elastomer sheath (IL@TPE). Particularly, the IL@TPE 
fiber exhibited a high stretchability of >250% and excellent ionic conductivity under a wide temperature range 
of − 50 to 50 ◦C and long-term storage of >6 months. The as-assembled IL@TPE fibrous strain sensor exhibited 
excellent stability of >3000 cycles, low hysteresis, fast response time and high linearity for detecting human 
motions. The wet-spun encapsulation strategy for the fabrication of coaxial ionic fibers holds great promises for 
applications in smart wearable sensors with large stretchability, wide temperature resistance and high linearity.   

1. Introduction 

Ionic skin sensors are emerging pressure sensors that are capable of 
perceiving external stimuli of pressure, strain and torsion into electrical 
signals, showing wide application prospects in health monitoring, 
human-machine interfaces and soft robotics [1]. Ionic skin sensors can 
be directly worn or attached to human skin, effectively expanding the 
ability of human beings to perceive the external environment [2–12]. 
However, as a central component of ionic skin sensors, ionic conductors 
usually appear in forms of film or bulk, which are difficult to demon-
strate high adaptability to curved surfaces of human skin as well as 
obtaining comfortable air permeability in practical applications [13]. 
Ionic conductors are highly expected to have characteristics of light-
weight, mechanical flexibility and wide adaptability, to meet the re-
quirements of high comfort and withstand high-frequency deformations 
that might occur under long-term conditions [14–16]. Weavings of 
conductive fibers into weft-knitted fabrics are capable of being adapted 
to complex motions of bending, torsion and stretching when worn on 
curved surfaces of human body [17–23]. More importantly, ionic 
conductive fibers give rise to ionic skin sensors with high permeability, 
wearable comfort, wear resistance and other characteristics difficult to 

be realized by bulk sensor devices. However, the development of ionic 
conductive fibers with excellent mechanical flexibility, excellent fatigue 
resistance, high wearing comfort and wide temperature resistance is 
challenging. 

Ionic liquids (IL) have been widely used in fields of catalytic syn-
thesis, coordination chemistry, analytical chemistry and electrochem-
istry due to the integration of low vapor pressure, high ionic 
conductivity, excellent thermal stability and non-flammability [24]. 
These desirable properties and enormous structural diversities fuel the 
demands of IL as an ionic conductor in diverse applications [25]. 
Recently, IL was infused into elastic hollow fibers, which provided new 
ideas for the realization of elastic fibers [26]. However, the direct 
compounding of IL with fibrous materials faces problems of poor me-
chanical elasticity, easy absorption of water, and hard large-scale 
preparation, which greatly limit the development of IL-based fibrous 
materials for ionic skin sensors. More importantly, human skins are 
tissues that are directly exposed to toxic substances in working envi-
ronments, and unfortunately to our best knowledge, the toxicity of IL on 
the skin has not been fully established [27]. Therefore, the development 
of IL-based ionic fibers adaptable to human skins has important pros-
pects while meeting great challenges. 
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Herein, we present a wet-spun encapsulation strategy for the fabri-
cation of a highly stretchable and fatigue-resistant ionic conductive fiber 
with a coaxial structure of IL core and thermoplastic elastomer sheath 
(IL@TPE). Among the coaxial structure of IL@TPE fiber, the IL core with 
good fluidity maintained an excellent ionic conductivity under large 
deformations and a wide temperature range of − 50–50 ◦C, while the 
TPE sheath demonstrated excellent mechanical elasticity and ensured 
high environmental stability of encapsulated IL core. The resultant 
IL@TPE fibrous strain sensor exhibited a wide detecting range of 
0–250%, high linear sensitivity (gauge factor: ~0.75), and long-term 
stability of 3000 cycles with low relaxation. The as-obtained IL@TPE 
fibrous strain sensors can be directly attached to human skins to monitor 
complex motions in real-time. The presented wet-spun encapsulation 
approach opens an avenue to fabricate highly stretchable and fatigue- 
resistant ionic conductive fibers for ionic and fibrous strain sensors 
with large sensitivity, wide operating temperature and high safety. 

