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Conductive hydrogels are excellent candidates for the next-
generation wearable materials and are being extensively investigated
for their potential use in health monitoring devices, human—machine
interfaces, and other fields. However, their relatively low mechanical
strength and performance degradation due to swelling have presented
challenges in their practical application. Inspired by the multiscale
heterogeneous architecture of biological tissue, a dynamic cross-
linked, ultra-tough, and high-sensitivity hydrogel with a swelling
resistance characteristic was fabricated by the principle of multiple
non-covalent interaction matching and a step-by-step construction
strategy. A heterogeneous structure was constructed by the combi-
nation of a ‘soft’ hydrophobic-conjugated micro-region structural
domain with inter/intra-molecular hydrogen bonding and n—r stack-
ing along with ‘rigid’ cross-linking via strong ionic coordination
interactions. Reversible cross-linking synergies and variations in the
content of rigid and flexible components guaranteed the hydrogel to
undergo flexible and efficient modulation of the structures and gain
excellent mechanics, including elongation at break (>2000%),
toughness (~60 MJ m3), and recovery (>88%). Notably, hydrogels
displayed good anti-swelling properties even in solutions with dif-
ferent pH (pH 2-11) and solvents. Moreover, the hydrogel further
exhibited fast response (47.4 ms) and high sensitivity due to the
presence of dynamic ions (Fe**, Na*, and Cl); therefore, it was
assembled into a sensor to detect various human motions and used
as a signal transmitter for the encryption and decryption of informa-
tion according to Morse code. This study provides basis for the
development of a variety of robust and flexible conductive hydrogels
with multifunctional sensing applications in next-generation wear-
able devices.
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A bio-inspired, ultra-tough, high-sensitivity, and
anti-swelling conductive hydrogel strain sensor
for motion detection and information

* and Pingchuan Sun 2 *

New concepts

Inspired by the structure of biological tissues, we proposed a facile step-
by-step construction strategy to fabricate a dynamic cross-linked, ultra-
tough, and high-sensitivity hydrogel with swelling resistance through the
principle of multiple non-covalent interaction matching, which was
constructed by the combination of inter/intra-molecular hydrogen
bonding and n-n stacking of hydrophobic-conjugated microregion struc-
tural domains as the ‘soft’ skeleton, and strong ionic coordination
interaction as the ‘rigid’ reversible sacrificial bond. Reversible cross-
linking synergies and variations in the content of rigid and flexible
components enabled efficient modulation of the hydrogel structure and
mechanics, including excellent elongation at break (>2000%), toughness
(~60 MJ m™?) and recovery properties (>88%). Notably, the prepared
hydrogels exhibited good resistance to swelling in different solvents and
pH solutions. The presence of dynamic ions not only rendered the
hydrogel with anti-freezing performance but also led to high sensitivity,
fast response (47.4 ms), and cyclic stability, which can be used for
healthcare monitoring, encrypting, and decrypting information
according to Morse code. Thus, the nature-inspired design and step-by-
step building strategy will balance strength, detection accuracy, and
swelling resistance, also provide a new insight into the fabrication of
flexible smart hydrogel sensors.

Introduction

Hydrogel sensors, also termed as ‘electronic skin’, can detect
and respond to external state changes or stresses and convert
them into recordable signals such as current, resistance, and
capacitance.’”” The next-generation wearable materials formed
using ionic conductive hydrogels with excellent mechanical,
electrical, and physiological characteristics similar to human
tissue have generated extensive interest due to their advanced
applications, including health monitoring, motion recognition,
and information encryption transmission.*'*> However, these
sensors generally exhibit low toughness, limited responsivity,
and rapid attenuation of signal detection under repeated large
deformation."*™® Furthermore, anti-swelling properties are
also necessary to cope up with complex solvent environments
and to maintain their stability.">'” Therefore, fabrication of
conductive hydrogels with superior toughness, excellent sensitivity,
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and swelling resistance is required for future conductive wear-
able sensors.

In recent years, bionic hydrogels with enhanced mechanical
strength have been fabricated via effective energy dissipation or by
tailoring uniform structures such as hydrophobically associated
hydrogels,’®  double-network  hydrogels," nanocomposite
hydrogels,”® polyampholyte hydrogels,”® and others.”* Hydro-
phobic interaction, a type of physical interaction with tunable
bonding strength, is strong and stable when exposed to an
aqueous environment due to the contraction of hydrophobic
chains. It has aided the development of tough hydrogels; however,
the tensile strength of most of these hydrogels could hardly
exceed 1 MPa.>* % Besides, non-covalent interactions or reversible
metal ion ligands have also been utilized as physical cross-
linkers often in the form of sacrificial bonds to regulate the
mechanical performance of materials.>®>® It was speculated that
hydrophobic association combined with ionic coordination
bond could significantly improve the mechanical strength and
toughness of hydrogels. For example, Li et al. proposed a simple
strategy to design a new type of physical hydrogel crosslinked via
both hydrophobic association (poly(stearyl methacrylate)) and
ionic coordination bond between carboxyl groups and Fe®",
which could realize excellent mechanical properties and good
self-recovery capabilities.>® Inspired by cartilage, Gao et al.
fabricated a conductive hydrogel by generating hydrophobic
association interactions (hexadecyltrimethylammonium) and
metal coordination, achieving ultrahigh toughness and high
tensile strength.>® The mechanical performance of gels, such
as the tensile properties, self-recovery, and toughness, have been
greatly enhanced in recent years; however, achievement of
adjustable strength and toughness of hydrogels based on skillful
selection of mutually matching non-covalent interactions is of
great scientific importance, which has rarely been investigated
to date.

