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Although poly(ionic liquid)s (PILs) are alternative materials to flexible hydrogel sensors owing to their

unique characteristics such as nonvolatility, high conductivity, and excellent temperature tolerance, their

weak mechanical properties greatly limit their application in flexible sensors. In this study, a PIL with high

stretchability, excellent stability, and remarkable self-adhesive property was fabricated by the in situ

photopolymerization of 1-vinyl-3-butylimidazolium bis(trifluoromethylsulfonylimide) ([VBIMITFSI) and

butyl acrylate (BA) in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonylimide) ([BMIM]TFSI). The

outstanding electromechanical properties, including instant response, improved stretchability, low hyster-

esis, and prominent repeatability, of the resulting PIL imparted it with strain-sensing capacity for recogniz-
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1. Introduction

As an essential component of next-generation electronics, flex-
ible sensors, especially strain sensors, which are used to
convert external changes into electrical signals, have attracted
increasing attention for their wide range of applications in
flexible electronics, including wearable electronics, human-
interactive systems, artificial skins, and robots."™ As typical
flexible sensors, nanocomposite-based flexible sensors are gen-
erally prepared by integrating conductive nanofillers (such as
graphene, carbon nanotubes, and metal nanowires) in elasto-
meric polymer matrixes, which usually exhibit high sensitivity
to monitor small deformations,”™® but poor stretchability and
obvious hysteresis, which is caused by the modulus mismatch
between the soft matrix and the solid conductive network.”"°
Recently, in order to avoid the abovementioned defects of
nanocomposite strain sensors, ionic conductors have been
developed as flexible sensors due to their unique features,
such as high conductivity, superior stretchability, and excellent
transparency.'’ ™ As representative ionic conductors, ionic
conductive hydrogels have been extensively investigated.'*
However, they usually suffer from environmental instability,
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ing a variety of physical deformations, such as human joint activity and pulse. Moreover, since the change
in the conductivity of PILs with temperature conforms to the Vogel-Tamman-Fulcher (VTF) equation, the
PIL could be utilized as a high-performance temperature sensor. Thus, this work provides a facile strategy
for fabricating a high-performance bimodal PIL sensor, which has broad prospects for flexible electronics.

including easy drying and easy freezing, which greatly limits
their applications.">*®

Ionic liquids (ILs) are organic salts consisting of organic
cations and inorganic/organic anions, which normally have
melting points below 100 °C."”*® Tonic liquids possess unique
characteristics, such as high ionic conductivity, ultralow vola-
tility, excellent temperature resistance, low flammability,
tunable polarity, and controllable basicity/acidity.">*° They are
alternative materials to address the environmental instability
of hydrogels. Recently, some researchers encapsulated ionic
liquids in polymers to form conductive channels to obtain
strain sensors with high stretchability and low hysteresis.*'
However, these sensors may suffer from ionic liquid leaks.
Directly polymerizing ionic liquids to obtain poly(ionic liquid)
s is an effective approach to solve this problem.**"*® PILs have
both the characteristics of ionic liquids and the flexibility of
polymers, which enables them to be applied in various elec-
tronics field, especially electrolytes.”” *° Nevertheless, owing to
their limited mechanical properties, PILs usually cannot
satisfy the demands for flexible sensors. Although some
researchers tried to improve the mechanical properties of PILs,
there are only a few reports of PILs with high mechanical pro-
perties, and the most common approach is to adjust the struc-
ture of ionic liquids to form intermolecular interactions in
ionic liquids, such as hydrogen bonds, electrostatic inter-
actions, and ionic dipole interactions.*’*> For example, Sun
et al. synthesized a mechanically strong polymerized zwitterion
gel by utilizing the dipole-dipole interactions between mole-
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cules.*®> However, these methods depend on the molecular
structure of ionic liquids and are not universal. If the ionic
liquids cannot form specific intermolecular interactions
between molecules, the formed PILs usually have poor
mechanical properties. For instance, because of their hydro-
phobicity, ionic liquids containing bis(trifluoromethyl-
sulfonylimide) anions (TFSI™) have been widely used, but there
are only a few related reports of PILs composed of TFSI™ with
high mechanical properties.

