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ABSTRACT: The construction of solvent-free ionic conductive
elastomers with high mechanical stretchability and large dynamic
reversibility of chain segments is highly desired yet challenging.
Here, a hierarchical response network strategy is presented for
preparing highly stretchable yet mechanical robust ionic conductive
elastomer composites (ICECs), among which poly(ethylene oxide)
(PEO) microcrystalline serves as a physical cross-linking site
providing high mechanical strength and elasticity, while dense
hydrogen bonds endow superior mechanical toughness and
dynamic reversibility. Due to the formation of the hierarchical
response network, the resultant ICECs exhibit intrinsically high
stretchability (>1500%), large tensile strength (∼2.1 MPa), and
high fracture toughness (∼28 MJ m−3). Intriguingly, due to the high reversibility of hydrogen-bonded networks, the ICECs after
being crushed are capable of healing and recycling by simple hot-pressing for multiple cycles. Moreover, the ICECs are dissolvable
under an alkaline condition and easily regenerated in an acid solution for manifold cycles. Importantly, the healed, recycled, and
regenerated ICECs are capable of maintaining their initial mechanical elasticity and ionic conducting performance. Due to the
integration of high stretchability, fatigue resistance, and ionic conductivity, the ICECs can readily work as a stretchable ionic
conductor for skin-inspired ionic sensors for real-time and accurately sensing complex human motions. This study thus provides a
promising strategy for the development of healable and renewable ionic sensing materials with high stretchability and mechanical
robustness, demonstrating great potential in soft ionotronics.
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1. INTRODUCTION

Skin-inspired ionic sensors are promising wearable intelligent
devices that mimic human somatosensory systems to sense
external stimuli. Ionic sensors are expected to achieve
functional characteristics of flexibility, transparency, and
biocompatibility, which are difficult to achieve from conven-
tional skin-inspired sensors based on electronic conductors.1−4

Such characteristics allow the functionalization of ionic sensors
for very broad application prospects in artificial intelligence,
medical diagnosis, and soft robotics fields. As the most
common stretchable ionic conductors, ionic conductive
hydrogels and ionogels rely on the use of the salt solution
and ionic liquids as ion carriers to achieve conductivity.5,6

However, ionic conductive hydrogels suffer from functional
deteriorations and poor environmental tolerances in a wide
temperature range, resulting from the easy freezing or
evaporation of involved water. Although ionogels have a
certain degree of environmental tolerance, they still face
severer bottlenecks of easy leakage and water adsorption,
ascribed to the use of ionic liquids, which greatly hinder the
practical applications of the currently developed stretchable

ionic conductors.7,8 In consideration of practical applications,
ionic sensors would inevitably be damaged by extrusion,
scraping, and cutting, thus resulting in fatigue, fracture, and the
loss of functions. These drawbacks greatly affect the stability
and service life of ionic sensors, thereby leading to the waste of
resources and pollution of electronic wastes.9 The develop-
ment of environmentally tolerant, healable, and renewable
stretchable ionic conductors still faces a great challenge.
Ionic conductive elastomers have drawn fast-growing

attention because they avoid using water or other liquid
solvents. Ionic conductive elastomers are generally divided into
two categories in terms of their compositions. One is
composed of elastic polymers and movable ion pairs under
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electric fields. Ion migrations and conductivities are achieved
by the coordination and dissociation of heteroatomic func-
tional groups (e.g., fluorine, oxygen, nitrogen) on polymer
chains with the ion pairs. The other one is that the polymer
matrices themselves can release free moving ions under
external stimulation by the use of polymer hosts with opposite
charges including poly(ionic liquid)s and polyelectrolytes.
Ionic conductive elastomers have no troubles in liquid leakage
and flammability because of the avoidance of flammable
organic liquids, which greatly improves the safety in ionic
sensing applications. Compared with inorganic ionic con-
ductors, ionic conductive elastomers usually have flexibility,
compatibility, and processability, which meet the needs of
ionic sensors with both high flexibility and conductivity.10−12

However, there is a contradiction among the ionic conductive
elastomers between high stretchability and large ionic
conductivity. That is, the increase in the structural stability
and mechanical elasticity of ionic conductive elastomers would
inevitably reduce the ion mobility within polymer matrices,
thereby reducing ion conductivity. Therefore, most of the
currently developed ionic conductive elastomers could not
simultaneously possess excellent mechanical strength and high
ionic conductivity. Moreover, the issues of mechanical
damages from complex external forces (e.g., stretching,
reversing, folding) make ionic conductive polymers difficult
to be environmentally stable. The corresponding serious
problems of source consumption and environmental wastes
limit the wide-range applications of the resultant ionic
conductive elastomers in ionic skin sensing.13−15 Therefore,
it is of great significance to develop highly stretchable ionic
conductors with healing, renewable, and regenerative proper-
ties.
Herein, ionic conductive elastomer composites (ICECs)

with hierarchical response networks have been prepared from
poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA).
The hierarchical response networks are composed of the
simultaneous formation of physical cross-linking sites of the
PEO microcrystalline and the hydrogen bonds between the
PEO and PAA. The physical cross-linking sites formed by PEO
microcrystalline enhance the mechanical strength and tensile
resilience, while the dense hydrogen bonds between PEO and

