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The construction of ionic conductive hydrogels with complex deformation tolerance and excellent fatigue
resistance is highly demanded yet challenging. Herein, a semi-interpenetrating ionic conductive hydrogel (SICH)
is fabricated by a hydrogel-network constrained polymerization of 1-butyl-3-vinylimidazole tetrafluoroborate
and acrylic acid in polyethylene oxide aqueous solution. Ascribing to the formation of a dense intermolecular
hydrogen-bonded network, the SICH is capable of being stretched up to ~300%, compressed to ~85%, and
recovered immediately when the external force is fully released. The SICH can readily work as a high
deformation-tolerant ionic conductor for capacitive/resistive bimodal ionic sensors. The ionic sensor not only
showed a wide response range to dynamic pressures (0-8 kPa) and excellent cycling stability (500 cycles) in a
capacitive mode, but also demonstrated high sensitivity (gauge factor of ~1.1), excellent linear response
(0-300% strain) and fast response time (80 ms) in a resistive mode. As a demonstration, a wearable bimodal
SICH ionic sensor was assembled, showing high sensitivity, linearity, wide response range and great durability in
detecting complex human motions including speaking and various joint bending.

1. Introduction hydrogels and ionogels.[17,18] Conversely, the resistive ionic sensors

are anti-interference while exhibiting a non-linear response and poor

Skin-inspired sensors that imitate functions of human skin by con-
verting external stimuli into easily processed electric signals show broad
applications in health monitoring,[1-3] soft robotics,[4,5] and
human-machine interactions.[6,7] By replacing conventional electric
conductors with emerging ionic conductors, ionic sensors are capable of
monitoring external stimuli rapidly and in real-time through the
capacitive and resistive sensing mechanism.[8-13] The capacitive ionic
sensors present the advantages of low hysteresis, excellent sensitivity
and high stability.[14-16] But they exist a narrow response range and
easily-interrupted signals due to insufficient mechanical strength and
low deformation-tolerant performance of typically ionic conductors of

cycling stability.[19-21] Therefore, the development of an ionic sensor
that works in a bimodal capacitive/resistive mode is promising, because
it is expected to demonstrate an integrated performance of high defor-
mation tolerance and linear sensitivity in a wide response range. How-
ever, challenges were confronted to achieve this due to the lack of high
fatigue-resistant ionic conductors with large linearity and high sensi-
tivity in a wide deformation range.[22,23]

Poly(ionic liquid) (PIL) hydrogel is a three-dimensional hydrogel
network that is polymerized from charged ionic liquid monomers in
substantial water. It usually has great biocompatibility and comparably
mechanical flexibility to human skin and is expected to demonstrate
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high elasticity and moderate ionic conductivity for ionic sensors.
[2,9,24-26] However, the development of PIL hydrogels with high
mechanical robustness, complex deformation-tolerant performance and
excellent fatigue resistance is essential but challenging. Fortunately, the
chemical crosslinking and physical interactions are two common stra-
tegies to enhance the mechanical strength and fatigue resilience of PIL
hydrogels.[27-31] The chemical crosslinking can notably enhance the
mechanical strength of PIL hydrogels,[32,33] but the fracture of these
covalent chemical bonds under large deformation gives rise to irre-
versible damages to the structure, resulting in poor deformation-tolerant
and fatigue-resistant performance. On the contrary, physical in-
teractions can endow PIL hydrogels with highly deformation-tolerant
and excellent fatigue-resistant performance due to the easy recovery
and rebuilding of the physical network under deformation.[34-36]
However, their low bond energy and crosslinking density usually lead to
the mechanical strength of hydrogels failing to meet the actual demands
for ionic sensors.

Herein, a semi-interpenetrating ionic conductive hydrogel (SICH)
was fabricated by a hydrogel-network constrained polymerization of 1-
butyl-3-vinylimidazole tetrafluoroborate (BVIT) and acrylic acid (AA) in
polyethylene oxide (PEO) aqueous solution. The semi-interpenetrating
network is composed of a covalently cross-linked network of poly
(acrylic acid)-random-poly(1-butyl-3-vinylimidazole tetrafluoroborate)
(PAA-r-BVIT) and an interspersed network of PEO. The as-obtained SICH
showed superelasticity with large reversible stretchability/compress-
ibility and excellent fatigue resistance ascribing to the formation of a
dense hydrogen-bonded network between the PAA-r-BVIT and PEO
chains. The SICH can readily serve as a highly deformation-tolerant
ionic conductor for capacitive/resistive bimodal ionic sensors. The
bimodal ionic sensor operated in the capacitive mode demonstrated a
wide pressure response range and high fatigue resistance in 500
loading/unloading cycles. In the resistive mode, the ionic sensor
exhibited a high sensitivity with a gauge factor of 1.1, linearity over a
tensile strain range of 0-300% and fast response time within 80 ms. As a
proof of concept, a wearable bimodal SICH sensor was assembled,
achieving real-time monitoring of complex human motions of speaking,
finger bending, elbow bending and knee bending. This study provides a
new path of developing ionic conductive hydrogels with high mechan-
ical elasticity and fatigue resilience for ionic sensors with linearity, high
sensitivity and durability.