In this work, by in situ photopolymerizing [VBIM|TFSI and
BA in ionic liquid [BMIM]TFSI, a PIL with excellent mechani-
cal properties was obtained. Moreover, the fabricated PIL
exhibited superior stability and desirable self-adhesion.
Benefiting from its remarkable electromechanical perform-
ances, including high stretchability, instant response, excep-
tional sensitivity, prominent durability, and low electrical hys-
teresis, the PIL could be utilized as a flexible strain sensor to
detect a variety of human activities, such as joint movement
and pulse. In addition, the conductivity change of the PIL with
temperature conforms to the VTF equation, which indicated
the potential of the PIL to serve as a temperature sensor with
high response speed, sensitivity, as well as repeatability.
Therefore, the synthesized PIL with enhanced mechanical pro-
perties is an ideal candidate for flexible electronics.

2. Experimental section
Materials

Butyl acrylate (BA) and acrylic acid (AA) were ordered from
Energy Chemical. 1-Vinyl-3-butylimidazolium bis(trifluoro-
methylsulfonylimide) ([VBIM]TFSI), 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonylimide) ([BMIM]TFSI),
and 1-ethyl-3-methylimidazolium chloride ([EMIM]CI) were
purchased from Meryer Chemical. 1,6-Bis(acryloyloxy)hexane
(HDDA), poly(ethylene glycol) diacrylate (PEGDA) and
2-hydroxy-2 methylpropiophenone (HMPP) (photoinitiator
1173) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.

Methods

The PIL was synthesized via one-pot photopolymerization,
applying [VBIM]|TFSI and BA as the reactive monomers,
[BMIM]TFSI as the ionic liquid, 1173 reagent as the photo-
initiator, and HDDA as the crosslinker. Briefly, [VBIM]TFSI, BA,
[BMIM]TFSI, photoinitiator 1173 and HDDA were blended in a
certain ratio to generate a homogeneous solution. All the ratios
of the reactants were relative to the content of reactive mono-
mers. Then, the obtained solution was transferred into a silicone
mold covered by glass sheets, which was followed by UV
irradiation for 300 s with the intensity of 80 mW cm ™2 at 365 nm
to produce PIL. The PAA ionogel was synthesized by a similar
approach, in which the in situ photopolymerization was con-
ducted with AA as the monomer, [EMIM]CI as the ionic liquid,
1173 reagent as the photoinitiator, and PEGDA as the crosslinker.
The PAA hydrogel was fabricated by a similar method, applying
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AA as the monomers, water as the solution, 1173 reagent as the
photoinitiator, and PEGDA as the crosslinker.

Characterization

The measurements of mechanical properties and adhesive
strength were conducted on a digital tensile equipment
(E44.104, MTS, China), in which the tensile rate was set on
100 mm min~" and the lap shear testing method was utilized
for the evaluation of adhesion. The complex impedance spec-
troscopy was recorded on an electrochemical workstation (CHI
604E, Chenhua Instrument, China). The conductivity of the
sample was calculated by the equation ¢ = L/(4AR), where L is
the thickness, A is the area, and R is the resistance. The trans-
parency of the PIL was tested by a UV visible spectrophoto-
meter (UV2310II, Tianmei, China) and the thickness of the
sample was 1 mm. The thermal behavior was tracked by
thermogravimetric analyses (TGA) (Q500, TA Instruments, New
Castle, DE). The test was carried out at a scan rate of 10 °C
min~" under nitrogen atmosphere. The differential scanning
calorimeter (DSC) (Q2000, TA Instruments, New Castle, DE)
was applied to measure the glass transition temperature in
nitrogen atmosphere. The characterization of the electrome-
chanical performance and sensing performance was fulfilled
with a combination of a universal testing instrument (E44.104,
MTS, China) and a source meter (Keithley 2400).

3. Results and discussion

As illustrated in Scheme 1, the PIL was synthesized by poly-
merizing [VBIM|TFSI and BA in [BMIM]TFSI under UV
irradiation with the introduction of HDDA as the cross-linker.
Owing to the outstanding compatibility between the materials,
a uniform, soft and transparent PIL without liquid leakage was
obtained after irradiation. According to the literature,** unlike
thermal polymerization, the photopolymerization features a
very fast reaction rate. The preparation of the PIL could be
completed in only tens of seconds. Therefore, this one-step
synthesis is very facile and fast, which is beneficial for indus-
trial production, as it endows the products with low cost and
reliable quality.