PAA chains provide efficient energy dissipation as a “sacrificial
bond” when the ICECs are subjected to external forces,
endowing the ICECs with exceptional mechanical toughness
and dynamic reversibility. Evenly distributed inorganic lithium
salts (LiCl) not only endow the ICECs with fantastic ionic
conductivity but also regulate the crystallinity of PEO as well
as the resultant mechanical properties. Due to the formation of
the hierarchical response network, the ICECs show high
extensibility (>1500%), high tensile strength (∼2.1 MPa), and
great fracture toughness (∼28 MJ m−3). The high reversibility
of dense hydrogen bonds endows the ICECs with outstanding
healing, recycling, and regenerative performances. The
excellent healing ability of ICECs is aided with trace water
between damaged areas, and the healing efficiency is above
98% after healing for 24 h compared with the original sample.
The as-prepared ICECs are capable of being recycled by
simple crushing and hot-pressing, and the regenerated ICECs
almost completely regain their original mechanical property
and ionic conductivity. Meanwhile, the ICECs can be dissolved
in an alkaline solution and further renewed by adding an acid
solution. As proof-of-concept, the ICECs can work as a
stretchable ionic conductor for ionic sensors, showing a high-
yet-linear sensitivity in a wide strain range and high cycling
stability after 1000 cycles, realizing real-time and rapid
monitoring in large movements (e.g., finger/wrist bending)
to small movements (e.g., airflow changing). The concept of
designing hierarchical response networks in stretchable ionic
conductors, therefore, paves the way for the development of
highly stretchable, healable, recyclable, and regenerable ionic
sensing materials in soft ionotronics.

2. EXPERIMENTAL SECTION
2.1. Materials. PAA (Mv = 450 000 g mol−1), PEO (Mv = 600 000

g mol−1), and LiCl (ACS reagent, ≥99%) were purchased from
Aladdin. Sodium deuteroxide (NaOD, 99.5%) was purchased from
Adamas. All of the chemicals were used without further purification.
Deionized water was used in the experiments.

2.2. Preparation of ICECs. The aqueous solution of PEO (0.887
mmol) and PAA (0.887 mmol) was obtained by the dissolution in
53.2 and 40 mL of water, respectively. The PAA solution was
gradually added into the PEO solution and stirred for 1 h. White
flocculent precipitation was washed, collected, and then transferred to

Figure 1. (a) Schematic of the fabrication process of the ICECs. (b) Photograph showing ICEC-2 being fabricated into various shapes. (c)
Photograph showing ICEC-2 being stretched at a strain of 0, 300, 600, 900, 1200, and 1500%.
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a LiCl solution under sonication. The mixture was dried in a vacuum
at 60 °C for 24 h and hot-pressed under a 2 MPa pressure at 60 °C
for 1 h. ICEC-1, ICEC-2, and ICEC-3 represent the ICECs with a
PEO/LiCl mass ratio of 20:1, 10:1, and 5:1, respectively. For
comparison, polymer elastomer composites (PECs) with various
PAA/PEO molar ratios without the addition of lithium ions were
prepared following the similar method for the preparation of ICECs
as described above. PEC-1, PEC-2, PEC-3, PEC-4, and PEC-5
represent the feeding PAA/PEO molar ratio of 2:1, 1.5:1, 1:1, 1:1.5,
and 1:2, respectively. The PAA/PEO samples were prepared from the
various concentrations of PAA and PEO following the described
method mentioned above for the preparation of PECs. The
corresponding concentrations of the PAA/PEO were 20/20 mg
mL−1, 10/5 mg mL−1, and 5/5 mg mL−1, which are named CPEC-1,
CPEC-2, and CPEC-3, respectively. For the regeneration of ICECs,
after the ICECs were dissolved completely in 0.01 M NaOH, the
same volume of 0.01 M HCl was also added. The obtained flocculent
precipitation was washed repeatedly with water and subsequently
transferred to the LiCl solution under sonication. Finally, the mixture
was dried in a vacuum oven at 60 °C for 48 h and then hot-pressed for
1 h under a pressure of 2 MPa at 60 °C.