2. Materials and methods
2.1. Chemicals and reagents

PEO (average Mv = 600000), AA (AR, >99%, distilled before use),
ammonium persulfate (APS, AR, >98%), N,N’-methylene-bis(acryl-
amide) (MBAA, 96%) were purchased from Aladdin Chemicals. 1-butyl-
3-vinylimidazole-based ionic liquids with various counter anions (Cl ™,
I, NO3, BF;) were purchased from Shanghai Chengjie Chemicals.
Deionized water was used throughout the experiment. All the chemicals
were used as received unless otherwise stated.

2.2. Preparations of hydrogel samples of SICH, PAA-r-BVIT and PAA/
PEO

The aqueous solution of 10 wt% AA, 3 wt% PEO, APS (1 mol% of
monomers), MBAA (0.5 mol% of monomers) and designed amounts of
BVAT was mixed, poured into a polytetrafluoroethylene (PTFE) mold,
polymerized at 60 °C for 12 h in a nitrogen atmosphere. The SICH-1,
SICH-2, SICH-3 and SICH-4 represent as-prepared hydrogel samples
with an AA/BVIT molar ratio of 1/1, 3/1, 5/1, and 7/1, respectively. For
comparison, a hydrogel sample of PAA-r-BVIT was prepared following
the above steps, but without the addition of PEO. A hydrogel sample of
PAA/PEO was prepared as described above without the addition of
BVIT.
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2.3. Measurements of bimodal ionic sensors

The bimodal ionic sensor was assembled by using two as-prepared
hydrogel samples (10 x 5 x 2 mm®) and a 3 M VHB 4905 film (thick-
ness: 0.5 mm) as the electrode and dielectric layer, respectively. The
capacitance of the bimodal ionic sensor was calculated by the following
equation:

€A

€= tnka W

where C is the capacitance, ¢ is the dielectric constant of dielectric layer,
k is the electrostatic constant, A is the effective area of hydrogel samples,
and d is the thickness of dielectric layer.

The capacitive sensing performance was measured by an LCR Meter
(TH 2832). The capacitive response, sensitivity (S.) and gauge factor
(GF,) were calculated by the following equations:
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where Cy is the initial capacitance, and C is the real-time capacitance
under deformation.
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where P is the applied pressure.
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where ¢ is the applied strain.

The resistive sensing performance of the bimodal ionic sensor was
measured by a Keithley 2400 digital source meter. Two Cu foils were
sandwiched with one piece of hydrogel samples in the as-assembled
bimodal ionic sensor. The relative resistance variation (AR/R), sensi-
tivity (Sp) and gauge factor (GF,) of the resistive sensor were calculated
by the following equations:

AR R—R,
Ry Ry

)

where Ry is the initial resistance, R is the real-time resistance under
deformation.

AR/R,
S, = 6
P (6)
where P is the applied pressure.
GF, = AR/Ro )

&

where ¢ is the applied strain.
3. Results and discussion

A schematic representation of the preparation procedure of the SICH
is illustrated in Fig. 1a. The SICH with a semi-interpenetrating network
was in-situ formed by hydrogel-network constrained polymerization of
BVIT and AA monomers in PEO aqueous solution. A physical and
chemical dual-crosslinking was simultaneously achieved during the
space-constrained polymerization, i.e., a chemically cross-linked
random copolymer (PAA-r-BVIT) with an intramolecular electrostatic
interaction was in-situ formed, whereas an intermolecular hydrogen-
bonded interaction between the PEO and PAA-r-BVIT was simulta-
neously achieved. During the hydrogel-network constrained polymeri-
zation, the reaction solution of SICH and PAA/PEO (comparison sample
of in-situ polymerized AA in PEO aqueous solution) changed from
transparent to milky white within 0.5 h (Fig. 1b), indicating the