In general biological tissues, such as tendons, cartilage, and
ligaments, exhibit a perfect combination of strength and tough-
ness as well as swelling resistance due to their fine hierarchical
microstructure and dense connective tissue composed of abun-
dant interwoven elastic fibers.*’®® For instance, tendon, as a
conduit for effective energy transfer by muscle contraction, is
mainly composed of a synergy between the ‘soft’ extracellular
matrix and ‘hard’ collagen fibers, in which the collagen binds
into progressively larger subunits of a hierarchical structure.
Human tissue ligaments also possess a similar synergistic
structure of soft and hard components. To mimic the hierarch-
ical heterogeneous structure of bio-tissues with soft and hard
domains, it is possible to build the hydrogels with incredibly
enhanced mechanical properties.* Notably, the conditions for
the construction of different non-covalent interactions vary,
thus providing the possibility of constructing soft and hard
synergistic heterogeneous structures in hydrogels similar to
the microstructure of biological tissue through a step-by-step
construction approach. Moreover, most hydrogels with hydro-
philic polymer chains inevitably ‘swell’ under changes in
osmotic pressure or physiological conditions, forming a loose
network structure with detrimental effects on their mechanical
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properties.>>* According to the literature, the anti-swelling
performance of biological tissues is also related to its special
hierarchical heterogeneous microstructure.?*3”

Herein, inspired by the heterogeneous network structure of
biological tissues, a pure dynamic physically cross-linked con-
ductive hydrogel with high elongation at break, toughness, and
responsiveness based on the principle of multiple heteroge-
neous non-covalent interaction matching and a step-by-step
construction strategy was successfully fabricated. The network
was composed of interconnected ‘soft’ hydrophobic entangled
polymer chain and a ‘rigid’ cross-linked ionic body. The excellent
mechanical properties, including tensile strength, elasticity mod-
ulus, toughness, and great recoverability of the hydrogel, were
ascribed to the efficient energy dissipation capacity and combi-
nation of a rigid and flexible reversible network. Furthermore, the
strong coordination effect and the introduction of hydrophobic
association interactions led to excellent anti-swelling properties
even in solutions with different pH (pH 2-11) and solvents (water,
saline, acetone, and ethanol). The dynamic mechanical responsive
behavior and heterogeneous structural evolution of the material
were also characterized by rheology and multiple-quantum (MQ)
nuclear magnetic resonance (NMR) spectroscopy. Furthermore,
the free-moving ions (Fe**, Na*, and Cl17) in the system not only
endowed the gel with freeze-resistant properties, but also provided
excellent conductive behavior, together with high sensitivity, fast
response (47.4 ms), and cyclic stability. The hydrogel sensor
was used to monitor human activities at multiple scales such as
joint movements (finger, wrist, and elbow bending) and small
deformations (light coughing and swallowing). Combined with
Morse code, the application of this sensor in the field of informa-
tion encryption and decryption was further explored. Therefore,
the prepared heterogeneous network-structured hydrogel provides
insight into the fabrication process of flexible sensors with
excellent application prospects in the fields of biosensors, health
monitoring, and information encryption transmission.

Results and discussion
Synthesis of ultra-strong and tough dual-network hydrogels

Biological tissue (tendons, ligaments, and cartilages) usually
exhibits a perfect combination of strength and toughness as well
as excellent resistance to swelling due to synergistic interaction
between the soft extracellular matrix and hard collagen fibers.**™*'
Inspired by biological tissue, a double-network dynamic cross-
linked hydrogel was designed and prepared via a three-step
method, in this study. First, a novel hydrophobic nucleic acid-
base monomer (BA-A, namely, 4-((3-(adenin-9-yl)propanoyl)-
oxy)butyl acrylate) was successfully synthesized. The synthesis
routes of BA-A and PAM-BA-A-AA (namely, poly(acrylamide-co-4-
((3-(adenin-9-yl)propanoyl)oxy)butyl acrylate-co-acrylic acid)),
and their molecular structures were confirmed by NMR spectro-
scopy and Fourier transform infrared (FTIR) spectroscopy
(Scheme 1a and Fig. S1, ESIt). Then, the hydrophilic monomers
(namely, acrylamide (AM) and acrylic acid (AA)) and hydropho-
bic monomer (BA-A) in sodium dodecyl sulfate (SDS)-NacCl,
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Scheme 1 (a) Synthesis route of BA-A and PAM-BA-A-AA and (b) schematic showing the preparation process of double-network dynamic cross-linked

hydrogels.