For PILs, the weak mechanical properties are currently a
major issue that hinders their application in flexible sensors.
In this work, when BA was not added, the mechanical pro-
perties of the product formed by the polymerization of 70 wt%
[VBIM]|TFSI in 30 wt% [BMIM|TFSI were low, and the mechani-
cal properties could not be measured by our tensile equip-
ment. As demonstrated in Fig. 1a, with the addition of 5 wt%
BA to the ionic liquids, the mechanical properties of the PIL
were significantly improved. Both the tensile strength and
stretchability of the PIL were improved with the increase of BA
content. The copolymer molecular chain of the obtained PIL
was composed of random soft BA segments and hard [VBIM]
TFSI segments. The addition of BA reduced the rigidity of the
polymer chain of the PIL, and a flexible and elastic material
was thus formed. However, as illustrated in Fig. 1b, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1
ation process of the PIL.

increase in the content of BA led to a decrease in the conduc-
tivity of the PIL. Hence, the content of BA was selected to be
10 wt%, which is enough to meet the requirements of mechan-
ical properties for the utilization of PIL as a strain sensor. The
chemical crosslinking agent can affect the characteristics of
the PIL by adjusting the degree of crosslinking. According to
the literature,®>® after the addition of bifunctional HDDA, the
vinyl end of HDDA participated in the formation of the
polymer backbone, so the dual vinyl ends of HDDA could
connect two polymer backbone strands to bridge them.
Therefore, as shown in Scheme 1b, HDDA could act as a cross-
linker to make the molecular chains of the PIL form a network
structure, which improves the mechanical properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the preparation of the PIL and its application as flexible sensor, (b) Schematic illustration of the polymeriz-

PIL. As displayed in Fig. 1c and d, increasing the content of
HDDA could improve the tensile strength of the PIL, but
reduce the stretchability and the conductivity. Therefore, the
content of HDDA was determined to be 0.4 wt% to ensure the
PIL has suitable mechanical properties and conductivity. Ionic
liquids are usually added to PILs to improve the conductivity
of PILs. When a small amount of ionic liquid is added, some
researchers still refer to the obtained material as PIL,*"3®
while some researchers call it an ionogel or PIL/IL.*" In this
work, a small amount of [BMIM]TFSI was added to the reac-
tion system, and the resulting material was named PIL for sim-
plicity. As shown in Fig. 1e and f, the mechanical properties of
the PIL were enhanced by increasing the content of the [VBIM]

RSC Appl. Polym., 2024, 2, 205-213 | 207
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Fig. 1 (a) Tensile stress—strain results of the PIL with various BA concentrations. (b) Conductivities of the PIL with various BA concentrations. (c)

Tensile stress—strain results of the PIL with various HDDA concentrations. (d) Conductivities of the PIL with various HDDA concentrations. (e) Tensile
stress—strain tests of the PIL with various [VBIMITFSI concentrations. (f) Conductivities of the PIL with various [VBIM]TFSI concentrations.

TFSI content, while the conductivity decreased. If the amount
of non-polymerized ionic liquid in the system is too high,
there is a risk of leakage of ionic liquid.** Therefore, in order
to avoid the leakage of [BMIM]TFSI and balance the mechani-
cal properties and conductivity of the PIL, the content of
[VBIM]TFSI was finally determined to be 70 wt%. Finally, the
solution was first mixed according to the mass ratio of [VBIM]
TFSI to [BMIM]TFSI at 7:3, and then BA (10 wt% relative to
the ionic liquids), photoinitiator 1173 (1 wt% relative to reac-
tive monomers), and HDDA (0.4 wt% relative to reactive mono-
mers) were added. The evenly mixed solution was illuminated
by UV lamp, and a PIL with high mechanical properties and
high conductivity was fabricated.