3. RESULTS AND DISCUSSION
3.1. Preparation and Structural Characterization.

ICECs were fabricated through a hierarchical response
network strategy. The hierarchical response network consists
of physical cross-linking networks of polymer crystallization
and dense hydrogen bonds (Figure 1a). Detailed preparation
procedures are given in Section 2. To obtain suitable samples,
a series of comparative experiments were carried out by
tailoring various monomer molar ratios, various concentrations
of monomers, and various contents of inorganic salts (Figures
S1 and S2). The relative mass ratio of PAA, PEO, and Li+ was
calculated by 1H NMR, an element analyzer, and an atomic
emission spectrometer (Tables S1−S3). The detailed calcu-
lation methods are shown in the Supporting Information.
The resultant ICECs were easily molded into a variety of

shapes, such as a five-pointed star, heart, five-leaf clover, and
rabbit head, as shown in Figure 1b. Digital photographs in
Figure 1c show that ICEC-2 can be stretched to 1500% strain,
demonstrating its high mechanical stretchability. The high

stretchability of ICECs could be preliminarily explained as
follows. The dense hydrogen bonds were formed between the
PAA and PEO chains, while the crystalline regions of PEO
could also act as physical cross-linking sites. The evenly
distributed inorganic lithium salts (LiCl) in the hierarchical
response networks of ICECs not only endow high ionic
conductivity as ion carriers but also regulate the crystallinity of
PEO through the coordination with Li+ ions. The hydrogen-
bonded network provides an efficient energy dissipation as a
“sacrificial bond” when the ICECs are subjected to external
deformation, giving the ICECs exceptional mechanical tough-
ness and recoverability. The stable physical cross-linking sites
of PEO crystallization improve the mechanical strength and
tensile resilience of the ICECs. For comparison, PECs were
prepared from PAA and PEO using the same methods as the
ICECs but without adding Li+.
The hydrogen bonds between PAA and PEO, as well as the

ion-coordination interactions between the Li+ and PEO
segments, were characterized by FTIR and 1H NMR
measurements. The bands at 1101 cm−1 in the FTIR spectra
of ICECs are assigned to the vibration of ether in PEO and
shift to a low wavenumber in the PECs (Figures 2a and S3).
Meanwhile, a typical strong CO vibration peak at 1702 cm−1

in neat PAA shifts to 1720 cm−1 in the PECs. The
displacements of the peaks ascribing to the CO represent
the formation of hydrogen bonds among the PECs.16,17 The
absorption peaks at 3200−3600 cm−1 shift in the ICECs
(Figure 2b). The peaks at 1147, 1060, and 1101 cm−1 are triple
characteristic peaks of C−O−C bonds in PEO. These peaks
become weakened with the increased content of Li+, and the
peak at 1096 cm−1 of neat PEC shifts to 1082 cm−1 among the
ICEC-2. Meanwhile, the CO vibration band of the PEC at
1720 cm−1 shifts to 1707 cm−1 of ICEC-2. These results reveal
the formation of coordination interactions between the Li+

ions and C−O−C in ICECs.18−21 The Li+ concentration-
dependent behavior is also observed from the 1H NMR
spectra, wherein an upfield shifting was detected for the
methylene proton signals upon increasing the Li+ concen-
trations (Figure 2c). For comparison, neat PEO with various

Figure 2. (a) FTIR spectra of PAA, PEO, PEC, and ICEC-2. (b) FTIR and (c) 1H NMR spectra of ICECs. (d) 1H NMR spectra of PEO with
various Li+ concentrations.
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concentrations of Li+ was investigated (Figure 2d), where the
methylene proton signals also indicate relatively low 1H
chemical shifts, but the offset values are different, owing to the
interactions between the Li+ and oxygen atoms in the ICECs.
The rheological and viscoelastic behaviors of ICEC-2 were

studied by oscillatory rheological measurements. The corre-
sponding alternating strain−time sweep analyses are shown in
Figure 3a. First, the shear strain sweep tests were measured at a
fixed frequency of 5 rad s−1 by varying the strain from 0.1 to
100%. The storage moduli (G′) and loss moduli (G″) remain
constant in the low strain regions with the value of G′ bigger
than that of G″. The G′ decreases gradually as the strain
increases and then becomes lower than that of G″ when the
strain exceeds 30% (left part of Figure 3a), indicating that the
hydrogen bonds begin to be damaged under relatively high
strain (>30%). However, when the shear strain returns to 0.1%,
the G′ and G″ values almost recover to the original values
immediately (right part of Figure 3a), suggesting that the
elastomer network is recovered rapidly. In addition to the
strain, the frequency dependence of G′ and G″ varying from
0.1 to 100 rad s−1 at a 0.5% strain was also tested, as shown in
Figure 3b. During the whole frequency sweep range, the value
of the G′ exhibits values higher than that of G″, indicating that
there exists an elastic solid-like dominant network in the
examined elastomers (ICEC-2). To assess the recoverability of
ICEC-2, the dynamic rheology experiment was further
designed (Figure 3c). With a constant frequency of 5 rad
s−1, the stable behaviors of the solid state (G′ > G″) at a
relatively small shear strain of 0.1% transfer into a dynamic

