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ABSTRACT: Wearable strain and temperature sensors are
desired for human−machine interfaces, health monitoring, and
human motion monitoring. Herein, the ﬁbrous mat with aligned
nanoﬁbers of ionic liquid (IL)/thermoplastic polyurethane (TPU)
ionogels is fabricated via an electrospinning technique. The
resultant ﬁbrous mat is cut into a rectangle specimen and
electrodes are loaded along the direction perpendicular to the
nanoﬁber orientation to design a high-performance multimodal
sensor based on an ionic conducting mechanism. As a strain
sensor, the obtained sensor exhibits a wide strain working range
(0−200%), a fast response and recovery (119 ms), a low detection
limit (0.1%), and good reproducibility because of the reversible and deformable ionic conductive pathways of the sensor. Moreover,
the sensor also exhibits excellent temperature-sensing behaviors, including a monotonic thermal response, high sensitivity (2.75%
°C−1), high accuracy (0.1 °C), a fast response time (2.46 s), and remarkable repeatability, attributable to the negative temperature
coeﬃcient behavior of the IL/TPU ﬁbrous mat. More interestingly, the IL/TPU ﬁbrous sensor possesses good breathability, which is
desired for wearable electronics. Because of these excellent sensing capabilities in strain and temperature, the sensor can not only
monitor tiny and large human motions but also detect respiration and proximity, exhibiting enormous potential in wearable
electronics.
KEYWORDS: ﬂexible sensor, breathability, ﬁbrous ionogel, ionic liquid, thermoplastic polyurethane

1. INTRODUCTION
The emerging wearable electronics have attracted tremendous
attention in recent years because of their promising
applications in personal healthcare monitoring, human−
machine interfaces, and human motion monitoring.1,2 Among
various wearable electronics, strain sensors and temperature
sensors are two core elements of wearable electronics that
could provide information on the suﬀered strain and
temperature of the electronics. Conventional strain/temperature sensors are made of metals or semiconductors, which are
not suitable for the wearable electronics because of their
rigidity. As an alternative, ﬂexible conductive polymer
composite (FCPC)-based strain and temperature sensors
exhibit numerous superiorities of ﬂexibility, stretchability, and
good processability, which are more suitable for wearable
electronics.
Currently, most FCPC-based sensors are composed of
inorganic conductive nanoparticles and elastic polymers.3−13
The basic principle for strain/temperature sensing is attributed
to the change in the conductive networks of inorganic
nanoparticles responsive to the stimuli of strain or temper© 2021 American Chemical Society

ature. Up until now, there have been some successful cases for
fabrication of FCPC-based strain sensors with high sensitivity,
good stability, good repeatability, and linearity by the welldeﬁned design of the conductive pathway of the sensor, which
normally adds the additional complexity in structure
design.14−16 However, it is diﬃcult for inorganic conductive
nanoparticles to disperse uniformly in a stretchable polymer
matrix because of the poor compatibility between inorganic
conductive nanoparticles and polymers, which aﬀects the
sensing performance and practical application of the sensors to
a certain extent. In addition, as temperature sensors, FCPCbased sensors normally show a nonmonotonic response to
temperature stimulus because of the enormous diﬀerence of
thermal expansion coeﬃcient between inorganic nanoparticles
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Figure 1. (a) Schematic diagram for the design strategy of IL/TPU nanoﬁbrous ionogel mats with diﬀerent 3D network architectures. (b) Digital
photos of IL/TPU nanoﬁbrous ionogel mats. (c) Schematic illustration for the R-IL/TPU sensor, P-IL/TPU sensor, and V-IL/TPU sensor,
respectively. (d) Schematic illustration for the versatile functions and applications of the as-prepared sensor based on nanoﬁbrous ionogel mats.