As shown in Fig. S1,T the obtained PIL has relatively good
transparency (higher than 80% over the visible range), which
is beneficial for electronics devices in which visible light is
required in the inner parts. For hydrogel conductors, the low
environmental stability greatly restricts their practical appli-
cation, since the water of the hydrogels easily volatilizes at
high temperature and freezes at low temperature. In contrast,
the PIL exhibited excellent temperature resistance. The TGA
curve in Fig. 2a demonstrates that the weight of the PIL did
not change before 260 °C, indicating the superior thermal
stability. It is worth noting that the TGA curve shows a con-
tinuous degradation process, which indicates that the degra-
dation of the polymer and the volatilization of the free ionic
liquid overlap (Fig. S2t). As depicted in the DSC data in
Fig. 2b, the glass transition temperature of the PIL is about
—60 °C, exhibiting its excellent low temperature resistance. In
addition, the resulting polymer exhibited only one glass tran-
sition temperature, which proves that the raw materials are

208 | RSC Appl. Polym., 2024, 2, 205-213

evenly mixed and there is no microphase separation in the
obtained PIL. Although ionic liquids do not volatilize in the
environment, our previous studies have shown that the iono-
gels containing hydrophilic ionic liquids are not stable.*® In
this work, to avoid this problem, hydrophobic ionic liquids
were selected to prepare PIL. The PIL, PAA ionogel, and PAA
hydrogel were prepared and maintained in an atmosphere at
15 °C and 30% RH to track their environmental stability.
Fig. 2c demonstrates the rapid evaporation of water in the PAA
hydrogel within the initial 12 h, indicating the poor environ-
mental stability. In contrast, the PAA ionogel absorbed moist-
ure from the air and eventually reached equilibrium. The final
water absorption of the ionogels for entering equilibrium is
connected with the humidity in the air, which benefits their
application as humidity sensors, but hinders their stability as
strain sensors.’® The PIL composed of hydrophobic materials
in this work was very stable with a weight loss of than 1%, dis-
playing its admirable environmental stability, which greatly
facilitates its practical application.

In recent decades, researchers have been pursuing the goal
of endowing flexible sensors with self-adhesion to get rid of
the inconvenience of using tape or cable ties. For ionic con-
ductors, especially hydrogels, a common strategy to obtain
self-adhesion is integrating dopamine into the matrix.
However, this method also has some disadvantages, such as
high price, complicated preparation, and poor repetitive
adhesion. In this work, the PIL was synthesized with reference
to pressure-sensitive adhesives to achieve self-adhesion. The
ionic liquid [BMIM]TFSI could act as a plasticizer to reduce
the Young’s modulus of the PIL, endowing it with outstanding
flexibility and fluidity. Thus, the intermolecular interactions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) TGA curve of the PIL. (b) DSC curve of the PIL. (c) Weight change of the PAA ionogel, PIL and PAA hydrogel with time at 15 °C and 30%

RH. (d) The PIL displays strong adhesion to diverse materials, including plastic, PTFE, rubber, steel, leaf and stone. (e) Tensile adhesion test curve of
the PIL. (f) Repeatable adhesion characteristic of the PIL on a glass substrate.

can be ensured by the effective contact between the PIL and
the substrate surface, including van der Waals forces, electro-
static interaction and hydrogen bonds, which contributes to
the superior adhesion. As shown in Fig. 2d, the PIL could
easily adhere to diverse materials, including plastic, PTFE,
rubber metal, leaves, and stone. The adhesion strength of the
PIL was characterized by the tensile shear experiment, in
which the PIL was sandwiched in two glasses followed by a
stretch with a digital tensile machine. The tensile shear
curve is shown in Fig. 2e. In the first adhesion cycle, the
adhesive force was mainly provided by the strong mechani-
cal interlocking action. Therefore, the adhesion strength of
the PIL could reach 600 kPa in the first adhesion cycle,
which far exceeds most of the existing self-adhesive ionic
conductors.**** In addition to high adhesion strength, the
PIL also possessed excellent repetitive self-adhesion. Due to
the failure of the mechanical interlocking structure and the
cohesive failure during the first tensile shear test, the
adhesion strength of the PIL decreased to about 200 kPa in
the second adhesion. However, the PIL still maintained
about 60 kPa adhesion strength after several repetitions,
indicating its outstanding repetitive self-adhesion. Therefore,
the excellent self-adhesion of the PIL entitled it to sticking
firmly on the surface of the object to improve the detection
accuracy.