A. Wang et al.

=

Chemical Engineering Journal 411 (2021) 128506

Hydrogel-network constrained polymerization

U ——

Il Hydrogen bonding
— _OH . .
(=] “5/ @ Electrostatic interaction

® Covalent crosslinking

ﬁcompressm —

Fig. 1. (a) Schematic of the preparation procedure of the SICH by the hydrogel-network constrained polymerization. (b) Photographs showing in-situ polymerization
processes. From left to right: PAA/PEO, PAA-r-BVIT and SICH. (c) Photograph showing the SICH in various shapes. Photographs showing the SICH during (d)
stretching-releasing and (e) compressing-releasing processes, respectively.

formation of a dense hydrogen-boned network ascribing to interactions
between the PEO and initially polymerized PAA segments. The poly-
merization rates of AA and BVIT in an aqueous solution were investi-
gated. 'H NMR spectra of a comparison sample of neat PAA showed
peaks at 1.6-1.8 ppm ascribed to H-b and H-c, and 2.4 ppm ascribed to
H-a (Fig. S1a). The results showed that the polymerization rate of AA in
water was fast, and most of the monomers were consumed within 60 min
after polymerization. However, peaks corresponding to the PBVIT in the
control sample were not obvious even after polymerizing for 60 min
(Fig. S1b). The hydrogen-bonded interaction between AA monomers
and water might accelerate their reactivity ratios during the copoly-
merization.[37] The AA monomers exhibited a much faster polymeri-
zation rate than that of BVIT, further proving that the subsequent
copolymerization of AA and BVIT was space-constrained within the
initially polymerized hydrogel network of PAA/PEO. It is worth
mentioning that the SICH is capable of being shaped and cut into various
shapes by changing reaction vessels and tailoring (Fig. 1c). The resultant
SICH is capable of being stretched up to ~300%, compressed to ~85%,
and recovered immediately upon the external force released (Fig. 1d, 1e,
Movies S1, S2), demonstrating highly stretchable and compressible
performance along with excellent reversibility.

The in-situ polymerizations of ionic liquid monomers of 1-butyl-3-
vinylimidazole with a variety of counter anions were investigated. The
BVIT is a commonly used monomer of PIL with unique properties of low
saturated vapor pressure, high thermal stability and high ionic con-
ductivity.[38,39] Types and sizes of counter anions might greatly affect
the water solubility, ionic conductivity and aggregation state of ionic
liquid monomers.[40-42] Ionic liquid monomers containing different
counter anions of ions C1~, I, NO3 and BF; were compared (Fig. S2a).
Polymerizations of 1-butyl-3-vinylimidazole monomers containing Cl~
and NO3 anions in water were relatively difficult and the viscosity of the

reaction system is too low to sustain a certain shape even after 24 h
(Fig. S2b). Chemical reduction reactions between the I” anions and
initiators easily occurred accompanied with the formation of Iy
(Fig. S2b). Besides, no commercial 1-butyl-3-vinylimidazole monomers
containing the SO~ anions were obtained. Considering the matching
principle of polymerization rate with AA for the co-polymerization and
the cost, the 1-butyl-3-vinylimidazole monomer with BF; anions was
used in this study. Fig. S3 further showed fracture-surface SEM images of
freeze-dried hydrogel samples of SICH, PAA/PEO and PAA-r-BVIT. Due
to the presence of highly charged chains, the PAA-r-BVIT exhibited a
dense lamellar structure, while the PAA/PEO exhibited a uniform pore
size distribution. From SEM images of SICH-3, relatively ordered pore
distribution and relatively compact network structure were observed,
which was conducive to the excellent mechanical properties.

The intermolecular hydrogen-bonded interaction among the SICH
was verified by Fourier Transform Infrared (FTIR) spectra (Fig. 2a). The
characteristic peak at ~1553 cm™! corresponding to the stretching vi-
bration of the imidazole ring skeleton indicated that ionic conductive
BVIT segments were introduced into the SICH.[43] A new and wide
absorption peak appeared at 3200-3600 cm ™' when the PEO was
introduced, indicating that an intermolecular hydrogen-bonded was
formed between the PAA segments and PEO chains. The stretching vi-
bration of C=0 on carboxyl groups shifted from 1705 cm™! of neat PAA
to 1713 em ™! of PAA/PEO (Fig. 2b). The stretching vibration peak at
1045 em ! ascribed to the B-F bond among the PAA-r-BVIT shifted to
1054 cm ™ of the SICH-1 (Fig. 2c). The absorption peaks of C=0 and B-F
moving towards high wavenumbers indicated that the formation of the
intermolecular hydrogen bonds.[43,44] Besides, the absorption peak
near 1570 cm™! caused by the stretching asymmetric vibration of
carboxyl acid groups demonstrated the existence of intramolecular
electrostatic interactions in the PAA-r-BVIT and SICH.[45-47]
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Fig. 2. (a) Full-range and (b) enlarged FTIR spectra of freeze-dried hydrogel samples of SICH, PAA-r-BVIT, PAA/PEO and PAA. (c) Enlarged FTIR spectra of freeze-
dried hydrogel samples of SICH and PAA-r-BVIT. (d) Oscillatory amplitude sweep test (strain: 1%-1000%) at an angular frequency of 5 rad s~! for the SICH-3. (e)
Oscillation frequency sweep test at a shear strain of 0.1% for the SICH-3. (f) Alternate step strain sweep test with alternating shear strains of 1% and 500% with 100 s

at a constant angular frequency of 5 rad s™! for the SICH-3.