and polymers.17 These problems seriously hinder the practical
applications of FCPC-based strain/temperature sensors. The
preparation of ﬂexible strain/temperature sensors with
monotonic response, good stability, and excellent repeatability
is still a challenge.
Ionic liquids (ILs), a kind of room-temperature molten salt
composed of a cation and an anion, have received intensive
attention in the past two decades because of their intrinsic
properties of electrochemical stability, negligible volatility,
powerful solubility, ﬂame retardancy, and high ionic conductivity.18,19 Compared with inorganic conductive nanoparticles, ILs possess not only good conductivity but also
partial compatibility with polymers through the noncovalent
interactions such as hydrogen bonding, dipole interaction,
protonation, and so on. Therefore, it is a promising strategy to
combine ILs and polymers together to generate ionogels that
can serve as ﬂexible strain sensors.19−21 For example, Cao et
al.19 obtained a transparent, mechanically robust, and ultrastable strain sensor by virtue of hydrogen bonding between
poly(ethyl acrylate) and IL-based elastomer, which showed a
fast, reliable, and reproducible response to strain stimulus. In
addition, the conductivity of ILs increases with temperature
just like that of ﬂuidic semiconductors.21−24 Therefore, ILs can
be used as a sensing element to prepare temperature sensors.
At present, however, only a few works encapsulated ILs inside
a polymer matrix to design the temperature sensors based
upon the thermal response of ILs. For example, Wang et al.21
fabricated a temperature sensor with high precision, high
sensitivity, and good monotony by injecting ILs into a ﬂexible
polymer microchannel. However, the encapsulation of microchannels or microchips inside a polymer substrate without
leakage of the IL or incorporation of a bubble into the IL
normally requires a delicate process, which limits their practical
application. Because the conductivity of ILs depends on
temperature, IL-based ionogels may also possess the characteristic of thermal response, which can be used to design soft
temperature sensors.
Recently, electrospinning has been utilized to design
nanoﬁbrous mats for wearable electronic devices because of
the features of breathability, ﬂexibility, and comfortability.25−32
In addition, the three-dimensional (3D) network architecture
of nanoﬁbrous mats can further enhance the sensing
performance of the resultant ﬁbrous sensor. In our previous

work, the thermoplastic polyurethane (TPU) nanoﬁbrous mats
anchored with carbon nanotubes (CNTs) were fabricated by
an electrospinning technique.25 The obtained ﬁbrous matbased sensor possessed both an ultrawide sensing range (0.05−
600%) and an ultralow detection limit (0.05%) at the same
time, which is ascribed to the multistage structural evolution of
the TPU@CNTs mats under strain stimulus. It is clear that the
3D network architecture has a signiﬁcant eﬀect on the sensing
behaviors of the ﬂexible sensors. Therefore, designing a highperformance ﬂexible sensor by controlling the 3D network
architecture is a feasible route.
Herein, the nanoﬁbrous ionogel mats with parallelly aligned
or randomly orientated nanoﬁbers were fabricated by electrospinning the IL/TPU solution. Subsequently, Cu electrodes
were assembled in diﬀerent directions to fabricate IL/TPU
sensors with diﬀerent ionic conductive pathways, including the
vertical pathway (V-IL/TPU) sensor, the parallel pathway (PIL/TPU) sensor, and the random pathway (R-IL/TPU)
sensor. The electromechanical properties of these three types
of sensors were systematically analyzed. It was found that the
V-IL/TPU sensor showed the best strain-sensing property,
which possessed the merits of a wide response range, a fast
response and recovery, a low detection limit, and good
reproducibility. Moreover, the resulting V-IL/TPU sensor also
exhibited an excellent temperature-sensing capability because
of the remarkable resistance response of ILs to temperature.
Finally, we demonstrated that the V-IL/TPU sensor could act
as a multimodal, breathable, and wearable electronic to realize
personal healthcare monitoring and human motion detection.