Benefiting from its remarkable flexibility, large stretchabil-
ity and high conductivity, the PIL could be applied as a flexible
strain sensor. For nanocomposite-based strain sensors, the re-
sistance change mainly resulted from the destruction of a con-
ductive network. However, for ionic conductors, the resistance
change is derived from the change in its shape.”' During the

© 2024 The Author(s). Published by the Royal Society of Chemistry

stretching process resulting from the decreases of the cross-
sectional area, the resistance of the PIL enlarged. At small
deformations, the resistance change of the PIL conforms to
the following equation:

22
dR:tﬂ (1+2v)e zus
Ay (1—ve)

where dR is the resistance change of the PIL, p is the electrical
resistivity of the PIL, A, is the cross sectional area of the
unstretched PIL, ¢ is the applied strain, and v is the Poisson’s
ratio of the PIL.>"** Therefore, the shape variable of the PIL
can be calculated by detecting the change in its electrical
signal, which is the working mechanism of the PIL as a strain
sensor. As displayed in Fig. 3a, on applying a tensile force, the
resistance of the PIL increased promptly. It reached equili-
brium within about 200 ms, suggesting its exceptional
response speed, which promotes the detection of instan-
taneous deformation. As shown in Fig. 3b, within about 50%
strain, the resistance of the PIL changed linearly with the
strain, and this good linear relationship facilitates the cali-
bration and accuracy of the signal. However, with the increase
of strain, the resistance change and the strain of the PIL
cannot present good linearity, which is due to the inhomo-
geneous deformation of the PIL under large stretching. In
Fig. 3¢, an obvious change of the electrical signal is detected
and stabilized under both small strain (1%, 5% and 10%) and
large strain (20% and 100%), which indicates that the PIL pos-
sesses excellent detection capability in different strain ranges.
Nanocomposite sensors usually have large hysteresis due to
the incompatibility of the modulus of soft polymers and rigid

RSC Appl. Polym., 2024, 2, 205-213 | 209
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Fig. 3 (a) Response time of the PIL. (b) Resistance variation of the PIL as a function of strain. (c) Time-dependent resistance evolution of the PIL

during 5 stretching—recovering cycles with different strains (1%, 5%, 10%, 20%, 100%). (d) Time-dependent resistance evolution of the PIL in a 200%
stretching—relaxing cycle. (e) Time-dependent resistance evolution of the PIL with 50% strain over 500 cycles. (f) Time-dependent resistance evol-
ution of the PIL at about 70 °C. (g) Time-dependent resistance evolution of the PIL at about —20 °C. (h) Time-dependent resistance evolution of the
PIL for detecting the motion of a finger. (i) Time-dependent resistance evolution of the PIL for monitoring the human pulse.

fillers.” The degree of hysteresis (DH) is generally applied to
represent the hysteresis, which follows the equation:

o Aloading - Aunloading

DH x 100%

Aloading

where Ajgading and Aunioading are the areas of the loading and
unloading curves, respectively.’ According to the calculation of
the data in Fig. 3d, the DH of the PIL holds a value of about
1.54 at 200% strain, which was smaller than most values of the
reported strain sensors,'° exhibiting an extremely small hyster-
esis. The gauge factor (GF) is usually used to express the sensi-
tivity of the strain sensors, which can be calculated by:

_ AR/Ry
T AL/Lg

where R, and AR are the initial value and the value change of
the resistance, respectively, and L, and AL are the initial value
and the value change of the length, respectively.’® The GF
value of the PIL was calculated as about 2 at 200% strain, indi-