liquid-like state (G′ < G″) temporarily at a large strain of
100%. Under a 0.1% low strain, the G′ and G″ values recover
instantly with a quick and almost full return to their original
modulus in such a short recovery time, confirming the superior
fast self-recovery properties.
To evaluate the high-temperature tolerance of ICECs, the

thermal gravimetric analysis (TGA) in a nitrogen atmosphere
was carried out (Figure 3d). ICEC-2 exhibits a negligible
weight change (only 1.1% weight loss) at 100 °C, indicating
that the ICECs have high stability in conventional conditions.
Furthermore, to evaluate the antifreezing performance of
ICECs, glass transition temperatures (Tg) were measured by
differential scanning calorimetry (DSC). Note that the ionic
conductive elastomers could retain conductivity and stretch-
ability above the Tg.

22−26 The Tg of ICEC-2 is about −0.1 °C
(Figure 3e), indicating that ICEC-2 maintains stretchability
and elasticity above 0 °C.27 The crystalline structures were
further investigated by X-ray diffraction (XRD). As shown in
Figure 3f, XRD patterns exhibit high crystallinity of PEO,26,28

and the enlarged view of Figure 3f of ICEC-2 is shown in
Figure S4. With the addition of PAA and Li+, the crystallinity
degree decreases. The corresponding crystallinity degrees of
PEO, PEC, and ICEC-2 were quantitatively calculated to be
75.3, 18.9, and 13.5%, respectively.

3.2. Mechanical Properties and Ionic Conductivity.
Mechanical properties of the ICECs were quantitatively
measured by tensile tests at room temperature under a 100
mm min−1 stretching speed. Figure 4a shows a series of typical
stress−strain curves of PECs and ICECs (including ICEC-1,

Figure 3. (a) Alternating strain−time sweep measurements of ICEC-2. (b) Frequency dependence of G′ and G″ for ICEC-2 at a fixed strain of
0.5%. (c) Strain amplitude sweep test of ICEC-2 with a constant speed of 5 rad s−1 by varying the strain from 0.1 to 100%. (d) TGA curves of PEC
and ICEC-2. (e) DSC curves of ICECs. (f) XRD patterns of PEO, PEC, and ICEC-2.
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ICEC-2, and ICEC-3). As the content of Li+ increases, the
fracture stress decreases from 8.3 to 0.6 MPa, and the fracture
strain increases from 425 to 2542%, respectively, representing a
high modulus and extreme stretchability (Figure 4b). With the
increased content of Li+, the ICECs become ductile and the
corresponding elastic modulus decreases, while the toughness
increases first to an optimal value (for ICEC-2) and then
decreases (Figure 4c). Considering the high tensile strength
and toughness, ICEC-2 was chosen as a representative material
for the following investigations. It can be concluded from the
tensile tests that the as-prepared ICECs exhibit high
mechanical strength and stretchability, owing to the reversi-
bility of the dense hydrogen-bonded network and the
crystalline physical cross-linking network,29 which can be
further addressed by in situ attenuated total reflection (ATR)-
FTIR spectroscopy (Figure S5). Both sides of the tensile
samples for the FTIR measurements were fixed to the tensile
fixture of the tensile testing machine, and the middle position
of the stretched sample was monitored with the FTIR
instrument probe. As the strain increases from 50 to 400%,
the intensity of the infrared absorption peaks of −OH
increases, indicating that the hydrogen bonds are partially
destroyed during the stretching.