2. EXPERIMENTAL DETAILS
2.1. Materials. TPU (trade name 1185A) used in this work was
purchased from BASF Co., Ltd. The IL, 1-ethyl-3-methylimidazolium
bis(triﬂuoromethylsulfonyl)imide([EMIm][NTf2]) with a purity
>99%, was obtained from Shanghai Chengjie Chemical Co. Ltd.
Both tetrahydrofuran (THF) and N,N-dimethylformamide (DMF)
were analytical grade.
2.2. Preparation of IL/TPU Nanoﬁbrous Ionogel Mats with
Diﬀerent 3D Network Architectures. IL/TPU nanoﬁbrous
ionogel mats were fabricated by solution blending and subsequent
electrospinning. First, ILs and TPU were dissolved in DMF/THF (2/
1) mixed solvent by stirring vigorously for 2 h and subsequent
ultrasonication for 0.5 h to obtain the homogeneous solution of IL/
TPU with diﬀerent mass ratios. Second, the resulting IL/TPU
solution was poured into an injection syringe of 10 mL after removing
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Figure 2. (a) SEM and corresponding mapping images of orientation of nanoﬁbers in (a1) random IL/TPU mat and (a2) aligned IL/TPU mat,
respectively. (b) Permeability characterization of the TPU solid mat, TPU ﬁbrous mat, R-IL/TPU, and A-IL/TPU. (b1) Photographs of the setup
for measuring the permeability. (b2) Comparison of the permeability of diﬀerent samples at diﬀerent periods (24−168 h). (c) ΔR/R0 as a function
of strain for R-IL/TPU, P-IL/TPU, and V-IL/TPU sensors, respectively. (d) Stress−train curves for R-IL/TPU, P-IL/TPU, and V-IL/TPU
sensors, respectively.
air bubbles and the voltage of 20 kV was applied between the roller
collector and spinneret. The IL/TPU nanoﬁbrous ionogel mats with
aligned nanoﬁbers were collected on the roller collector at a highspeed of 2800 rpm. For comparison, the IL/TPU nanoﬁbrous ionogel
mats with random nanoﬁbers were collected on the roller collector at
a low-speed of 40 rpm. Finally, the IL/TPU nanoﬁbrous ionogel mats
were obtained after drying for 24 h at room temperature.
2.3. Preparation of IL/TPU Sensors with Diﬀerent Ionic
Conductive Pathways. To prepare the multimodal sensors with
diﬀerent ionic conductive pathways, we cut the rectangle specimens
(30 mm × 5 mm) on the IL/TPU nanoﬁbrous ionogel mats along
diﬀerent directions. And two electrodes were loaded on the two ends
of the rectangle. To fabricate the V-IL/TPU sensor with a vertical
conductive pathway, we tailored the rectangle in the vertical direction
of the aligned nanoﬁbers. On the contrary, the P-IL/TPU sensor with
a parallel pathway can be obtained by tailoring the rectangle along the
aligned nanoﬁbers. The R-IL/TPU sensor with a random pathway is
obtained from the randomly orientated IL/TPU nanoﬁbrous ionogel
mats.
2.4. Characterization. The 3D network architectures of IL/TPU
nanoﬁbrous ionogel mats were investigated by a scanning electron
microscope (SEM, S-4800, Hitachi, Japan) and an energy-dispersive
X-ray spectroscope (EDS, ZEISS, Sigma-500). The strain-sensing
behaviors of nanoﬁbrous ionogel-based IL/TPU sensors were tested
by a universal testing machine (INSTRON 5966, USA) equipped
with a digital multimeter (DMM 7510, KEITHLEY, USA). A hotstage polarizing microscope (INSTEC HCS302) equipped with a

digital multimeter was employed to test the temperature-response
behaviors of the nanoﬁbrous ionogel-based IL/TPU sensors. Finally, a
portable multimeter (Fluke-3000-fc) was employed to realize the realtime observation of the electrical responses to human motion and
breathing by a cell phone.

3. RESULTS AND DISCUSSION
The aligned nanoﬁbrous ionogel-based IL/TPU mats and the
random nanoﬁbrous ionogel-based IL/TPU mats can be
respectively obtained by adjusting the speed of roller collector.
The preparation process of IL/TPU nanoﬁbrous ionogel mats
with diﬀerent 3D network architectures is illustrated in Figure
1a and the obtained IL/TPU nanoﬁbrous ionogel mats are
shown in Figure 1b. It can be seen that both the aligned and
random nanoﬁbrous ionogel-based IL/TPU mats exhibit
excellent ﬂexibility even at −40 °C (Figure S1). To fabricate
the V-IL/TPU sensor, P-IL/TPU sensor, and R-IL/TPU
sensor, we cut these IL/TPU nanoﬁbrous ionogel mats into
rectangle specimens and loaded Cu electrodes in diﬀerent
directions (Figure 1c). The as-prepared sensor is expected to
be applied in real-time monitoring of human physiological
characteristics and movements. More interestingly, the output
signals could be transmitted by WIFI and real-time displayed
on a mobile phone, as shown in Figure 1d. In addition, the
ﬁbrous structure of the sensor endows the sensor with
51569
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Figure 3. Real-time response of the (a) R-IL/TPU, (b) P-IL/TPU, and (c) V-IL/TPU sensors during the cyclic loading−unloading process at a
rate of 50 mm/min and a strain amplitude of 100%. SEM images and corresponding schematic diagrams showing the evolution of the ionic
conductive pathways in the (d) R-IL/TPU, (e) P-IL/TPU, and (f) V-IL/TPU sensors during the stretching from 0 to 100%.