were copolymerized with SDS micelles using potassium persul-
fate (KPS) as a thermal initiator. BA-A conjugated within
the surfactant SDS micelles acted as a physical cross-linking
point and formed the pristine hydrogel (P-hydrogel), which
resembled the role of the soft extracellular matrix in biological
tissue, maintaining the entire gel backbone and providing
toughness (Scheme 1b). The AM and AA monomers were
applied as hydrophilic and functional components, respectively,
to form the second cross-linking point. The P-hydrogel was then
immersed in Fe** solution for 24 h to generate the transition-
state double cross-linked coordination hydrogel (C-hydrogel),
which formed ionic coordination bonds between carboxyl
groups and Fe*" in the network structure. Owing to the high
osmotic pressure inside the hydrogel network, a large amount of
Fe** penetrated the gel system, resulting in the formation
of single, double, or triple coordination complexes. The role of
these strong metal coordination interactions is equivalent to that
of collagen fibers, the ‘hard’ component of the biological tissue
structure, endowing the hydrogel with sufficient strength.
To obtain more triple coordination complexes and stronger
hydrophobic associations for the full combination of strength
and toughness of hydrogel, the C-hydrogel was immersed in
excess distilled water to remove excess Fe®', which resulted in
the formation of strongly double cross-linked equilibrium swollen
hydrogel (E-hydrogel) with a reconfigured structure in the

This journal is © The Royal Society of Chemistry 2022

equilibrium state. The formation of the hydrogel network struc-
ture was verified by FTIR spectra (Fig. S1, ESIT).

Mechanical properties

The direct factor affecting the mechanical performance of
hydrogels is the composition difference. For more accurate
understanding of the strengthening mechanism of the hydro-
gel, a series of samples with different components was pre-
pared (see Table S1, ESIt). The effect of hydrophobic
association interactions on the mechanical performance of
materials is shown in Fig. 1a. With the increase in the content
of BA-A/AM from 0% to 2%, the mechanical properties (tough-
ness, strength, and elongation) first increased and then
decreased due to the synergistic interaction between metal
coordination and the increase of physical hydrophobic linkage,
which shortened the distance between polymer chains and
further enhanced the performance of the hydrogel. The trend
of this result is similar to the effect of hydrophobic association
on P-hydrogels (Fig. S3, ESIT). Owing to the synergistic effect of
metal coordination and hydrophobic association, the hydrogel
performance was significantly improved after the introduction
of Fe** (Fig. S4, ESIT). Moreover, the concentration of Fe*" in
the immersing process also affected the mechanical strength.
That is, when concentration of the Fe*" solution was increased
from 0.01 M to 0.06 M, the corresponding strength and elastic

Mater. Horiz., 2022, 9, 3057-3069 | 3059


https://doi.org/10.1039/d2mh00456a

Published on 03 octobre 2022. Downloaded on 29/10/2025 04:02:38.

Communication

View Article Online

Materials Horizons

600 6
s —E-0.00% oy Il Elastic modulus L 60 _ |HEl Fracture stress | 2400
—E0.25% g B Toughness —~ (@ _ I Fracture strain -
4]—E050% / & T e 51 5
s —E-1.00% =450 - £ =2 =
o |—E200% / » 45 2 o 11800 =
= 3 . 2 5 ‘s
s 3 300 @ £ i)
» o 30 3 F1200 o
Q 24 £ c o =
= 2
b o < 5 =
g 1501 t15 5 © L600 &
] k4 o0 © i
w Ll
0 T T T : = 0 L0
0 500 1000 1500 2000 0.0% 0.25% 0.5% 1.0% 2.0% 0.0% 0.25% 0.5% 1.0% 2.0%
b1 Strain (%) b2 BA-A/AM molar ratio b3 BA-A/AM molar ratio
6
5 —y——) _ 600 B Elastic modulus | 60 _ |l Fracture stress | 2400
——0.03 mol/L © Bl Toughness ~ © _ [ Fracture strain B
4{—0.06 mollL v a S W 3
= |—012mon = 450+ g g 1800L
n 45 D r =
S s 1 |2 z 3 g
Y 3 3004 o £ &
7] o 30 8§ » F1200 o
O 24 -
= £ c o =
b7 o S 5 s
) 1501 L15 3 © 1600 &
< °© S e
w Ll
0 T r r T 0- -0 -0
0 500 1000 1500 2000 0.01 0.03 0.06 0.12 0.01 0.03 0.06 0.12
cl Strain (%) c2 Fe3* concentration (mol/L) c3 Fe3* concentration (mol/L)
8-
10% — 4l Elastic modulus | 64 _ |l Fracture stress L 2400
8- 15% g [ Toughness —~ © | Fracture strain o
20% oo 3
T % 2 3 E s <
o 6- o ] 48 2 1800 =
= = g 3 ®
0 3 o £ =
o 4] o 21 32 8 % £1200 o
o £ c o =
- L = 3
[77) 0 o 2 3]
2] S 1 L6 3 B 1600 &
7]
1] O © [
//‘ a - 2 i
0 T T T - 0 0 L
0 500 1000 1500 2000 10% 15% 20% 25% 10% 15% 20% 25%

Strain (%)

AA/AM molar ratio

AA/AM molar ratio

Fig. 1 Tensile curves with different contents of (al) BA-A/AM, (b1) Fe®*, and (c1) AA/AM:; variation of the content of elastic modulus and toughness of (a2)
BA-A/AM, (b2) Fe**, and (c2) AA/AM; and variation of the content of fracture stress and strain of (a3) BA-A/AM, (b3) Fe®*, and (c3) AA/AM.