2. Materials and methods 

2.1. Chemicals and reagents 

1-Butyl-3-methylimidazolium tetrafluoroborate (IL) was purchased 
from Adamas. Styrene-isoprene-styrene block copolymer (TPE), ethanol, 
and dichloromethane (CH2Cl2) were purchased from Sigma-Aldrich. All 
the chemicals were used as received unless otherwise stated. 

2.2. Preparation of IL@TPE fibers 

Typically, 10 g of TPE and 20 g of CH2Cl2 were added into a flask 
and stirred at 100 rpm for 12 h, producing a spinning solution before 
degassing for 10 min. Wet-spun encapsulation fabrication of IL@TPE 
fiber was as follows: First, an inner-channel needle (21G) was inserted 
into an outer-channel needle (15G), and these two needles were fastened 
by sealing with a rubber [28]. Two syringe pumps were used to control 
the extrusion rates of inner (200 μL min− 1) and outer (400 μL min− 1) 
channels, respectively. The IL and sheath spinning solution were trans-
ferred to relevant syringes and extruded into a coagulation bath of 
ethanol. The production of IL@TPE fiber was fast and efficient, with the 
potential of continuously generated. Finally, the IL@TPE fiber was 
collected by a winding shaft and dried at 40 ◦C for 24 h. Similarly, co-
axial needles with 19G@23G and 13G@17G structures were fabricated 
by changing the diameters of inner and outer channel needles. Neat TPE 
hollow fiber (h-TPE) was fabricated by washing away the IL core with 
ethanol and dried in an oven at 40 ◦C for 24 h [29]. 

2.3. Characterizations 

Morphologies of fiber samples were measured by field-emission 
scanning electron microscopy (SEM, JSM-IT300). Mechanical tests 
were performed on a universal testing machine (SANS UTM2102) 
equipped with a 100 N sensor. Thermographic images were taken by an 
infrared thermal camera (TiS40, Fluke). 

2.4. Measurements of strain sensors 

The chain motions of isoprene and styrene segments endow the TPE 
sheath with two different glassy transition temperatures (− 60, 70 ◦C). 
When the temperature exceeds 70 ◦C, the TPE sheath would melt from 
the solid state to form a viscous flowing state. In this study, a hot- 
pressing method was used to seal the two ends of IL@TPE fibers to 
prevent the leakage of the IL core. Both ends of the IL@TPE fibers were 
inserted with silver wires and quickly knotted to prevent the IL from out 
of hollow fibers. The hot-pressing conditions were set at 100 ◦C and 1 
MPa for 30 s [30]. Both ends of IL@TPE fibers were completely sealed 
(Fig. S1). The as-obtained fibrous strain sensor was placed in a motor-
ized actuating system, consisting of a tensile testing machine 

(UTM2000, SANS) and a source meter (2612B, Keithley) [31]. 

3. Results and discussion 

The fabrication procedure of IL@TPE fibers is shown in Fig. 1a. The 
CH2Cl2 solvent in the TPE/CH2Cl2 spinning solution was extracted by a 
coagulation bath, while the IL remained in the core. The wet-spun 
encapsulation strategy for the fabrication of IL@TPE fibers was effi-
cient and easy for continuous preparation (Movie S1). Fig. S2 presented 
that the as-spun IL@TPE fibers were soaked in the coagulation bath. The 
IL@TPE fibers were collected by a winding shaft, and the continuous 
length of the fiber was more than 5 m (Fig. 1b), showing the potentials of 
large-scale production. Moreover, the IL@TPE fibers exhibited superior 
stretchability (Fig. 1c) and excellent mechanical properties (Fig. 1d). A 
cross-sectional optical image of the IL@TPE fiber is shown in Fig. 1e. 
The outer and inner diameters were estimated as 1000 and 900 μm, 
respectively. The surface of the IL@TPE fiber was smooth (Fig. 1f), and 
obvious hollow structures were observed (Fig. S3). The highly flexible 
and stretchable IL@TPE fibers were easily tied into knots (Fig. S4) and 
woven into fabrics (Fig. 1g). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.coco.2021.100693. 