quantitatively analyze the breathability of nanoﬁbrous ionogel
mats, we tested the water vapor transmission rate (WVTR)
according to the American Society for Testing Materials E96−
98.12,33,34 The speed of water evaporation through the IL/TPU
ﬁbrous mat indicates its gas permeability. The IL/TPU ﬁbrous
mat with random nanoﬁbers (R-IL/TPU), the IL/TPU ﬁbrous
mat with aligned nanoﬁbers (A-IL/TPU), the TPU ﬁbrous
mat, and the TPU solid mat were employed to seal the glass
bottles ﬁlled with water and kept at room temperature (Figure
2b). The glass bottles were ﬁlled with water and sealed by
diﬀerent mats and then weighed every 24 h; the WVTR was
then calculated using the following formula:

excellent breathability, which is eminently suitable for wearable
electronics.
The 3D network architectures of IL/TPU nanoﬁbrous
ionogel mats can be observed in Figure 2a. For the random IL/
TPU nanoﬁbrous ionogel mats, it can be found that the
nanoﬁbers are randomly orientated and woven to the 3D
network architecture with a porous structure (Figure 2a1). The
microstructure of the aligned IL/TPU nanoﬁbrous ionogel
mats is shown in Figure 2a2. It is observed that a majority of
IL/TPU nanoﬁbers are aligned. Signiﬁcantly, a large number of
joints between the aligned IL/TPU nanoﬁbers are formed
because of the high boiling and nonvolatile DMF, which are
conducive to the improvement of mechanical robustness and
strain-sensing range of the IL/TPU nanoﬁbrous ionogel mats.
Moreover, no phase separation between ILs and TPU can be
observed on the resultant nanoﬁbrous ionogel mats because of
the excellent compatibility between ILs and TPU. To further
investigate the dispersion of ILs in TPU, we performed EDS, as
shown in Figure 2a and Figure S2. It is obvious that the
characteristic elements of F and S in ILs are homogeneously
dispersed in both the randomly orientated IL/TPU nanoﬁbers
and the aligned IL/TPU nanoﬁbers. The excellent dispersion is
ascribed to the hydrogen interaction between the partially
positively charged H atoms in TPU and the highly electronegative atoms including F, N, and O.19 Therefore, plenty of
ILs bind onto the TPU network, which generate the ionogelnanoﬁbers. Besides, due to the porous structure, the gas from
an injector can easily pass through the nanoﬁbrous ionogel
mats into the water as shown in Video S1. This indicates the
nanoﬁbrous ionogel mats have excellent breathability, which is
beneﬁcial for comfort when wearing for a long time. To

WVTR = G /tA

(1)

where G is the loss weight of water, t is the period elapsed
during the test, and A is the area of the test region. Clearly, the
WVTR of ﬁbrous mats is much higher than that of the TPU
solid mat because of the porous structures in ﬁbrous mats. The
WVTR of R-IL/TPU ﬁbrous mat is almost the same as that of
TPU ﬁbrous mat, indicating that the addition of ILs makes no
diﬀerence to the permeability of ﬁbrous mats. However, the
WVTR of A-IL/TPU ﬁbrous mat is slightly lower than that of
the R-IL/TPU ﬁbrous mat, because of the smaller air voids in
the A-IL/TPU ﬁbrous mat compared to R-IL/TPU ﬁbrous
mat, as shown in Figure 2a. Even so, the WVTR of A-IL/TPU
ﬁbrous mat ﬂuctuates among 427.62−532.45 g m−2 24 h−1,
which is close to that of human skin (200−500 g m−2 24
h−1).35 The speciﬁc WVTR values of diﬀerent samples at
diﬀerent periods (24−168 h) are presented in Table S1 and
Figure 2b2.
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Figure 4. ΔR/R0 evolution of the V-IL/TPU sensor during stepwise stretching and releasing with stepwise increasing strains in the ranges of (a)
0.1−0.5 and (b) 10−50%. (c) Response time and recovery time of the V-IL/TPU sensor. 1% strain is applied with a tensile rate of 500 mm/min.
(d) The strain-sensing behaviors of the V-IL/TPU sensor under cyclic loading−unloading process at a rate of 50 mm/min and a strain amplitude of
100% for 1000 cycles.