modulus got enhanced; however, further increase in the
concentration to 0.12 M resulted in the degeneration of its
high elongation at break (Fig. 1b). This result is attributed to
the formation of more ionic coordinates between Fe®" and
—-COO- groups (bidentate coordinates and/or even monoden-
tate coordinates) at a high concentration of ferric solution,
leading to lower secondary cross-linking of hydrogels.*?
Another factor affecting the performance of hydrogels was
the content of ionic coordination bonds, mainly determined by
the AA/AM molar ratio in this system. With the increase in the AA/
AM molar ratio, the fracture stress and elastic modulus enhanced
rapidly with an elastic modulus of ~3.87 MPa and a tensile
strength of ~6.8 MPa (Fig. 1c). Toughness and strain first
increased and then decreased due to the improvement in ionic
coordination cross-linking density. With the increase in the molar
ratio of AA/AM to 20% or 25%, more ionic coordination bonds were
formed, leading to the rigidity of the hydrogel and reduction in its
deformation ability.**> As the hydrogels exhibited optimal mechan-
ical properties (tensile strength ~4.52 MPa, elastic modulus
0.49 MPa, fracture strain ~2044%, and toughness ~58.4 MJ m™)
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under the conditions of 0.5 mol% of BA-A/AM, 15 mol% of AA/
AM, and 0.06 M of Fe** solution, these ratios of E-hydrogel were
selected as optimized values for the subsequent studies unless
otherwise stated.

Owing to the synergistic effect of hydrophobic conjugation
(inter/intra-molecular hydrogen bonding and n-r stacking) and
metal coordination, the prepared hydrogel showed remarkable
mechanical properties (Fig. S2, ESIT). The hydrogel could tolerate
diverse deformations such as stretching, twisting stretching, and
knotting (Fig. 2a). Remarkably, the strips could be stretched to
almost five times their original length and withstand loads of up
to 3.5 kg without rupture, demonstrating ultra-mechanical
strength (Fig. 2b). The hydrogel did not get punctured in the
penetration test and, after 10 min, it showed excellent recovery,
indicating that the hydrogel possessed puncture resistance and
good recovery properties (Fig. 2c). The characterization of the
mechanical performance of all hydrogels showed that the elastic
modulus, toughness, strength, and elongation of P-hydrogels were
only ~10.2 kPa, 1.514 MJ m >, 257 kPa, and 1045%, respectively
(Fig. 2d-f). In contrast, the elastic modulus, toughness, strength,

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a and b) The E-hydrogel was stretched, twisted, and knotted, and a 3.5 kg load was applied; (c) anti-puncture and self-healing capabilities;
(d) tensile curves, (e) elastic modulus and toughness, (f) fracture stress and strain of hydrogels; (g) comparison of the mechanical behavior between
E-hydrogel and other previously reported hydrogels (relevant data are summarized in Table S2, ESI); (h) tensile curves of E-hydrogel at different

stretching rates; and (i) corresponding fracture stress and strain.

and elongation of E-hydrogels were ~498.3 kPa, 58.415 MJ m >,
4.52 MPa, and 2044%, respectively (Fig. 2b and c), ie., 48.85,
38.58, 17.6, and 1.94 times higher than those of the P-hydrogel.
These results show that the introduction of ionic coordination
interaction could significantly improve the mechanical perfor-
mance of hydrogels.

Moreover, the performance of the E-hydrogel was also dis-
tinctly better than that of the C-hydrogel due to excess Fe*"
diffusing out of the network, where the ionic coordination
bonds were reorganized to form more tridentate coordination
complexes in the system. These results were confirmed by a
reduction in the E-hydrogel volume and a change in color from
red to deep red, along with a stable elastic modulus and
transmittance after immersion in water (Fig. S10, ESIf),*?
manifesting the formation of more tridentate coordination

This journal is © The Royal Society of Chemistry 2022

complexes that reached a saturated state in the E-hydrogel
network. Furthermore, the network structure of the E-hydrogel
also became denser and more homogeneous than that of
C-hydrogel (Fig. 3d-f). Low-field NMR spectroscopy and rheolo-
gical experiments also demonstrated a reduction in structural
defects and the uniformity and stability of the network. Com-
pared with other high-strength hydrogels reported in the litera-
ture (Table S2, ESIt), hydrophobic association and interaction
with metal coordination endowed the gel with an improved
network structure and better mechanical properties than C-
hydrogel (Fig. 2g and 3a—c). Owing to the dynamically reversible
nature of metal coordination bonds, the mechanical character-
istics of gels also depended on the variation of the stretching
rate. The tensile curves of the E-hydrogel shifted upward with the
increase in the stretching rate (Fig. 2h). Elastic modulus and

Mater. Horiz., 2022, 9, 3057-3069 | 3061
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strength increased, yet elongation decreased with the stretching
rate (Fig. 2i), indicating that some moderately strong coordination
interactions became coordination bonds with higher strength at
high tensile rates. Therefore, they could be used as permanent
crosslinks to resist deformation.>”