Fig. 2a and b shows the typical stress-strain curves of IL@TPE and 
neat h-TPE fibers, respectively, at a tensile rate of 5 cm min− 1. The first 
cycle (0–100% strain) of the two curves showed a residual strain of 
3–8%, attributed to the release of internal stress. After 100 cycles, the 
sheath TPE had an inevitable stress decrease reaching ~16% (Fig. 2a). 
The stress only decreased by ~28% after 5000 cycles, attributed to its 
stable coaxial structure [32–34]. To clearly show the differences in the 
stress decrease between the IL@TPE and h-TPE fibers, the maximum 
stresses of both the two fibers were normalized and showed in Fig. 2c. 
Compared to the IL@TPE fiber, the h-TPE fiber experienced a sharp 
stress decrease after 5000 cycles, which was much higher than that of 
IL@TPE fiber. The results showed that the mechanical properties of the 
h-TPE were improved by the IL core. The IL core played a lubricating 
role during the stretching process, which avoided the stress concentra-
tion [6,35–37]. Fig. S5a shows the optical photograph of the TPE pellets 
soaked in IL. The weight of TPE remained almost unchanged after being 
soaked in IL for more than 6 months, indicating that the TPE was highly 
stable in the IL (Fig. S5b). Fig. 2d exhibits the loading/unloading curves 
of IL@TPE fibers at different frequencies, and the symmetrical shapes of 
each time-stress curve showed that the IL@TPE fiber had a high elas-
ticity [38]. 

Fig. 2e showed the stretching work (U) of the IL@TPE fiber was 
0.076 mJ in the first cycle. The work remained at 0.076 mJ (Fig. 2f) 
when the unloading was complete, which was the value of energy 
dissipation (ΔU). The energy loss coefficient (η) was calculated from 
Equation (1): 

η=ΔU
U

(1) 

The energy loss coefficient was calculated to be 0.18, and the energy 
dissipation was attributed to the plastic deformation of TPE. 

Fig. 2g shows the mechanical properties of the IL@TPE fibers with 
different inner-channel diameters. With an increase of the inner-channel 
diameters, the thickness of the sheath decreased. However, the elonga-
tion at breaks of IL@TPE fibers increased slightly, and the fracture 
strength decreased gradually. The results were ascribed that the total 
mass of the sheath remained unchanged during tailoring the inner- 
channel diameters. Therefore, increasing the diameter of the inner 
channel would cause the sheath to become thin and with additional 
defects (Fig. S6) [39]. Similarly, adjusting the outer-channel diameter 
could also control the mechanical properties of the IL@TPE fibers 
(Fig. 2h). With an increase of the inner-channel diameter, the elongation 
at break and fracture strength of the IL@TPE fiber both increased 
slightly. The results were ascribed that the contents of IL in the IL@TPE 
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fibers with different outer diameters were similar to each other. When 
the CH2Cl2 in TPE/CH2Cl2 spinning solution was extracted by the 
ethanol bath, all the sheath solution was contracted into the hollow fiber 
with a similar diameter (Fig. S7). 

Temperature also significantly affected the mechanical properties of 
IL@TPE fibers (Fig. 2i). The elongations at break of IL@TPE fibers 
gradually increased with the rising temperatures (− 50–50 οC), but the 
fracture strength gradually decreased. At low temperatures, the move-
ment of TPE chains became restricted and the free volume between the 
chains decreased. When the TPE sheath was stretched under the 
maximum stress, the difficulty of molecular chain slip increased, and 
thus the elongation at break and fracture strength both decreased [40]. 

Fig. 3a showed the mechanism of the fibrous strain sensor. Young’s 
modulus of IL was close to zero, and the volume of IL could not be 
compressed. During the tensile process, the shape of the IL core changed 
uniformly with the deformation of the sheath. The ideal volume change 
equation of IL during the deformation was: 

d2L(1+Δε)= d2
1L (2) 

In Equation (2), Δε was the strain, d was the diameter of the outer 
channel, and L was the length of IL@TPE fiber. The actual Poisson’s ratio 
of the sheath was less than 0.5, and its diameter changes were nonuni-
formity during the tensile. In the actual deformation, the IL deviated 
greatly from the ideal condition. The deviation was eliminated by 
introducing the deformation factor k, and the real volume change 
equation of IL during the deformation was: 

kd2L(1+Δε)= d2
1L (3)  

where k was a parameter that was only related to TPE. 
The initial resistance of IL@TPE fiber was R0, and the equation for 

calculating the initial resistance was as follows: 

R0 = ρ L
π(d1/2)2 = ρ 4L

πd2
1

(4)  

where ρ was the conductivity of IL, and d1 was the inner-channel 
diameter. 