To assess the toughness, the energy dissipation was further
evaluated through the loading−unloading tests, where the
samples were first stretched and then recovered at the same
speed. Figure 4d displays the loading−unloading curves of
ICEC-2 at a strain of 200, 400, 600, and 800%, respectively. It
can be observed that the loading−unloading profiles exhibit
the apparent hysteresis loops, indicating that the ICECs could
effectively dissipate the tensile energy due to the reversible
breaking of the hydrogen-bonded network. The corresponding
quantified results are also shown in Figure 4e, where the
energy dissipation (dissipation coefficient) at a 200, 400, 600,
and 800% strain are 444.4, 1363.9, 2209.7, and 2741.6 kJ m−3

(30.3, 38.1, 41.5, and 42.9%), respectively. The energy
dissipation and dissipation coefficient of the loading−
unloading cycles increase simultaneously as the tensile strain
increases, indicating that more hydrogen bonds in the network
are destroyed at the relatively higher tensile strain.
The antifatigue property of ICEC-2 was further investigated

by performing successive 1000 cyclic loading−unloading
tensile tests at a 400% strain without interval (Figure 4f). A
large hysteresis loop appears in the first cycle due to the
reversible interactions. Nevertheless, subsequent cycles exhibit
relatively small hysteresis loops as a consequence of the
reversible hydrogen bonds. As shown in Figure 4g, the

Figure 4. Mechanical properties of PEC and ICECs: (a) tensile stress−strain curves, (b) fracture stress and strain, and (c) elastic modulus and
toughness. (d) Stress−strain curves of ICEC-2 at 200, 400, 600, and 800% strains. (e) Dissipated energy and energy dissipation coefficients of
ICEC-2. (f) Successive tensile loading−unloading curves of ICEC-2. (g) Maximum stress and dissipated energy of ICEC-2 under successive tensile
loading−unloading circles. (h) Successive recovery test of ICEC-2 at a 400% strain with various resting times. (i) Dissipated energy and energy
dissipation coefficients during the recovery test with various resting times.
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dissipation energy decreases from 1713.3 kJ m−3 for the 1st
cycle to 482.5 kJ m−3 for the 2nd cycle and then slightly
decreases, i.e., 380.6, 354.6, and 305.4 kJ m−3, for the 4th, 5th,
and 10th cycle, respectively. Also, the maximum stress slightly
decreases from the second cycle. The self-recovery property
could be observed between two loading−unloading cycles
under 400% strain with various resting times (Figure 4h). The
tensile stress−strain curves of ICEC-2 return to the original
state after resting for 2 h at a 400% strain. The corresponding
dissipated energy and the dissipation coefficient recover to 1.4
MJ m−3 and 33%, approaching the original values of 1.4 MJ
m−3 and 33% (Figure 4i), respectively. ICEC-2 is capable of
recovering to its original value at a small stain immediately
(Figure S6). After resting for 3 min, the dissipated energy and
the dissipation coefficient of ICEC-2, respectively, recover to

16.7 kJ m−3 and 22.2%, approaching each original value (21.3
kJ m−3 and 24.4%). The outstanding self-recovery and fatigue
resistance of ICEC-2 could be reasonably attributed to the
reversible hydrogen-bonded network.30−35

In addition to the good mechanical properties, the as-
prepared ICECs also have good ionic conductivity compared
to most of the currently developed ionic conductive elastomers
(Table S4). The effect of the mass ratio of the elastomers to
LiCl on the ionic conductivity is shown in Figure 5a. With the
decrease in the mass ratio of PEO to LiCl from 20/1 (ICEC-1)
to 10/1 (ICEC-2) and then to 5/1 (ICEC-3) or the increase in
the salt content, the ionic conductivity increases from 3.8 ×
10−7 to 2.5 × 10−6 and then to 5.4 × 10−6 S cm−1, respectively.
The increase in ionic conductivity is attributed to the increased
density of ion carriers when loading more salts.36 Moreover,

Figure 5. (a) Ionic conductivity of ICEC-1, ICEC-2, and ICEC-3. (b) Effect of temperature on ionic conductivity of ICEC-2.

Figure 6. Sensing performances of ICEC-2 in a capacitive ionic sensor. (a) Schematic of the assembly of the sensor. (b) Reversible capacitance−
strain curves. Relative capacitance changes of the sensor under various (c) strains and (d) frequencies. (e) Cycling stability of relative capacitive
changes for the sensor.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c22602
ACS Appl. Mater. Interfaces 2022, 14, 8404−8416

8409

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22602/suppl_file/am1c22602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22602/suppl_file/am1c22602_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22602?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c22602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the ionic conductivity of the ICECs also reveals the
temperature dependence, as shown in Figure 5b. Taking
ICEC-2 as an example, the ionic conductivity of ICEC-2
gradually increases from 3.8 × 10−8 to 2.1 × 10−4 S cm−1 as the
temperature increases from 0 to 100 °C. It can be attributed to
the fact that the higher temperature leads to more efficient
mobility of polymer segments and free removable ions,
resulting in higher ionic conductivity. Note that the ionic
conductivity is proportional to the effective number of movable
ions.37−39