Low-field NMR spectroscopy and the microstructural analysis

To elucidate the relationship between internal structure and
performance, the as-prepared hydrogel, in which a physically
cross-linked system with trivalent Fe**-acrylic acid coordination
was imposed on the hydrophobic association network, was
characterized by MQ NMR spectroscopy and rheology (Fig. 3).
MQ NMR spectroscopy was used to study the anisotropic
structure and the associated chain segment mobility. Qualitative
results of rigid and flexible phases were obtained (Fig. 3a). The
free-induction decay (FID) of E-hydrogels was significantly faster
than that of P-hydrogels due to the fact that the Fe**-acrylic acid
coordination (rigid components) in the network showed a
rapidly decaying FID signal; however, water (soft components)
in the hydrogel displayed a slow decay of proton signals due
to the averaging effect of molecular motion. Relative to the
C-hydrogel, the fast decay of E-hydrogel signal is ascribed to
the reorganization of some unsaturated coordinates (monoden-
tate and bidentate) to form tridentate complexes, leading to the
increased content of rigid chain components.

The normalized DQ intensity as a function of DQ excitation
time for P.C.E-hydrogel was obtained (Fig. 3b). The rate of

3062 | Mater. Horiz., 2022, 9, 3057-3069

normalized DQ intensity strength growth provides information
on cross-link density; the faster the growth rate, the higher the
crosslink density.>** The growth rate of C-hydrogels and
E-hydrogels was higher than that of P-hydrogels in the stage
(0-3 ms), indicating that the introduction of Fe*" coordination
increased the cross-linking density and shortened the distance
between polymer chains.*®*” The growth rate of C-hydrogel
gradually exceeded that of E-hydrogel due to the presence of a
large amount of Fe*" in the system, forming more unstable
coordination bonds than in the E-hydrogel. Therefore, the
C-hydrogel in the transition state showed an inhomogeneous
network and defects in its internal structure. The D, distribution
curves further illustrated the network structure parameters of the
three gels (Fig. 3c), where D, is the apparent residual dipolar
coupling due to the anisotropic segmental dynamics imposed by
the cross-linking/entanglement structures.*® The Dy, distribution
in the cross-linked hydrogel can well reveal the structural hetero-
geneity in terms of segmental lengths between cross-linking
nodes in the sample. In most cases, heterogeneity, either
structural/conformational difference among polymer chains or
dynamics gradient/variation in different components, is present
in the system. The full width at half-maximum (FWHM) of the D
distribution can usually be applied to indicate the width of the
distribution curve. A smaller value of its FWHM indicates a
narrower distribution, indicating a more homogeneous hydrogel
network.*® The FWHM values of the P.C.E-hydrogel were 0.164,
0.337, and 0.159 kHz, respectively (the inset picture of Fig. 3c).

This journal is © The Royal Society of Chemistry 2022
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With the incorporation of Fe*" ions in the hydrogel, the FWHM
value of C-hydrogel became larger relative to the P-hydrogel
(Fig. 3c) due to the partial formation of Fe** coordination complex
(monodentate, bidentate, or tridentate), which imposed addi-
tional constraints on the polymer chain segments. Compared to
the tridentate complex, the monodentate and bidentate com-
plexes acted adversely to enhance the mechanical properties,**
and thus the C-hydrogel network structure exhibited inhomo-
geneity. The C-hydrogels immersed in deionized water formed
E-hydrogels with narrower FWHM values and led to enhancement
of structural heterogeneity due to the more stable cross-linking of
trivalent complexes in the network. This resulted in enhanced
constraints of polymer segments, which was expected to benefit
the formation of a homogeneous coordination network with
strong binding strength.*®

The morphology of gel sections was observed by scanning
electron microscopy (SEM) to explore changes in the physical
network structure. The P-hydrogel formed by hydrophobic
association, multiple hydrogen bonds, n-n stacking, and chain
entanglement exhibited a homogenous network structure, and
its function resembled the role of the soft extracellular matrix
in biological tissue, maintaining the entire gel backbone
and providing toughness (Fig. 3d and Fig. S2, ESI{). After
immersing in Fe*' solution, a dense structure, similar to the
hard component collagen fibers in biological tissue, was
formed in the network skeleton of the P-hydrogel, which was
caused by strong metal coordination interactions, offering
sufficient strength to the hydrogel. However, the uneven dis-
tribution of the tight network structure indicated the presence
of defects in the gel network. These results could be attributed to
excess Fe’ in the system, leading to the formation of diverse
types of coordination complexes (monodentate, bidentate, or
tridentate). It is noteworthy that the monodentate and bidentate
complexes are unfavorable for the mechanical performance
compared to tridentate complexes.*> When immersed in water,
the hydrogel shrank and the color became darker (Fig. S10,
ESIt). Furthermore, the microstructure of the E-hydrogel became
much denser and more uniformly distributed than that of the
C-hydrogel, which is in agreement with the structure obtained by
low-field NMR spectroscopy. A more tightly cross-linked micro-
structure could significantly enhance the stiffness of the gel, and
the smaller pore structure could effectively disperse energy and
toughen the hydrogel. Therefore, the step-by-step strategy can
aid in successful construction of a soft and hard hierarchical
microstructure, thus achieving the combination of strength and
toughness of hydrogels.