210 | RSC Appl. Polym., 2024, 2, 205-213

cating higher sensitivity compared to other ionic conductor
sensors.”'® As another important indicator of strain sensors,
the durability and stability remain a major challenge for most
strain sensors. For example, the easy dehydration of the hydrogel
usually degenerated the performances of the strain sensors. As
illustrated in Fig. 3e, during 500 stretching cycles, the electrical
signal change curve of the PIL exhibited remarkable repeatability,
indicating its superior stability and durability. For hydrogel ionic
conductor sensors, the instability at high and low temperatures
greatly restricts their application. Compared with hydrogels, PILs
can be used at higher temperatures and lower temperatures. As
demonstrated in Fig. 3f and g, benefiting from its exceptional
temperature resistance, the PIL could maintain stable electrome-
chanical properties at about 70 °C and —20 °C, demonstrating its
wider working range than hydrogels. Many strain sensors still
find it challenging to detect a wide range of mechanical defor-
mations with only one sensor. For instance, nanocomposite
strain sensors typically have high sensitivity toward detecting
small deformations, but lack enough stretchability to detect large

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deformations. In contrast, ionic conductors generally have high
stretchability but low sensitivity. As demonstrated in Fig. 3h, the
PIL could monitor finger movement and distinguish between
different finger angles, displaying its high stretchability. It is
worth noting that owing to the high self-adhesion, the PIL could
closely attach to the finger during the detection process, ensuring
the accuracy of the detection. Besides probing large joint move-
ments, the PIL also possessed high sensitivity to recognize tiny
deformations, such as the human pulse (Fig. 3i). Therefore, the
PIL can serve as a high-performance flexible strain sensor to
monitor multiscale mechanical deformations.

It is the current trend and challenge to fabricate multi-
modal flexible sensors. For example, electronic skins which
mimic human skin are usually required to detect temperature
variation.*>** In this work, benefiting from its superior con-
ductivity-temperature dependence, the PIL could be used as a
high-performance temperature sensor. As illustrated in Fig. 4a,
a rise in temperature improved the conductivity of the PIL,
which is ascribed to the easier dissociation and mobility of
ions at high temperatures. According to literature studies,*
the relationship between the conductivity and temperature of
PILs does not comply with the Arrhenius equation, but con-
forms to the VIF model:

oTV? = A exp <Ti—§0>

where A is the pre-exponential factor, B is the pseudo-acti-
vation energy, and 7T, is the thermodynamic glass-transition

© 2024 The Author(s). Published by the Royal Society of Chemistry

temperature of the ionogel at which the configuration entropy
becomes zero. T, is usually about 20-50 K lower than the
glass-transition temperature.*®"” As illustrated in Fig. 4b, the
experimental data of the PIL exhibited a perfect straight line
and a high regression value of R®> (reaches up to 0.999)
emerged, demonstrating that the data fitted well to the VTF
model. Therefore, the change in temperature of the PIL can be
obtained by calculating the change in resistance through the
VTF equation, which is the work mechanism of the PIL as a
temperature sensor. Fig. 4c shows that increasing the tempera-
ture from 20 °C to 70 °C resulted in a rapid decrease of more
than 90% in the resistance of the PIL, demonstrating the high
response speed and excellent temperature detection sensitivity.
Moreover, as depicted in Fig. 4d, the PIL temperature sensor
exhibited superior stability and repeatability in detecting cyclic
temperature changes. Therefore, the synthesized PIL could act
as a high-performance temperature sensor with fast response
speed, high sensitivity and superior repeatability, which can
be used in many electronics, such as a heat-not-burn tobacco
product, wearable human health monitoring equipment, and
electronic skin.

4. Conclusion

In summary, in this study, by introducing a small amount of
BA to copolymerize with [VBIM]TFSI, the mechanical pro-
perties of the PIL were greatly improved. The obtained PIL
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exhibited high stretchability with strains exceeding 300% at
the tensile strength of 75 kPa. Moreover, the obtained PIL pos-
sessed excellent environmental stability and superior self-
adhesion. The outstanding electromechanical properties, such
as high response speed, large stretchability, low hysteresis and
remarkable repeatability, enable the PIL to serve as a high-per-
formance flexible strain sensor to monitor different human
activities, such as human joint movement and pulse.
Furthermore, the PIL could be applied as a temperature sensor
with high response speed, good sensitivity and superior repeat-
ability. Therefore, this bimodal PIL flexible sensor presents
great promise in flexible electronics.
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