and decreases in the unloading process. However, the ΔR/R0
value of the P-IL/TPU sensor cannot recover to zero in the
subsequent unloading process, implying poor repeatability and
recoverability of the sensor (Figure 3b). On the contrary, RIL/TPU and V-IL/TPU sensors output stable and repeatable
ΔR/R0 signals, exhibiting excellent repeatability and recoverability (Figure 3a, c). To illuminate the evolution of the ionic
conductive pathways of diﬀerent sensors during the cyclic
loading−unloading process, we present the SEM images and
corresponding schematic illustrations for P-IL/TPU, R-IL/
TPU, and V-IL/TPU sensors before and after stretching in
Figure 3d−f. For the R-IL/TPU sensor, there are a lot of
circular pores in the nanoﬁbrous mat, which will turn to
elliptical pores when the sensor is stretched from 0 to 100%
strain (Figure 3d). After removing the strain stimulus, elliptical
pores recover to the circular pores. As the porous structure is
highly stretchable and deformable, the R-IL/TPU sensor
possesses a wide strain-response range and outstanding
repeatability and recoverability. In Figure 3e, it is observed
that there are rare pores in the P-IL/TPU nanoﬁbrous mat.
During the stretching, these aligned nanoﬁbers are highly
elongated and the cross-section area of nanoﬁbers is decreased,
which leads to an increase in the resistance of P-IL/TPU.
Meanwhile, the adjacent nanoﬁbers are closer together and
numerous new contacts of nanoﬁbers appear under stretching
(Figure 3e2), thus leading to the increase of ionic conductive
pathways, which in turn weaken the dependence of ΔR/R0 on
strain. Therefore, the P-IL/TPU sensor exhibits relatively low
strain sensitivity (Figures 2b and 3b). Moreover, the
excessively elongated P-IL/TPU nanoﬁbers cannot rapidly
recover to their original lengths because of the viscoelasticity of
TPU in the releasing process, thus leading to the poor
repeatability and recoverability of P-IL/TPU sensor (Figure

To compare the strain-sensing behaviors of IL/TPU
nanoﬁbrous mat-based sensors with diﬀerent ionic conductive
pathways, we present the changes in ΔR/R0 (ΔR = R − R0, in
which R and R0 are the resistances after and before stretching,
respectively) as a function of strain for R-IL/TPU, P-IL/TPU,
and V-IL/TPU sensors are presented in Figure 2c. As the IL/
TPU nanoﬁbrous mats are stretched, the distance between the
neighboring ions is increased, thus causing the reducing of the
tunneling current. Clearly, ΔR/R0 values of all the sensors
increase linearly as the applied strain increases. Compared to
the R-IL/TPU sensor and the P-IL/TPU sensor, the V-IL/
TPU sensor displays the most pronounced dependence of ΔR/
R0 on strain, exhibiting the highest strain sensitivity. Moreover,
P-IL/TPU exhibits the lowest strain sensitivity due to the weak
dependence of ΔR/R0 on strain. At the same time, the stress−
strain curves for these three types of sensors are depicted in
Figure 2d. Clearly, the stress of the P-IL/TPU sensor increases
rapidly with strain and the sensor is fractured at a strain of
∼100%. Therefore, the strain-sensing range of the P-IL/TPU
sensor is relatively narrow (<100%). In contrast, the R-IL/
TPU and V-IL/TPU sensors exhibit weak dependence of stress
on strain because of the deformation of the porous structure in
the R-IL/TPU sensor and the V-IL/TPU sensor, thus
mitigating the elongation and fracture of TPU ﬁbers.
Therefore, they possess a relatively wide strain-sensing range
(>200%).
Besides the sensitivity and sensing range, the repeatability
and recoverability are the other inevitable requirements for
application of strain sensors. The real-time responses of the RIL/TPU, P-IL/TPU, and V-IL/TPU sensors during the cyclic
loading−unloading process at a strain amplitude of 100% are
compared in Figure 3a−c. It can be observed that the ΔR/R0
generally increases with increasing strain in the loading process
51571
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Figure 5. (a) ΔR/R0 response of the sensor to temperature in the range of 30−100 °C. The inset in a is the linear ﬁt of ΔR/R0 vs temperature in
the range of 35−40 °C. (b) Cyclic test of temperature between 30 and 40 °C. (c) ΔR/R0 response of the sensor to the stepped increase in
temperature from 35 to 40 °C with an interval of 0.5 °C. (d) ΔR/R0 response of the sensor to temperature in the range of 35−40 °C under
diﬀerent heating rates.