Combined with the three equations (2)–(4), the equation of real-time 
resistance of the IL@TPE fiber was as follows: 

R= ρ 4L(1 + Δε)
πd2 (5) 

The calculation of gauge factors (GF) was as follows: 

GF =

R− R0
R0

Δε (6) 

Therefore, the GF values of the IL@TPE fiber in its actual deforma-
tion was as follows: 

GF =
k(1 + Δε)2

− 1
Δε (7) 

Mechanical properties of IL@TPE fibers were also characterized and 
showed in Fig. S8. The mechanical strength of the sensor was consistent 

Fig. 1. Wet-spun encapsulation procedures and 
properties of IL@TPE fibers. (a) Schematic illustra-
tion of the wet-spun encapsulation strategy for 
fabricating IL@TPE fibers. (b) Photograph showing 
the IL@TPE fiber collected on a winding shaft. (c) 
Photographs showing the IL@TPE fiber stretched at 
a 100% strain. (d) Photograph showing the IL@TPE 
fiber holding a weight of 200 g. (e) Cross-section 
optical image of IL@TPE fiber. (f) Surface SEM 
image of IL@TPE fiber. (g) Photograph showing the 
IL@TPE fibers woven into a fabric.   
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with the IL@TPE fiber due to the internal structure of the fiber was not 
damaged during the process of manufacturing the sensor. Fig. 3b is the 
hysteresis curve at a 100% strain, the curves of tensile and release were 
close to overlapping, and the enclosed area was very small, indicating 
that the hysteresis was slight. Fig. 3c showed that the response time of 
the strain sensor was 80 ms, attributed to the few micro defects in the 
IL@TPE fiber during wet-spinning. The resistance of the IL@TPE fiber 
remained stable after 10 min at a 100% strain, indicating the strain 
sensor had good conductivity and structural stability. Dynamic tensile 
loadings of different strains (0–250%) were applied to the IL@TPE fiber 
at a speed of 10 mm min− 1. Fig. S9a showed stable and repetitive signals 
under different strains, indicating that the sensor had high stability in a 
wide strain range. Fig. S9b shows cyclic tensile response curves of the 
sensor in the frequency range of 0.01–0.1 Hz. The working curves of the 
strain sensor matched the measured signals completely at different fre-
quencies, indicating the strain sensor was able to adapt to a complex 
frequency environment [41]. To demonstrate the durability, the strain 
sensor was stretched for 18,000 s (>3000 cycles) under 100% strain 
(Fig. S9c). The insets of the enlarged area showed excellent repeatability 
during cycling, indicating the strain sensor was stable to work for a long 
time. Fig. S10a is the time-weight experiments of the IL@TPE fibers at 
different temperatures. The weight of IL@TPE fiber remained ~98% 
after aging for 6 months at low, room and high temperatures, respec-
tively, indicating the efficiency of the hot-pressing sealing and the hy-
drophobicity of the TPE sheath. Fig. S10b is the time-conductivity 
experiments of the IL@TPE fibers at different temperatures. The ionic 
conductivity of the IL@TPE fibers was as high as 0.45 S m− 1 at room 
temperature and showed a positive correlation with the increase of 
temperatures. This was attributed to the ionic conductivity of IL was 

highly related to the temperature. Fig. S10c shows the GF values of the 
sensor at different temperatures, and the GF values were calculated as 
0.74 (R2 = 0.99), 0.77 (R2 = 0.99), 0.77 (R2 = 0.99), 0.76 (R2 = 0.99), 
and 0.75 (R2 = 0.99) at − 50, − 25, 0, 25, and 50 ◦C, respectively. From 
Equation (7), although the temperature had a significant effect on the 
ionic conductivity of IL, the GF values showed no obvious changes 
because the GF values were related to the shape of the sheath. Fig. 3d 
and e are schematic illustrations of the stretching of fabrics woven by 
IL@TPE fibers at high and low temperatures, respectively. The fabrics 
could be stretched at 50 οC and − 30 οC, respectively. This was attributed 
to a wide liquid-state temperature range of the IL core, and the TPE had 
good mechanical elasticity at such temperatures. 