Dynamic rheological tests were performed to investigate the visco-
elastic properties of SICH. An oscillatory amplitude sweep test was
conducted to determine the linear viscoelastic region of SICH-3
(Fig. 2d). The storage moduli (G’) of SICH always exceeded its loss
moduli (G”) under a small shear strain (<100%), due to neglected
deformation damages of hydrogel structures, revealing excellent struc-
tural integrity of SICH. When the hydrogel underwent a large shear
strain, the G’ of SICH began to gradually decline and its G’ value became
higher than that of G'. This is because the physical bonds within the
hydrogel were dissipated, and the solid-like elastic network structure of
the hydrogel was destroyed and translated into viscous fluids.[48] An
oscillation frequency sweep test was conducted under a small shear
strain to observe the frequency dependence of the viscoelastic properties
of SICH-3 (Fig. 2e). The G’ and G” exhibited an intense dependence on
the angular frequency, and the G’ always exceeded the G” over the entire
angular frequency sweep range, revealing an elastic nature of hydrogels.
[48-50] Structural damages along with the transformation of G' and G’
values were observed among hydrogel samples of PAA-r-BVIT and PAA/
PEO (Fig. S4a), indicating their poor ability to maintain structural
integrity under large deformation. Fig. S4b indicated the elastic state of
hydrogel samples of PAA-r-BVIT and PAA/PEO. The G’ and G” values of
PAA-r-BVIT failed to return to the original value after undergoing a large
shear strain of 200% (Fig. S4c), indicating its poor recovery ability. On
the contrary, the G’ and G” values of PAA/PEO were almost restored
even though it experienced a large shear strain of 200% (Fig. S4d). The
deformation recovery performance of SICH-3 was also evaluated by the
alternating step strain sweep test (Fig. 2f). A small shear strain of 1% and
large shear strain of 500% were applied to SICH-3, respectively, and
maintained for 100 s at each step. Originally, the G’ kept at 2900 Pa and
was higher than G” under a small shear strain of 1%, indicating that the
hydrogels maintained the stability of a solid-like elastic network under a
small shear strain. When hydrogels experienced a large shear strain of
500% subsequently, the G’ dropped down to 230 Pa and was inferior to
the corresponding G”. At this point, the elastic network structure of
SICH was destroyed, showing a liquid-like viscous behavior. Surpris-
ingly, when the shear strain returned to 1%, the G’ immediately
exceeded the G and almost maintained a similar value as it was in the
initial state. This reveals a rapid recovery ability of the SICH.

Mechanical properties of SICH samples were measured to explore the
effect of the semi-interpenetrating network on their mechanical prop-
erties. The tensile mechanical properties of SICH samples with tailored
AA/BVIT ratios were investigated (Fig. 3a). Except for the hydrogel
sample of PAA-r-BVIT with large brittleness, other hydrogel samples can
be stretched for the tensile tests. The fracture strength and Young’s
modulus of hydrogel samples of SICH-1, SICH-2, SICH-3, SICH-4 and
PAA/PEO were summarized in Table S1. The SICH samples with a semi-
interpenetrating network exhibited largely enhanced mechanical prop-
erties compared to hydrogel samples of PAA/PEO and PAA-r-BVIT. Be-
sides, the mechanical strength and Young’s modulus of SICH samples
were significantly improved when the BVIT content among the SICH
increased. Successive loading-unloading tensile tests were conducted
under tensile strains of 50%, 100%, 150%, 200% (Fig. 3b), respectively.
No residual strain appeared when the successive tensile strain increased
from 50% to 200%. The loading curves almost overlapped with the
unloading curves under the various tensile strains. The small hysteresis
loops demonstrated a highly deformation-tolerant performance of SICH-
3, related to the high density of the intermolecular hydrogen bonds.
Subsequently, the loading-unloading tensile tests under the tensile
strain of 200% were performed to investigate the fatigue resistance of
SICH-3 (Fig. 3c). A large hysteresis loop appeared in the first cycle due to
fractures of covalent bonds and reversible interactions. Nevertheless,
subsequent cycles exhibited smaller hysteresis loops as a consequence of
permanent damages of covalent bonds and the fast recovery of revers-
ible hydrogen bonds. Further, the fatigue resistance characteristics of
SICH-3 were quantitatively analyzed by the loss of maximum stress
(strength) and Young’s modulus (stiffness) under different cycles
(Fig. S5a). Except that the maximum stress and Young’s modulus
dropped greatly in the first 50 cycles, they kept constant basically in
other cycles. The energy loss coefficient was ~0.2 (Fig. S5b), demon-
strating its good elastic property.