For the systematic exploration of the energy dissipation
mechanism of E-hydrogels, cyclic loading-unloading tests of
E-hydrogel with different strains were conducted under the
tensile rate of 50 mm min~'. The hysteresis loops increased
with the increase in strain from 25% to 700% (Fig. S5a and b,
ESIYt), indicating that damage to the internal network structure
preceded macroscopic fracture, and the degree of damage
continued to increase with increasing elongation. Moreover, a
clear overlap between the two adjacent hysteresis loops was
observed, thus reflecting the self-recovery of E-hydrogels.*®

This journal is © The Royal Society of Chemistry 2022
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The relationship between dissipated energy (U) and strain was
assessed (Fig. S5c, ESIt). Dissipated energy gradually increased
throughout the deformation process, indicating the absence of
obvious defects in the internal structure, which is consistent with
the results of low-field NMR spectroscopy and SEM. The relation-
ship between U/W (fracture energy, W) and strain of E-hydrogel
was also assessed (Fig. S5d, ESIt). The two phases in the curve
indicated that the changes in the network structure might be
caused by different physical interactions. The larger the value of
U/W, the more serious the damage of the network structure.
Under a small strain (0-150%), the entanglement and hydrogen
bonding dissociation of polymer chains were responsible for the
gradual increase of U. As the strain exceeded the yield point, the
disentanglement of the polymer network began to increase,
initiating the fracture of strong metal coordination interactions
to dissipate energy.’® With the gradual increase in strain, unlike
the immediate response of chemical cross-linking, there is a
hysteresis in the re-coordination of Fe**~COO- and the recon-
struction of the chain entanglement structure, leading to struc-
tural failure by slow increase in the U/W stage. The yield points of
P-hydrogels, C-hydrogels, and E-hydrogels were 175%, 125%, and
150%, respectively (Fig. S5d-f, ESIt). Compared with E-hydrogel,
the yield point of P-hydrogel was 175%, and the value of U/W
gradually decreases when the deformation is higher than the yield
point. This is attributed to the fact that in the single network
structure of P-hydrogel, the hydrogen bonding and hydrophobic
conjoining interactions enable the material to effectively dissipate
energy when subjected to gradually increasing deformation, and
thus it exhibits better resilience. The presence of excess Fe** in the
C-hydrogel resulted in the formation of a large number of single,
double, or triple coordination complexes. Therefore, during the
stretching process, there were unsaturated Fe**~COO- coordina-
tion complexes dissipating energy at the same time, and thus the
yield point was lower than that of E-hydrogel. Overall, multiple
physical interactions endowed E-hydrogels with excellent fatigue
resistance and self-healing ability.

The self-recovery ability of the E-hydrogel was systematically
explored. Both E-hydrogel and C-hydrogel exhibited distinct
hysteresis loops from those of P-hydrogel at the strain of 200%
(Fig. S6, ESIt). The hysteresis energy values of the E-hydrogel
(1.76 MJ m~*) and C-hydrogel (0.64 MJ m~*) were much higher
than those of the P-hydrogel (0.03 MJ m™ %), confirming
that metal coordination interactions led to the more efficient
dissipation of energy in the hydrogel. Owing to the formation of
a more compact network and more efficient energy dissipation
pathways during equilibrium, the E-hydrogel exhibited higher
stress (1.77 MPa) and toughness (1.76 MJ m ®) compared
with the C-hydrogel.>® The self-recoverability of the E-hydrogel
without any external repair was observed (Fig. S6b, ESIt). After
the first loading—unloading cycle, a clear hysteresis cycle was
observed, with the second cycle loading curve showing a much
smaller hysteresis compared to the first curve, indicating the
time dependence of dissociation and recombination of dynamic
bonds. After resting for 15 min, the gel quickly recovered its
elastic modulus (69.6%) and dissipated energy (64.3%). Thus,
the hydrogel showed rapid recovery, mainly attributed to the
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elastic contraction of the polymer network as well as the strong
ionic coordination bonds acting as reversible sacrificial bonds.
Following 60 min of rest, the recovery rate of elastic modulus
and dissipated energy further reached 88.2% and 85.4%,
respectively, indicating the occurrence of network reconstruc-
tion at the molecular level (hydrophobic association, multiple
hydrogen bonds, and metal coordination bonds) and recovery
of mechanical performance (stress, strain, elastic modulus, and
toughness) was not instantaneous and there was a certain
hysteresis. Even when the deformation was 500%, recovery
rates of 61.5% (elastic modulus) and 72.17% (dissipated
energy) were achieved (Fig. S7, ESIt), further verifying that
the hydrogel possessed excellent self-recovery ability. The
E-hydrogel also exhibited good fatigue resistance (Fig. Séc,
ESIT). The mechanical strength and hysteresis loop could be
effectively restored to their original state after 24 h; the same
result was observed at 500% cyclic loading-unloading test (Fig.
S7c, ESIt), further illustrating that the physically cross-linked
E-hydrogel showed remarkable resilience and fatigue resistance
compared with chemically cross-linked hydrogels. The above-
mentioned characteristics are of great significance for the
preparation of hydrogel sensors with ultra-long service life.
Dynamic rheological measurements were performed to
investigate the flow characteristics and structure behavior of
prepared hydrogels (Fig. S9, ESIT). The shear strain dependence
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of moduli (G’ and G”) for P.C.E-hydrogels was assessed (Fig.
S9a, ESIf). The storage and loss moduli of C-hydrogel and
E-hydrogel were both higher than those of P-hydrogel, mani-
festing that the coordination effect significantly enhanced the
elastic behavior of the material. The frequency dependence of
the hydrogel rheological behavior was assessed (Fig. S9b, ESIT).
For all hydrogels, G’ values were higher than the G” values
throughout the frequency test range, indicating a stable elastic
behavior of the hydrogels. Furthermore, G” values of C-hydrogel
and E-hydrogel were higher than G’ values of P-hydrogel,
denoting that the coordination effect of Fe*" significantly
influenced the material properties. The mechanical response
of the P.C.E-hydrogel could also be investigated by the frequency
dependence of complex viscosity (*, Pa s). For a fully covalent
cross-linked network, a certain quantitative relationship was
observed between complex viscosity and angular frequency,
i.e., a linear relationship between log #* and log w, and the slope
of the line was —1.*** In this system, with the incorporation of
second strong metal coordination bond, the network structure of
the hydrogel became almost similar to that of a covalently
bonded cross-linked network. When immersed in water, excess
Fe’" diffused out of C-hydrogel and the ionic coordinates could
reorganize to form more tridentates in E-hydrogel, which was
necessary to obtain the near-perfect elastic network. As a result,
the slope of the P.C.E-hydrogels gradually became closer to —1
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over the probed frequency range (Fig. S9c, ESIt). The micro-
scopic self-recovery behavior was also investigated (Fig. S9d,
ESIt). The hydrogels were subjected to oscillatory forces with
alternative amplitudes. When subjected to small amplitude
oscillatory strains (0.5%), G’ was greater than G”, indicating
the formation of gel structures with complete networks under
small oscillatory strains. At large amplitude (50%) oscillatory
strains, G’ and G” dropped sharply and were accompanied by
inversion, indicating a disruption of the gel network that led to
the transformation of the gel into a sol-gel. The self-recovery
mechanism was due to the reconstruction of reversible ionic
coordination complexation in the gel network system, in agree-
ment with the loading-unloading results.