3b). For the V-IL/TPU sensor, the aligned nanoﬁbers are
stretched in the vertical direction, as shown in Figure 3f. The
contact between the nanoﬁbers are separated and the gaps
between nanoﬁbers are gradually expanded with increasing
strain, thus resulting in the decrease in ionic conductive
pathways. At the same time, the cross-section area of
nanoﬁbers is decreased, which leads to a further increase in
the resistance of V-IL/TPU sensor. As there are still many
joints of nanoﬁbers in mat (Figure 3f2), the ion transport
through the nanoﬁber networks is still possible. These
structure characteristics endow the V-IL/TPU sensor with
both a high strain sensitivity and a wide response range. In
addition, the contacts between nanoﬁbers and the cross-section
area of nanoﬁbers can be recovered again during the releasing
process, which endows the sensor with remarkable repeatability and recoverability (Figure 3c).
On the basis of the comparison of the sensing performance
of R-IL/TPU, P-IL/TPU, and V-IL/TPU sensors, it is clear
that the V-IL/TPU sensor is superior to the R-IL/TPU and PIL/TPU sensors because of its highly sensitive and deformable
ionic conductive pathways. Therefore, the V-IL/TPU sensor,
as the preferred sensor, is further investigated to evaluate its
reliability at diverse maximum strains, response and recovery
times, and durability. Figure 4a, b shows the evolution of ΔR/
R0 of the V-IL/TPU sensor during stretching and releasing
with stepwise increasing strains in the ranges of 0.1−0.5 and
10−50%, respectively. It can be seen that the maximum value
of ΔR/R0 stepwise increases with the applied strain amplitude.
Moreover, the highly reversible and reproducible ΔR/R0
signals are observed, indicating that V-IL/TPU sensor
possesses an ultralow detection limit (0.1%) and outstanding
reliability in a wide strain range. The response time at
instantaneous stretch and the recovery time at instantaneous

release are the two critical parameters related to the application
of strain sensors. Both the response time and recovery time of
the V-IL/TPU sensor are 119 ms (Figure 4c). This implies
that the sensor has the ability to rapidly response and recover
for the strain stimulus. Moreover, the V-IL/TPU sensor
exhibits excellent stability for long-term service comparing with
numerous previously reported resistance-type strain sensor.5,8,9,15,36,37 The outputted ΔR/R0 signal of the V-IL/TPU
sensor has nearly no change after 1000 cycles of the loading−
unloading process at a strain amplitude of 100% (Figure 4d),
indicating that the sensor has superior durability and dynamic
electromechanical reliability.
In addition to strain-sensing capability, the V-IL/TPU
sensor displays an outstanding temperature-sensing function
due to the pronounced dependence of ionic conductivity on
temperature. Herein, the temperature-sensing behavior of the
V-IL/TPU sensor is systemically investigated, as shown in
Figure 5. It can be found that the ΔR/R0 value of the sensor
decreases monotonically as the temperature rises from 30 to
100 °C (Figure 5a), exhibiting a monotonic negative
temperature coeﬃcient (NTC) eﬀect. This is attributed to
the accelerated ion mobility with increasing temperature.19,38−40 It is reported that the dependence of the ion
conductivity on temperature can be described by the Vogel−
Tamman−Fulcher (VTF) equation:39,41
σ(T ) = σ∞exp(−B /(T − Tv ))

(2)

where σ(T) is the electrical conductivity of ILs at a certain
temperature T, and other factors including σ∞, B, and Tv are
constants that rely on the characteristics of ILs. Moreover, the
enhanced ion dissociation with increasing temperature causes
an increase in the concentration of charge carriers, thus further
causing an increase in the ion current of the IL-based sensor.
51572
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Figure 6. ΔR/R0 evolution of the V-IL/TPU sensor under cyclic strain of 50% at (a) room temperature, (b) 40 °C, and (c) 50 °C, respectively.
Real-time ΔR/R0 value of the V-IL/TPU sensor during the repeated temperature stimulation between 30 and 40 °C with stretching of the sensor at
diﬀerent strains of (d) 0, (e) 30, and (f) 50%, respectively.

Therefore, the IL/TPU sensor in this work exhibits outstanding temperature-sensing performances. From the inset in
Figure 5a, it is found that the resistance signal exhibits a good
linearity (R2 = 0.998) with temperature within a body
temperature range of 35−40 °C. This characteristic implies
that this sensor is very appropriate for the temperature
monitoring of humans. To evaluate the thermal sensitivity of
the sensor, we deﬁned the thermal sensitivity (S) as
S=