Compressive mechanical tests were performed to further evaluate
the mechanical properties of SICH. Among them, the hydrogel sample of
PAA-r-BVIT exhibited a stiff and brittle network while the hydrogel
sample of PAA/PEO showed a soft and weak network (Fig. 3d).
Conversely, the SICH samples could not only withstand a large
compressive strain of 85% but also had a highly deformation-tolerant
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Fig. 3. Mechanical properties of SICH. (a) Tensile stress—strain curves of the PAA/PEO and SICH hydrogels. (b) Stress—strain curves of the SICH-3 at various tensile
strains. (c) Tensile fatigue test of SICH-3 at a strain of 200%. (d) Photographs showing the reversible compression behaviors of PAA/PEO, PAA-r-BVIT and SICH
hydrogels. (e) Compressive stress—strain curves of PAA/PEO, PAA-r-BVIT and SICH hydrogels. (f) Stress—strain curves of SICH-3 at various compressive strains. (g)
Compressive fatigue test of SICH-3 at a strain of 50%. History of (h) Young’s modulus, energy loss coefficient, maximum stress and (i) dissipated energy and loading

work of the SICH-3 as a function of the compressive cycles.

performance. The highly deformation-tolerant performance of these
SICH samples was closely related to the high-density intermolecular
hydrogen-bonded network and covalent-bonded network, providing an
excellent elastic network by preventing hydrogels from severe damages.
Fig. 3e indicates the hydrogel sample of PAA-r-BVIT only withstands a
compressive strain of 70% with a modulus of 22.7 kPa and exhibits a
large brittleness, which is related to its high covalent cross-linking
density. The hydrogel sample of PAA/PEO with a modulus and
strength of 0.37 MPa and 6.3 kPa, respectively, exhibited poor me-
chanical properties (Table S2), ascribed to its low hydrogen-bonded
density. Besides, the compressive strength and modulus of SICH sam-
ples gradually decreased with an increased AA/BVIT ratio. For instance,
the SICH-1 exhibited high mechanical strength and modulus of 1.26
MPa and 72.2 kPa, respectively, while the SICH-4 only had a mechanical
strength and modulus of 0.5 MPa and 10.1 kPa, respectively. This is
attributed to the weakened intramolecular electrostatic interactions and
intensified intermolecular hydrogen-bonded interactions in the semi-
interpenetrating network.[51] Furthermore, the SICH-3 immediately
recovered to its original state through the successive compressive strains
(40%, 60% and 80%) without intermittences (Fig. 3f), demonstrating
the highly deformation-tolerant performance. A cyclic compressive fa-
tigue resistance performance of the SICH-3 was measured for 2000 cy-
cles under a compressive strain of 50% (Fig. 3g). A large hysteresis loop
appeared in the first cycle due to fractures of covalent bonds and
reversible interactions. Subsequent cycles exhibited smaller hysteresis
loops as a consequence of permanent damages of covalent bonds and the
fast recovery of the reversible intermolecular hydrogen-bonded

network. The almost identical hysteresis loops after 2000 compression
cycles indicated that the SICH-3 showed a highly deformation-tolerant
performance and excellent fatigue resistance. Further, the compressive
fatigue resistance characteristics of the SICH-3 were quantitatively
analyzed by the loss of maximum stress (strength) and Young’s modulus
(stiffness) under different cycles (Fig. 3h). Their maximum stress and
Young’s modulus greatly decreased in the first 50 cycles, and afterward,
they decreased slightly and tended to stabilize, remaining above 74%
after the 2000 cyclic test. The energy loss coefficient, i.e., the ratio of
dissipated energy to loading work (Fig. 3i), was small, indicating a little
damage to the hydrogel network with an elastomer-like property.
[52,53] Except for the first cycle, where the energy loss coefficient was
0.16, it stabilized at 0.097 in the following cycles (Fig. 3h). This value
was smaller than other SICH samples, indicating the highest
deformation-tolerant performance of the SICH-3 among various SICH
samples.