3.3. Demonstration as a Stretchable Conductor in
Strain Sensors. Benefiting from the high mechanical
performance and large ionic conductivity compared to the
currently developed ionic conductive elastomers in the
literature (Tables S4 and S5), ICEC-2 is an ideal candidate
material for preparing soft ionotronic devices. Based on this
inspiration, ion-based elastomers were assembled into a
sandwich-structured capacitive sensor (Figure 6a), consisting
of an acrylic elastomer (3M VHB 4905) as a dielectric layer
between two ICEC-2 ionic conductors. In addition to the
dielectric layer, VHB films with high elasticity and self-
adhering performance adhered to the other two sides of ionic
conductors before measurements. Two electrodes were
connected to a capacitive meter by two steel wires. The
capacitance signals were recorded when the external stimuli
(i.e., pressure, stretching, and bending) are applied to the ionic

sensor. Figure 6b displays the reversible linear relationship
between the capacitance and strain. The strain sensitivity of the
capacitive sensors could be obtained by the slope of the curves,
where C0 and C (ΔC = C − C0) are the initial capacitance and
the capacitance under stretching, respectively. Figure 6c shows
the relative capacitive change (ΔC/C0) curves of ICEC-2
sensors under the stepped cyclic stretched strain. It can be
found from Figure 6c that the relative capacitive changes at
different strains (60, 80, and 100%) almost recover to the
original value completely, demonstrating that the as-prepared
capacitive sensors have excellent strain-sensing reversibility.40

When the periodic stretching with a 50% strain at various
frequencies of 1, 0.5, and 0.25 Hz is performed (Figure 6d),
the sensing output signals follow the negligible changes both in
the shape and peak, which further clarifies the accuracy of the
ICEC-2 sensors upon being applied with external stimuli at
different frequencies. Figure 6e shows the fatigue evaluation of
the sensors, where a periodic strain of 50% is applied and
released for over 1000 cycles. Two insets in Figure 6e further
confirm that the strain sensors are resistant for long-term uses
with excellent stability and durability without signal
depression.39,41−43

As next-generation sensing devices, strain sensors have been
becoming popular due to their potential applications in
advanced artificial intelligence, medical diagnosis, and software
robots. The ICEC-2 strain sensors have high performances in

Figure 7. Real-time capacitance signals of the ICEC-2 sensor in detecting (a) finger bending, (b) wrist bending, and (c) changes in the airflow.
Insets of (a−c) are photographs captured during the corresponding measurements. (d) Relative capacitive changes of the ICEC-2 sensor under
stretching cycles. (e) Relative capacitive variations of the ICEC-2 sensor at various temperatures.
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detecting large strains of human finger joints and elbows
(Figure 7a,b). The assembled capacitive sensors including the
VHB film could be adhered to finger joints and elbows of a
volunteer by adhesive tapes. It can recognize the bending of
finger joints at 15, 30, 60, and 90°, respectively. The signals
accordingly change in the relative capacitive of the sensors as
the bending angle increases from 15 to 90°, and the output
signals are highly repeatable and stable, as shown in Figure 7a.
Similarly, when the strain sensors are attached to the elbows,
the signals could sense the bending direction of the elbows, as
shown in Figure 7b. The sensor could also distinguish subtle
changes in the airflow (Figure 7c). The subtle changes in the
airflow were detected by placing the washing ear ball above the
sensor and blowing the air intermittently. The slight stretching
and releasing signals were also detected by simply holding both
ends of the sensor and stretching the sensor with a small force
(Figure 7d). The high applicability in a wide temperature range
has been further investigated using ICEC-2 at various
temperatures (Figure 7e). The stable and repeatable relative
capacitive changes under 50% strain at the temperature ranging
from 0 to 100 °C in Figure 7e confirm that the ICEC-2 sensors
possess excellent resilience and capacitive stability over a wide
temperature range.37,44,45

3.4. Healing and Recycling Performance. Not just the
mechanical and strain-sensing properties, the current designed
ICECs also show excellent healing and recycling properties,
owing to the reversible dynamic dense hydrogen bonds and the
ionic coordination interactions, as shown in Figure 8. Two