Anti-swelling properties

In high water content polymer materials, an increase in the
swelling ratio leads to a significant decline in properties such as
mechanical strength and self-healing behavior, severely limiting
the application of hydrogels. Therefore, effective control of the
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swelling ratio not only ensures a stable performance, but also
offers significant practical value (Fig. S8, ESI{). The weight swel-
ling ratio of the P-hydrogel and the E-hydrogel in deionized water
was assessed (Fig. 4a). The swelling rate of the P-hydrogel reached
an equilibrium of ~5500%, much higher than that of the E-
hydrogel, and the latter displayed excellent swelling resistance
performance. This result is attributed to the more tridentate
structure with strong binding strength between carboxylic acid
and Fe*', leading to an increase in the cross-linking intensity and
a more denser network structure. The swelling curves of E-
hydrogel in different solvents were recorded (Fig. 4b). The swelling
ratio of E-hydrogel in physiological saline environment decreased
by ~—9% after 10 days, which was mainly due to the high
concentration in the physiological saline, causing the gel to
appear in a slightly dehydrated state. The hydrogel underwent
shrinking in ethanol (~ —32%) and acetone (~ —51%) because of
solvent exchange. The weight swelling ratio of E-hydrogel in
solutions with different pH was also observed (Fig. 4c). After
soaking for 15 days, the hydrogel maintained good swelling
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resistance in a wide pH range (4-10). The equilibrium swelling
ratio was less than 20% even in a solution with pH 3.0. When the
pH was below 2.0 or above 10.0, the hydrogel exhibited a high
swelling ratio due to the fact that, under strong acid-base condi-
tions, the hydrophobic association in the network structure was
disrupted and the metal-ligand bonding interaction was
dissociated.®® The hydrogels were immersed in solutions with
different pH for 24 h to investigate the effect of pH on the tensile
properties. The hydrogels exhibited excellent mechanical proper-
ties over a wide pH range of 2-11, demonstrating the potential of
application in more complex scenarios. Therefore, effective con-
trol of the swelling ratio not only ensures a stable performance,
but also endows it with a great potential in motion detection in
water, such as swimming or diving (Fig. 4d).

Sensitive responsive properties of the hydrogel sensor

The hydrogel also exhibited excellent electrical conductivity due
to the presence of Fe**, C1~, and Na® in the network structure.

3066 | Mater. Horiz., 2022, 9, 3057-3069

When the hydrogel was connected to the channel of LED light,
the brightness synchronously changed with the variation of
deformation. After deformation, changes in channels and
lengths of ion transport resulted in changes in conductivity
(Fig. S12, ESIf). The ionic interaction in the gel system also
conferred the hydrogel with outstanding antifreezing properties.
The crystallization temperature of E-hydrogel was —14.3 °C,
offering the possibility of operating well in low-temperature
environments (Fig. S11, ESIT).