The hydrogel sample of PAA-r-BVIT was brittle and failed to perform
the cyclic test. The hydrogel sample of PAA/PEO showed a plastic
deformation of 6% and 17.3%, respectively, in the 1st and 100th cycle
(Fig. S6a), and its maximum stress and Young’s modulus remained
above 80% after 100 compressive cycles (Fig. S6b). A soft but weak
network was observed within the PAA/PEO, and the energy loss coef-
ficient of PAA/PEO was 0.48, which was much larger than those of SICH
samples. The SICH-1 sample exhibited a small plastic deformation of
5.4% (Fig. S7a), and its maximum stress and Young’s modulus remained
above 62% after 500 cycles (Fig. S7b). The SICH-2 sample exhibited a
small plastic deformation of 3% (Fig. S8a) with the maximum stress and
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Young’s modulus remaining above 62% after 1000 cycles (Fig. S8b).
Although no plastic deformation occurred, the mechanical properties of
the SICH-4 were relatively poor, and the maximum stress and Young’s
modulus remained above 75% after 1000 cycles (Figs. S9a, S9b) By
contrast, the SICH-3 sample remained a high recovery of mechanical
strength and stiffness with no obvious plastic deformation.

The ionic conductivities of SICH samples were measured using the
electrical impedance spectroscopy (EIS) method. The EIS curves of all
the samples are composed of a small semicircle and a straight line
(Fig. 4a). The starting point of the semicircle is defined as the electrolyte
resistance and the diameter of the semicircle is defined as the charge
transfer resistance.[54-57] The charge transfer resistances of SICH
samples generally increased with the raising AA/BVIT molar ratio, and
their jonic conductivities were in the order of 1072 S m™! (Fig. 4b). The
ionic conductivity of SICH-3 reached as high as 0.036 S m™?, similar to
other ionic conductors in the literature.[19,58,59] Fig. 4c and 4d show
the relative resistance variations of the SICH-3 under the stretching/
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releasing and compressing/releasing processes, demonstrating that its
ionic conductivity is sensitive to the variations of the applied strains and
pressures. Additionally, the SICH was connected to a complete circuit to
light a bulb. The brightness of the bulb became dim during the stretching
(Fig. 4e, Movie S3) but bright during the compressing (Fig. 4f, Movie
S4). This phenomenon further indicates that the ionic conductivity of
the SICH is sensitive to variations of strain and pressure.

As summarized in Table 1, tensile mechanical properties of the SICH-
3 kept above 89% after 400 stretching-releasing cycles, and its
compressive mechanical properties kept above 74% after 2000
compressing-releasing cycles, demonstrating its excellent fatigue resis-
tance. The ionic conductivity of the SICH-3 was comparable to most of
the PIL-based hydrogels in the literature (Table 1). With the integration
of high stretchability/compressibility, excellent fatigue resistance and
high ionic conductivity, the SICH-3 can serve as a highly stretchable and
compressible ionic conductor for both capacitive and resistive ionic
sensors. When the SICH-3 worked as a capacitive pressure sensor, the
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Fig. 4. Ionic conductivities of the SICH under complex deformations. (a) EIS curves of hydrogel samples of SICH and PAA/PEO. (b) Calculated ionic conductivities of
the SICH. Relative resistance variation of the SICH under (c) stretching and (d) compressing. Photographs showing the brightness of a LED lamp changing when SICH

is subjected to (e) stretching and (f) compressing in a circuit.
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Table 1
Summary of mechanical properties, ionic conductivities and sensing performances of PIL hydrogel-based sensors.
Samples Tensile Compressive Tensile Compressive Ionic Sensing type Work Gauge factor Sensitivity Ref.
strength strength (kPa)/ cycles/ cycles/ conductivity range (kPa™1)
(kPa)/ Strain (%) Recovery Recovery S m’l)
Strain (%)
PIL 260/710 - - - 0.8 Capacitance/ 1.1-45 0.027 0.0057 [5]
hydrogel Resistance/ kPa (80-160%)
(10% Triboelectricity 0-160%
KCD)
PHEMA/ 270/2000 - - - 0.099 Resistance 0-100% 1.8 (30-100%) - [11]
PSBMA/
Laponite
PAA-co- 2000/ 50/50 - - 0.002 Capacitance/ 0-100% - - [63]
DMAPS 10000 Resistance
PMAA-co- 300/2500 - 50/78% - - Capacitance/ 0-5 kPa 1 (0-100%) 0.09 [64]
DMAPS Resistance 0-100%
P(AAm/ 50/1500 0.07/85 10/- 10/- 1.7 Resistance 0-900% 1.58 (0-100%) - [65]
AMPS)- 4.82
AFPS (100-500%)
8.99
(500-900%)
PDA-clay- 77/1000 4200/85 5/58.5% - 0.02 Resistance 0-670% 1.25(0-80%)2 - [66]
PSBMA (0-200%)
PVA/ 228/400 6500/95 - - 0.0429 Resistance 0-300% 0.8 (0-50%) - [67]
PSBMA 1.5 (50-300%)
SICH-3 39/321 630/85 400/89% 2000/74% 0.036 Capacitance/ 0-8 kPa 1.1 (0-300%) 0.22 (0-1.4), This
Resistance 0-300% 0.13 work
(1.4-4.7),
0.07 (4.7-8)