ICEC-2 cuboids were fabricated, with one dyed orange and the
other one blue (I in Figure 8a). These two pieces of differently
colored ICEC-2 were then brought into contact with different
times to achieve healing from damage at room temperature, in
which a small amount of deionized water was added into the
fractured interfaces (II in Figure 8a). After healing for 24 h and
vacuum drying at 60 °C for 24 h, the healed ICEC-2 could be
stretched without fracture (III in Figure 8a). In addition, the
healed ICEC-2 is capable of holding a weight of 200 g (IV in
Figure 8a) and being stretched to 1000% strain without
secondary damage (V in Figure 8a) as the original ICEC-2.
The healing efficiencies were quantified through the tensile
tests (Figure 8b), and the samples were dried under vacuum
before testing. The healing efficiency is defined as the ratio of
the fracture toughness of healed samples to the original
fracture toughness. The 24 h-healed samples could almost
recover to the initial mechanical properties and the healing
efficiency reaches about 98% (Figure 8c), where the intrinsic
reliability of the healing performance is because there are a
large number of hydrogen bonds and ionic coordination
interactions across the interfaces.28,46,47 Most notably, taking
advantage of the healing ability of the ICECs, it can be stated
that the ICEC-based sensors are capable of fully recovering to
the original sensing ability, as shown in Figure 8d,e, where the
relative capacitive curves under different strains and
frequencies almost follow the original curve. Additionally, the
sensing stability of the 24 h-healed ICEC-2 sensors over 1000
cycles (Figure 8f) is similar to the original sensors. These

Figure 8. Healing performances of ICEC-2. (a) Digital photographs of the undyed and dyed samples being cut into two pieces (I), well-healed (II),
stretched after healing (III), holding a weight of 200 g (IV), and stretched to 1000% strain without fracture (V). (b) Stress−strain curves of the
original and healed ICEC-2 for various healing times. (c) Healing efficiency after various healing times. Relative capacitance changes of healed
ICEC-2 under various (d) strains and (e) frequencies. (f) Cycling stability of relative capacitive changes for healed ICEC-2.
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results indicate that the sensing ability of the ICEC-2 sensors is
completely regained after the cutting−healing process.
ICEC-2 could also be recycled for repeated uses. As proof-

of-concept, the recyclable performance is proven through the
cutting−remolding process, where the samples are cut into
millimeter-sized pieces and then remolded into coherent
samples (Figure 9a). After being remolded under a pressure, a
piece of circular-shaped ICEC-2 is reobtained, and then
stress−strain curves of the recycled ICEC-2 are evaluated and
shown in Figure 9b. It can be seen from Figure 9b that the
recycled ICEC-2 can retain its original mechanical strength
during five cycles of the cutting−remolding process. The
elastic modulus and toughness of the first, second, third,
fourth, and fifth cycles (Figure 9c) are almost overlapped
compared with the original mechanical strength. Moreover, the
ionic conductivity of ICEC-2 for the first, second, and fifth
cycles of the cutting−remodeling process was 2.5 × 10−6, 2.2 ×
10−6, and 2.3 × 10−6 S cm−1, respectively (Figure S7). The
recycled ICEC-2 can recuperate most of the initial mechanical
properties during five cycles of the cutting−remolding process,
confirming that the as-prepared ICECs possess excellent
recyclability and reprocessability.48,49 The environmental
stability of ICEC-2 in the open-air and high-humidity
environments was investigated. Figure S8a shows that the
residual weight of ICEC-2 remains almost unchanged after 1
day and increases a little after 7 days in open-air (∼46% RH,
∼19 °C) environments. Figure S8b shows that the weight of
ICEC-2 increases a little and then remains unchanged under a
high-humidity (∼72% RH, ∼16 °C) environment.

The sensing ability of the fifth recycled ICEC-2 is further
examined to evaluate the reproducibility of the as-prepared
ICEC-2; the real-time responses of the fifth recycled ICEC-2
flexible devices were investigated by quick loading−unloading
at 60, 80, and 100% strain with three circles (Figure 9d). When
the periodic loading−unloading process at 50% strain is
applied under various frequencies of 1, 0.5, and 0.25 Hz
(Figure 9e), the strain-sensing output signals show negligible
changes, illustrating that the fifth recycled ICEC-2 still
maintains accurate sensing ability under various stimuli,
including strain and frequency. Figure 9f shows the stability
of the sensors when a periodic 50% strain is applied and
released over 1000 cycles, confirming that the strain sensors
can be endured over a long time with excellent stability and
durability without obvious signal depression. Most noteworthy,
there is no significant difference in the strain-sensing
performance between the fifth recycled ICEC-2 and the
original ICEC-2 being recycled even under different strains,
frequencies, and cycles.