R − R0
1
×
× 100%
ΔT
R0

value of the sensor decreases almost linearly with increasing
temperature and the temperature monitoring accuracy is as low
as 0.1 °C. Furthermore, to estimate the application potential of
the V-IL/TPU sensor as a temperature sensor, we also
measured the response time. Figure S4 shows the ΔR/R0
response of the sensor to the transient change in temperature
from room temperature to 40 °C. The detailed test process is
as follows: a V-IL/TPU sensor was ﬁxed on the outside wall of
a paper cup, and then a certain volume of water with the
temperature of 40 °C was quickly added into the pager cup.
Afterward, the time it took for the resistance to reach a stable
value was recorded. The calculated response time of the sensor
is 2.46 s, which is much shorter than that of a mercurial
thermometer (3−5 min).
Comparison of the current work with other state-of-the-art
strain sensors based on ionogels and temperature sensors is
presented in Table S2. Clearly, the V-IL/TPU sensor in our
work exhibits more remarkable strain and temperature-sensing
performance together with excellent breathability. Herein, the
strain sensing of the sensor at diﬀerent temperatures and the
temperature sensing of the sensor at diﬀerent strains are
further investigated to examine the sensing behaviors under
multiple external stimuli. Figure 6a−c shows the ΔR/R0
evolution of the V-IL/TPU sensor under a cyclic strain of
50% at diﬀerent temperatures. It is found that the outputted
signals are basically the same when the sensor serves as a strain
sensor at diﬀerent environment temperatures. Meanwhile, as a
temperature sensor, the V-IL/TPU sensor can also output very
similar electrical signals when it suﬀers diﬀerent strains (Figure
6d−f). Therefore, the obtained multimodal sensor has
promising applications in the emerging ﬁelds of personal
healthcare monitoring, human motion detection, and human−
machine interfaces. In addition, we have also performed the
test to investigate the cross-coupling eﬀect of strain and
temperature, as shown in Figure S5. Clearly, even accompanied
by the heating process, the resistance value of the sensor is
increased as the applied strain changes from 0 to 50%.
However, the slopes of the resistance vs strain for the samples
with heating and without heating are diﬀerent because of the

(3)

where R0 and R are the resistance at initial temperature and
measured temperature of the sensor, respectively. ΔT
represents the temperature diﬀerence. The thermal sensitivity
of 2.75% °C−1 in temperature range of 35−40 °C is obtained
by the above equation, which is superior to the traditional
CPC-based temperature sensor.42,43 Meanwhile, the repeatability of the thermal response of the sensor is also analyzed in
Figure 5b. It is noteworthy that the sensor exhibits completely
reproducible resistance signals when the temperature switches
between 30 and 40 °C, which indicates that the sensor
possesses remarkable repeatability of temperature sense. To
estimate the temperature-sensing accuracy and reliability, we
performed a stepwise experiment by increasing the temperature from 35 to 40 °C with a temperature interval of 0.5 °C
(Figure 5c). It can be seen that the ΔR/R0 value of the sensor
decreases with increasing temperature and then transitorily
keeps to a ﬁxed value as the temperature stepwise increases to
a new value, indicating that the sensor can accurately monitor
the tiny temperature changes in real time. Moreover, the
response of the sensor to temperature in range of 35−40 °C
under diﬀerent heating rates is shown in Figure 5d. It can be
found that the amplitudes of variations in resistance signals are
almost the same at diﬀerent heating rates, which ensures the
accuracy and reliability of temperature monitoring. In addition,
the ΔR/R0 response of the sensor to the stepped increase of
temperature from 37 to 38 °C with an interval of 0.1 °C was
investigated to evaluate the temperature monitoring accuracy
of the sensor (Figure S3). It is noteworthy that the ΔR/R0
51573
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Figure 7. (a) Real-time response of the V-IL/TPU sensor to the airﬂow from a rubber suction bulb. Real-time response of the V-IL/TPU sensor to
the cyclic motions of (b) facial muscle, (c) ﬁnger, and (d) elbow and wrist, respectively. (e) Real-time response of the V-IL/TPU sensor to the
normal breath and deep breath of a volunteer. (f) Dependence of ΔR/R0 signal of the V-IL/TPU sensor on the distances between a piece of ice and
the sensor. The inset shows the scene of a piece of ice approaching the sensor. (g) Changing brightness of the LED lamp as the V-IL/TPU sensor is
heated from 30 to 70 °C. (h) Scheme for connecting the V-IL/TPU sensor to the wireless transmission device to remotely monitor human motion
and physiology.