pressure applied to the sensor was measured by detecting the changes of
capacitance (AC/Cp), which was related to the area (A) of the ionic
conductor and thickness (d) of the dielectric layer, according to the
capacitance formula. The relationship between AC/Cy and the pressure
applied to the sensor was investigated (Fig. 5a) and quantified by the
sensitivity (S) value which was defined as the §(4C/Cy)/5P.[2,60]
Similar to previously reported pressure sensors based on ionic hydro-
gels, the sensitivity of the SICH capacitive pressure sensor varied with
the pressure, and the curve can be divided into multiple regions.
[16,25,53,61] The sensitivity was 0.22, 0.13 and 0.07 kPa~?, when the

loading pressure was in the range of 0-1.4, 1.4-4.7 and 4.7-8 kPa,
respectively. The explanation of the relatively small sensitivity at the
high pressure is that excessive deformations of hydrogels might result in
the limitation of ionic shuttle distance.[62] The capacitive pressure
sensor could perceive diverse dynamic pressures and real-time produce
stable capacitive variations (Fig. S10a). Additionally, the capacitive
response of the ionic sensor kept consistent with its mechanical
behavior. The capacitive pressure sensor was applied to a constant
pressure of 4 kPa at various loading speeds of 5-20 mm min ! (Fig. 5b).
The constant capacitive variation demonstrated that the ionic sensor
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Fig. 5. Capacitive/resistive sensing performance of the bimodal ionic sensor based on SICH. (a) Relative capacitance variation as a function of applied pressure. (b)
Relative capacitance variation at a constant pressure of 4 kPa with various applied speeds. (c) 500 loading-unloading compressive cyclic tests under the pressure of 4
kPa. (d) Relative resistance variation as a function of tensile strain. (e) Relative resistance variation at a constant strain of 200% with various applied speeds. (f)

Relative resistance variation with various tensile strains.
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possessed the potential in detecting dynamic pressures. The response
time of the capacitive pressure sensor was not accurately measured since
the value is lower than the limitation of the measurement instrument
(Fig. S10b). In addition to the sensitivity and response time, the fatigue
resistance was also a crucial performance for a pressure sensor. There-
fore, 500 loading/unloading compressive cycles at a constant pressure of
4 kPa were applied to the SICH-3 capacitive pressure sensor (Fig. 5¢).
Stable and repeatable capacitive variations were observed throughout
the cycles, revealing the high stability and good reliability of the
capacitive pressure sensor. In addition to pressure, the capacitive ionic
sensor is capable of monitoring dynamic strains. For example, the
capacitive sensor produced a large capacitive response to the strain,
suggesting its high sensitivity to the strain (Fig. S11a). A good linear
relationship between the AC/Cy and strain was observed in the strain
range of 0-100%. Gauge factor (GF) was generally considered as a vital
performance to evaluate the sensitivity of a strain sensor. It was defined
as the 5(AC/Cy)/5¢ and the present sensor was calculated as 1.1. The
durability test of the stretchable sensing performance over 5 cycles
demonstrated excellent stability of the capacitive strain sensor
(Fig. S11b). In short, the capacitive sensor based on the SICH-3 had a
high sensitivity to the pressure, good linear response to the strain and
high fatigue resistance stability for practical uses.