Fig. 3f–h and S11 are the proof-of-concept sensing measurements of 
IL@TPE fibers as a wearable strain sensor. The illustrations were optical 
photographs of the IL@TPE fiber sensor stick to the skin of human joints 
of elbow, wrist, finger and knee. Fig. 3f showed that the strain sensor 
was integrated into the wrist skin, which accurately monitored the 
bending movement of the human wrist and got a series of accurate 
working curves. Fig. 3g showed that the IL@TPE fiber strain sensor 
could well monitor the elbow motion of bending and recovery. Besides, 
when the elbow bent to different angles, the changes of relative resis-
tance signals were repeatable, and the bending angles of the finger could 
be accurately tracked by monitoring the changes of relative resistances 
(Fig. 3h). This was due to the strain sensor had stable GF values within a 
wide strain range and no interference from the core. Similarly, the 
IL@TPE fiber strain sensors were integrated onto the skin of the knee 
and finger, and the motions of these joints could also be monitored, 
resulting in the corresponding working curves (Figs. S11a and S11b). 
The working curves could accurately simulate the motion of finger joints 

Fig. 2. Mechanical performance of IL@TPE fibers. Cyclic loading/unloading tests of (a) h-TPE and (b) IL@TPE fibers at a tensile rate of 5 cm min− 1. (c) Normalized 
maximum stress of h-TPE and IL@TPE fibers. (d) Time-dependent stress response of IL@TPE fiber at various loading/unloading rates (0–100% strain). (e) Tensile 
work and energy loss during the time-dependent loading/unloading stress response of IL@TPE fiber at the first cycle. (f) Cycle-dependent energy loss and energy loss 
coefficient of IL@TPE fiber. (g) Typical strain-stress curves of IL@TPE fibers with various inner-channel diameters. (h) Typical strain-stress curves of IL@TPE fibers 
with various out-channel diameters. (i) Typical strain-stress curves of IL@TPE fiber at various temperatures. 
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at different angles (Fig. S11c). These results showed the IL@TPE fiber 
strain sensor had high sensitivity, wide strain range and good 
wearability. 

4. Conclusion 

In summary, a fibrous strain sensor with a core-sheath structure was 
fabricated by the wet-spun encapsulation strategy. The IL core endowed 
the IL@TPE fibers with high ionic conductivity reaching ~0.45 S m− 1. 
The hydrophobicity of the TPE sheath ensured the mass changes of the 
IL@TPE fibers less than 2% after being placed at low and high tem-
peratures for at least 6 months (− 50–50 ◦C). Both theoretical estimates 
and experimental results proved that the working curves of the IL@TPE 
fibrous strain sensor were related to the sheath structure, while not the 
environmental temperatures or ionic conductivities of the IL core. The 
IL@TPE fibrous strain sensor could work stably in a complex environ-
ment (0.01–0.1 Hz and 0%–250% strain). The IL@TPE fibrous strain 
sensor also manifested high cycling stability (>3000 cycles) by running 
stably for more than 18,000 s in the strain range of 0%–100%. Besides, 
the wearability of the IL@TPE fiber was conceptually verified. The 
IL@TPE fibrous strain sensor was integrated onto the human skin of the 
elbow, wrist and knee joints, which could monitor small and large 
deformation movements of human joints in real-time as well as accu-
rately capturing the subtle changes of human joints at different angles. 
The wet-spun encapsulation strategy thus opens a new avenue to 
fabricate fibrous ionic conductors and strain sensors with high 

sensitivity, excellent wearing comfort, and tolerance to extreme 
temperatures. 
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Fig. 3. Strain sensing performance of wearable strain sensors based on IL@TPE fibers. (a) Schematic of the reversible macroscopic shape change of fibrous strain 
sensors during stretching. (b) Hysteresis performance of IL@TPE fibrous strain sensor. (c) Response time of IL@TPE fibrous strain sensor. Photographs showing the 
stretching processes of IL@TPE-based woven fabrics at (d) high and (e) low temperatures. The IL@TPE fibrous strain sensor monitoring (f) wrist and (g) elbow 
bending of a volunteer. (h) IL@TPE fibrous strain sensor monitoring elbow motion of various bending angles. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.coco.2021.100693. 
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