In order to accurately explore the sensitive responsive properties
of the sensor, the relative resistance changes of the hydrogel during
repeated stretching under small strain (0.2-7%) and large strain
(10-300%) were also measured, respectively. This is in line with the
range of human body part movement monitoring deformation,”>*
providing a basis for motion monitoring and the application in the
field of speech recognition (Fig. 5a-d). Furthermore, the relative
resistance signal remained unchanged with the increase in the
tensile speed from 25 to 200 mm min ", further indicating that the
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sensor showed a fast response to the stretching speed (Fig. 5e).
To assess the long-term stability and repeatability, the sensor was
subjected to consecutive tensile cycles at 50% and 200% strain.
No significant loss of electrical signal was observed with a levelled
baseline throughout the stretching process, demonstrating excel-
lent stability and cycling durability (Fig. 5f and Fig. S14, ESIY). In
contrast, evident baseline drift was observed for many previously
reported hydrogel strain sensors.”>™* The response and recovery
times of the sensor were 48.8 ms and 47.7 ms, respectively, higher
than those of previously reported hydrogels (Fig. 5g and i). Another
important parameter, gauge factor (GF), was also calculated
to characterize the sensitivity of the sensor. The GF values were
0.862 and 0.668 in the strain range of 0-5% and 5-50%, respec-
tively, which are significantly improved compared to those for the
other reported high-strength hydrogels (Fig. 5h). Furthermore, the
sensor displayed excellent electric sensitivity, fast responsiveness,
and good stretchability (Fig. 5i and Table S3, ESIt), making it an
ideal candidate for the monitoring of human health conditions and
different exercise states.

Strength and toughness are essential for the long-term
stable operation of sensors, while high sensitivity and fast
response rates further ensure detection accuracy. Therefore,
due to the high strength and sensitivity of the hydrogel pre-
pared herein, it was assembled into a strain sensor to monitor
different human movements. The hydrogel sensor was attached
to different parts of the human body, including fingers, wrists,
elbows, and knees (Fig. S13a-f, ESIt). The curve of relative
resistance varied in real time with the state of motion, indicating
good sensor stability. The sensor monitored the different respira-
tory states of the wearer, enabling a preliminary diagnosis of the
health status of the human body (Fig. S13d, ESIt). Moreover,
sensors fixed to the position of the human laryngeal node could
be applied to monitor the vibration and slight deformation caused
by the laryngeal node such as swallowing and light cough action
(Fig. S13g and h, ESIt). These results reveal the excellent sensi-
tivity and superior usability of sensor, with potential applications
for human motion detection and personal medical diagnostics.

Hydrogel sensors with high sensitivity and long-lasting stabi-
lity offer the possibility of achieving information encryption and
decryption applications. International Morse code is an on-off
signal code, which uses dots and dashes to express different
letters, numbers, and punctuation marks in sequences (Fig. 6a).
Therefore, in this system, the change in relative resistance
caused by a small degree of finger bending and a large bending
angle was set as a dot and a dash, respectively. The relative
resistance of the hydrogel exhibited a real-time synchronous
change with the deformation. When the finger was bent at
different angles, the resistance changed accordingly (Fig. 6b).
Combined with the international Morse code table, the encryp-
tion and decryption of information were achieved. Selected
representative letters, such as A,B,C; R,S,T; and X,Y,Z, were
represented by changes in the sensor resistance according to
the Morse code table (Fig. 6¢). The signal displayed good
repeatability and stability. The message “I LOVE NKU” was
output in this way (Fig. 6d). It was possible to record numbers
and different symbols. Therefore, information could be recorded

This journal is © The Royal Society of Chemistry 2022
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and transmitted using this hydrogel, opening a new area for the
application of hydrogel sensors.

Conclusions

Inspired by the structure of biological tissues, a high-performance
ionic conductive hydrogel was successfully developed combining
inter/intra-molecular hydrogen bonding and n-n stacking of
hydrophobic-conjugated microregion structural domains as the
‘soft’ skeleton, and strong ionic coordination interaction as the
‘rigid’ reversible sacrificial bond through a step-by-step building.
The excellent mechanical properties, including elongation at
break (>2000%), toughness (~60 MJ m ®), and recovery
(>88%), of the hydrogel were attributed to the favorable syner-
gistic interactions of soft and hard networks as well as to the
efficient energy dissipation mechanism. Most importantly, the
flexible adjustable structure and mechanics of hydrogels could be
easily achieved by simply adjusting the content of both the rigid
and flexible components. Notably, the prepared hydrogels exhib-
ited good resistance to swelling in different solutions, maintain-
ing mechanical strength and toughness even after 24 h of swelling
in solutions with different pH (2-11). Dynamic response behaviors
and heterogeneous structural evolution were systematically
observed by rheology and MQ NMR spectroscopy. The presence
of dynamic ions (Na*, CI~, Fe**) in the network not only rendered
the hydrogel with anti-freezing performance, but also led to high
sensitivity (GF, 0.862), fast response (47.4 ms), and cyclic stability.
As a portable sensor, the hydrogel could monitor multiple ranges
of human activity such as joint movements (finger, wrist, and
elbow flexion) and small deformations (swallowing and light
coughing). Owing to the stable and distinct signal display under
different deformations, the application of this sensor in the field
of information encryption and decryption was achieved through
Morse code. The nature-inspired design was able to balance
excellent strength, high detection accuracy, and anti-swelling
properties. Therefore, this study provides insight into the fabrica-
tion of flexible sensors and expansion applications in health
monitoring, motion recognition, and information encryption
transmission.
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