3.5. Dissolvable and Regenerative Properties. A
dissolvable and regenerative elastomer is highly desirable to
alleviate plastic pollution resulting from the improper manage-
ment of typically “long-lived” synthetic organic polymers or
inferior recycling. In the present work, the dissolvable and
regenerative properties of ICEC-2 are further investigated.
ICEC-2 can be dissolved steadily in an alkaline solution. For
example, ICEC-2 can be dissolved completely in 1 M NaOH
(Figure 10a). As the infiltration time increases, the ICECs are
dissolved gradually and disappear completely after 8 h. After

Figure 9. (a) Photographs showing the cutting and remodeling cycles of ICEC-2 by hot-pressing. (b) Stress−strain curves of recycled ICEC-2 for
the various cutting−remodeling cycles. (c) Corresponding modulus and toughness of recycled ICEC-2 from (d). Relative capacitance changes of
recycled ICEC-2 under various (d) strains and (e) frequencies. (f) Cycling stability of relative capacitive changes for the fifth recycled ICEC-2.
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immersing in 1 M NaOH for 10 min, the residual ICEC-2 is
vacuum dried and redissolved in deuterium oxide (D2O), and
then quantitatively analyzed by 1H NMR. The relative molar
ratio of PAA to PEO decreases to 0.59:1 (Figure 10b), which
indicates the rapid dissolution in a short time in an alkali
solution.50,51 For comparison, the deionized water and a 0.01
M NaOH solution are also used here at ambient temperature
to observe the dissolution process (Figure 10c). There is a
slow dissolution process in deionized water because the
hydrogen bonds are difficult to be broken in pure water. While
in 0.01 M NaOH, the dissolution could be accomplished after
4 days, which is lower than that in 1 M NaOH (1 day).
Interestingly, the flocculent precipitation was reproduced

again when ICEC-2 in a NaOH solution was neutralized by a
HCl solution after complete dissolution. ICEC-2 could be
reobtained and can be further reused from the flocculent
precipitation after washing, collecting, and then transferring to
a LiCl solution, which is similar to the preparation method of
the ICECs presented above in Section 2. This renewable
ICEC-2 can regain the original mechanical strength after five
dissolving−regenerating cycles (Figure 10d), including the
elastic modulus and toughness (Figure 10e). The regenerative
mechanism is attributed to the presence of reversible dynamic

dense hydrogen bonds.52 The sensing ability of the regenerated
ICEC-2 over five dissolving−regenerating circles was further
elevated, showing the relative capacitive changes under
different strains (Figure 10f) and frequencies at 50% strain
(Figure 10g) of the fifth regenerated ICEC-2 are completely
consistent with the original ICEC-2. In addition, the sensing
stability of the fifth regenerated ICEC-2 over 1000 cycles at a
50% strain (Figure 10h) is also similar to that of the original
ICEC-2. It can be concluded from the above mentioned results
that the as-prepared ICECs own unique dissolvable and
regenerative properties.

4. CONCLUSIONS

In summary, the ICECs with high mechanical strength and
extreme stretchability have been prepared through a
hierarchical response network strategy based on the formation
of physical cross-linking networks of PEO microcrystalline and
dense hydrogen bonds. Benefitting from the formation of the
hierarchical response network in the ICECs, the resultant ionic
elastomer composites combine high mechanical elasticity (e.g.,
large stretchability, high toughness, high fatigue resistance)
with high ionic conductivity compared to previously developed

Figure 10. (a) Photographs showing the dissolution process of ICEC-2 in 1 M NaOH. (b) 1H NMR spectrum of ICEC-2 after being soaked in 1 M
NaOH for 10 min and then dissolved in D2O. (c) Dissolution of ICEC-2 in water, 0.01 M NaOH, and 1 M NaOH at 25 °C. (d) Stress−strain
curves of the original and ICEC-2 after various dissolving−regenerating cycles. (e) Elastic modulus and toughness of the original and ICEC-2 after
various dissolving−regenerating cycles. Relative capacitance changes of five cycle-regenerated ICEC-2 under various (f) strains and (g) frequencies.
(h) Cycling stability of relative capacitive changes for five cycle-regenerated ICEC-2.
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ionic conductive elastomers. Ascribed to the high reversibility
of dense hydrogen bonds, the ICECs exhibit high-efficiency
water-aided healability and recyclability by simple crushing and
hot-pressing. The ICECs are capable of being regenerated in a
solution-processing way, which can be rapidly dissolved in an
alkaline solution and regenerated by adding an acid solution.
The recycled and regenerated ICECs can retain excellent
mechanical properties that are comparable to their original
states. Importantly, the ICECs are capable of maintaining high
ionic conductivity that is comparable to previously developed
ionic conductive elastomers, allowing them to serve as a
stretchable ionic conductor for ionic sensors, showing high
sensitivity and durability in accurately monitoring both large-
range and small-strain movements in the detection of human
motions of finger bending, wrist flexion, and airflow changing.
It could be envisioned that the hierarchical response network
strategy provides a new path for preparing stretchable ionic
conductors with high mechanical strength, high sensitivity, and
outstanding durability in a wide temperature range for skin-
inspired ionic sensors.
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