facial expression changes from smiling to grinning because of
the increase in the amplitude of facial muscle movement.
Moreover, the wide strain-response range endows the V-IL/
TPU sensor with the ability to monitor large strain caused by
human joints. Figure 7c shows that the V-IL/TPU sensor can
detect the bending degree of a ﬁnger. When the ball held by a
volunteer changes from a tennis ball to a ping-pong ball, the
ΔR/R0 signal is ampliﬁed because of the increase in the
bending degree of the ﬁnger. Simultaneously, the V-IL/TPU
sensor can real-time monitor the elbow and wrist motions of a
volunteer who is shooting a basketball (Figure 7d).
Furthermore, it is noteworthy that the sensor can clearly
distinguish between normal breaths and deep breaths of a
volunteer according to the temperature diﬀerence (Figure 7e).
As the volunteer breathes in, the resistance of the sensor
increases because of the drop in temperature. Then, the
resistance of the sensor decreases rapidly when the volunteer
breathes out because of the increasing temperature. Compared
to normal breathing, deep breathing leads to larger temperature changes, which in turn results in ampliﬁed ΔR/R0 signal.

cross-coupling eﬀect of strain response and temperature
response. In practical applications, the sensor is more suitable
for monitoring strain or temperature individually, instead of
decoupling the strain and temperature stimuli.
To further estimate the potential application of the V-IL/
TPU sensor in personal healthcare monitoring and human
motion detection, some demonstration experiments of sensing
capabilities are performed in Figure 7. Figure 7a shows that the
sensor can detect the airﬂow of a rubber suction bulb. When a
volunteer employs a rubber suction bulb to blow air against the
sensor, the ΔR/R0 rapidly decreases because of the increase in
ionic conductive pathways resulting from the new contacts of
nanoﬁbers under air pressure. Then, the ΔR/R0 recovers to the
original value as the airﬂow disappears. Meanwhile, the sensor
can be ﬁxed on the jaw of a female volunteer to monitor her
subtle facial muscle movement (Figure 7b). It is clear that the
ΔR/R0 starts to increase when the volunteer smiles because of
the stretching of the facial muscle. Then, the ΔR/R0 recovers
to its original value when the volunteer stops smiling. It is
noteworthy that the ΔR/R0 signal is gradually ampliﬁed as the
51574
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In addition, it is interesting to note that the sensor can be used
to detect the frigid temperature around a piece of ice
contactlessly because of the excellent sensing performance, as
shown in Figure 7f. When the ice is approaching the sensor,
the ΔR/R0 gradually increases with decreasing distance
between the ice and the sensor, which can be used for the
detection of proximity. Besides, if the sensor is connected with
a light-emitting diode (LED) and heated by a heating stage
(Figure S5), the thermal response behavior can be intuitively
observed. Clearly, the LED gets brighter and brighter with
increasing temperature because of the decrease in resistance
(Figure 7g). More interestingly, these real-time responses can
be transmitted wirelessly to the mobile phone, which is critical
to the application in wearable electronics and healthcare
(Videos S2 and S3). The scheme for connecting the sensor
with the wireless transmission is shown in Figure 7h.

■

(Figure S5). Digital photograph of the circuit that
connects the sensor with a light-emitting diode (Figure
S6) (PDF)
Video S1, demonstration experiment for breathability of
the V-IL/TPU sensor (AVI)
Video S2, electrical responses to human motion
observed on a cell phone in real time through
connecting the strain sensor to a wireless transmitter
(AVI)
Video S3, electrical responses to respiration observed on
a cell phone in real time through connecting the strain
sensor to a wireless transmitter (AVI)
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Excellent ﬂexibility of the random nanoﬁbrous ionogelbased IL/TPU mat and the aligned nanoﬁbrous ionogelbased IL/TPU mat at −40 °C (Figure S1). The SEM
and Mapping images of random IL/TPU mat with
randomly orientated nanoﬁbers and aligned IL/TPU
mat with aligned nanoﬁbers (Figure S2). Comparison of
the permeability of diﬀerent samples at diﬀerent periods
(Table S1). ΔR/R0 response to the stepped increase of
temperature in the range of 37−38 °C with an interval of
0.1 °C for the V-IL/TPU sensor (Figure S3). Fast
response of the V-IL/TPU sensor to the transient
change of temperature from room temperature to 40 °C
(Figure S4). Comparison of the strain-sensing and
temperature-sensing properties of V-IL/TPU sensor
with other state-of-the-art strain sensors based on
ionogels and temperature sensors (Table S2). The
resistance values as a function of strain for V-IL/TPU
sensor at a ﬁxed temperature of 35 °C and gradually
rising temperature from 35 to 45 °C, respectively
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