Subsequently, the stretchable and compressive sensing performance
of the SICH-3 in a resistive mode was also characterized. Surprisingly,
the relative resistance change (AR/Ry) and strain always kept a good
linear relationship in the strain range of 0-300% (Fig. 5d). Gauge factor
(GF,) was defined as the S(AR/Ry)/d¢ to evaluate the sensitivity of the
resistive strain sensor, and the current sensor was calculated as 1.1. The
strain sensing performance was measured at various loading speeds of
5-20 mm min ! (F ig. 5e). The relative resistances showed no vibrations
with the various loading speeds, revealing the resistive sensor can
steadily detect the strain. Moreover, the resistive sensor is capable of
perceiving various strains of 50%, 100%, 150% and 200%, and pro-
ducing steady and repeatable responses (Fig. 5f). Cyclic loading/
unloading sensing performance tests were measured to evaluate the
fatigue resistance of the resistive strain sensor (Fig. S12a). After 100

120

Hi

Hello Hello

0 6 12
Time (s)

18

Chemical Engineering Journal 411 (2021) 128506

cycles under a strain of 200%, the relative resistive variation drifted
upwards due to the water loss of hydrogel samples and inevitable
deformation hysteresis. The resistive strain sensor showed a fast
response time and recovery time within 80 and 90 ms (Fig. S12b),
respectively. This slight signal lag was related to the inherent visco-
elasticity of hydrogels.[62] In addition to the strain, the resistive sensor
could also monitor the dynamic pressures. Fig. S13a showed the AR/Ry
as a function of the applied pressure to the sensor. The sensitivity was
defined as 6(AR/Ry)/56P, and the present device was calculated as 0.17,
0.02 and 0.01 kPa™!, corresponding to the applied pressure ranging
among 0-1, 1-18, 18-34 kPa, respectively. Continuous 100 loading/
unloading tests at a constant pressure of 34 kPa were performed to
evaluate the fatigue resistance of the sensor (Fig. S13b). The relative
resistive variation decreased ~14% at the first 300 s, but drifted slightly
upward at later periods, indicating great durability of the resistive
sensor. Table 1 showed the comparisons of the sensing performances of
our SICH with PIL-based hydrogels in the literature. The gauge factor of
the SICH sensor was kept at ~1.1 in a wide strain range of 0-300% and
the sensitivity was comparable to other reported values. Therefore, the
resistive sensor based on SICH showed a good linear response to the
strain, a wide range of pressure detection and a rapid response time.
As a demonstration, the SICH can serve as a bimodal ionic sensor for
human-motion detection. The SICH was attached to various parts of the
human body and the relative capacitive and resistive variations were
recorded in real-time. The movements of the finger and the elbow
bending to different angles of 30°, 60° and 90° were monitored (Fig. 6a,
b). The relative capacitance variations always corresponded with the
different bending angles and these processes could be repeated.
Furthermore, when the finger or elbow is held at a certain bending
angle, the relative capacitance variation also kept the value steadily. The
bimodal ionic sensor was also utilized to monitor physiological activities
in a resistive operating mode. Fig. 6¢ exhibited the real-time resistance
variation when the ionic skin adhered to the throat of a volunteer. The
slight changes caused by test words such as “hi” and “hello” can be
detected by the resistive sensor quickly and accurately. The movement
of the knee was also able to be monitored by the sensor (Fig. 6d). As the

140 210 280

e R VI T R
Time (s)

Fig. 6. Wearable sensing performance of the bimodal ionic skin sensor based on SICH. Relative capacitance variations in response to (a) finger and (b) elbow
bending, and relative resistance variations in response to (c) speaking and (d) knee bending.



A. Wang et al.

bending angle increased from 0° to 90°, the relative resistance variation
gradually increased and could be held steadily when the bending angle
was maintained.

4. Conclusions

In summary, the SICH with a semi-interpenetrating network was
fabricated by a hydrogel-network constrained polymerization strategy,
during which the covalent chemical bond cross-linked random copol-
ymer (PAA-r-BVIT) network was in-situ formed in the PEO network.
Intermolecular hydrogen-bonded interaction between the PAA-r-BVIT
and PEO as well as intramolecular electrostatic interaction among the
PAA-r-BVIT were synchronously achieved. As a result, the as-obtained
SICH is capable of being shaped and cut into various shapes, stretched
up to ~300%, compressed to ~85%, and recovered immediately upon
the external force released. Due to its high mechanical robustness,
excellent fatigue resistance and good ionic conductivity, the SICH can
readily work as a highly deformation-tolerant ionic conductor for a
capacitive/resistive bimodal ionic sensor. The capacitive-type SICH
ionic sensor exhibited a wide response range to dynamic pressures (0-8
kPa) and high fatigue resistance over 500 cycles. The resistive-type SICH
ionic sensor had high linearity over the strain range of 0-300% and
showed in real-time resistance response within 80 ms. The wearable
SICH ionic sensor was assembled, achieving real-time monitoring of
complex human motions of speaking and various joint bending. This
work provides an exploration for developing ionic conductive hydrogels
with high mechanical strength and excellent fatigue resilience and their
applications in bimodal ionic sensors with high sensitivity, linearity,
wide detecting range and durability.
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