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Structuring and Shaping of Mechanically Robust and
Functional Hydrogels toward Wearable and Implantable
Applications

Xiao-Qiao Wang,* An-Quan Xie, Pengle Cao, Jian Yang, Wei Li Ong, Ke-Qin Zhang,*
and Ghim Wei Ho*

Hydrogels possess unique features such as softness, wetness,
responsiveness, and biocompatibility, making them highly suitable for
biointegrated applications that have close interactions with living organisms.
However, conventional man-made hydrogels are usually soft and brittle,
making them inferior to the mechanically robust biological hydrogels. To
ensure reliable and durable operation of biointegrated wearable and
implantable devices, mechanical matching and shape adaptivity of hydrogels
to tissues and organs are essential. Recent advances in polymer science and
processing technologies have enabled mechanical engineering and shaping of
hydrogels for various biointegrated applications. In this review, polymer
network structuring strategies at micro/nanoscales for toughening hydrogels
are summarized, and representative mechanical functionalities that exist in
biological materials but are not easily achieved in synthetic hydrogels are
further discussed. Three categories of processing technologies, namely, 3D
printing, spinning, and coating for fabrication of tough hydrogel constructs
with complex shapes are reviewed, and the corresponding hydrogel
toughening strategies are also highlighted. These developments enable
adaptive fabrication of mechanically robust and functional hydrogel devices,
and promote application of hydrogels in the fields of biomedical engineering,
bioelectronics, and soft robotics.

1. Introduction

Hydrogels are hydrophilic crosslinked polymer networks that
can absorb large amounts of water.[1,2] The coexistence of solid
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and liquid components endows hydrogels
with unique features such as softness, wet-
ness, responsiveness, tunable mechanical
properties, permeability, and biocompati-
bility. Besides, hydrogels are an integral
part of living organisms, and are the ma-
jor components of animal bodies, consti-
tuting many of the tissues and organs.[2,3]

Therefore, hydrogels are especially suitable
for application in wearable and implantable
devices, including tissue scaffolds,[3] tissue
adhesives,[4,5] on-skin electronics,[6,7] im-
planted electronics,[8,9] artificial muscles,[10]

and wearable and medical robots.[11] In
these biointegrated applications, hydrogels
can directly interact with human bodies.

Mechanical properties of biological hy-
drogels are crucial for maintaining some of
the key functionalities of human bodies.[2]

For example, skin is soft to touch but
can rapidly stiffen under large strain to
prevent injury from overloading of ten-
sile strains,[12] and also autonomously heal
from wounds to restore its original me-
chanical properties,[13] representing an im-
portant defense and healing capability of
human bodies. Articular cartilage, a dense

connective tissue, has fracture energy of 102–103 J m−2, and
can absorb mechanical loads between bones to protect joints
from damage in daily activities.[14] Tendons are connective tis-
sues attaching muscle to bone with fracture energy of 20–30 kJ
m−2.[15] They experience relatively high stresses and act as bio-
logical springs that can stretch elastically, thus storing and re-
leasing energy during locomotion and regulating mechanical
performance of muscles. To achieve mechanical matching with
those biological components, hydrogels are required to be tough
and rich in mechanical functionalities, so as to maintain stable
operation of biointegrated hydrogel devices. For example, a tis-
sue engineering hydrogel scaffold works as a template for tis-
sue regeneration by providing cells with chemical cues and me-
chanical supports.[16] It has to be mechanically robust and pos-
sess the desired stiffness for cell differentiation and function.
An on-skin soft hydrogel electronic device usually needs to be
tough and stretchable, capable of bearing repetitive deformation,
but it also has to be elastic, preventing hysteresis and degener-
ation of mechanical performance under cyclic stretching.[17,18]
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Figure 1. Overview of polymer network structuring strategies and shaping technologies for the fabrication of mechanically robust hydrogels and devices
toward various biointegrated applications.

An artificial hydrogel muscle that performs stimulus-responsive
actuation is expected to be mechanically strong and generate
large deliverable force and high work density to drive move-
ments of body parts.[10,19,20] Conventional synthetic hydrogels
composed of a single network of hydrophilic polymers are soft
and brittle, and they usually fail at a tensile stress less than
sub-MPa and strain less than 100%.[21] To date, significant ef-
forts have been made to improve mechanical strength of hydro-
gels, and the progress on mechanically robust hydrogels, such
as tough hydrogels based on multimechanism design,[22] tough
hydrogels from noncovalent interactions,[23] and hydrogels with
extreme mechanical properties from unconventional polymer
networks[2] have been reviewed. However, an overview of vari-
ous polymer networks used for making mechanically robust and
functional hydrogels, and their adaptive shaping for wearable and
implantable applications, is still absent in the field.

In this review, structuring and shaping of mechanically ro-
bust and functional hydrogels toward biointegrated applications
are discussed (Figure 1). We first briefly summarize and analyze
polymer network structuring principles for improving mechan-
ical performance of hydrogels. Then we go into a deep discus-
sion of the emerging special polymer networks that endow hy-
drogels with various unusual mechanical functionalities, which

are desirable for wearable and implantable applications. Next,
we review three categories of representative prototyping tech-
niques including 3D printing, spinning, and coating, which en-
able macro/microscale shaping of tough hydrogels and creation
of various mechanically robust hydrogel constructs. Their pro-
cessing compatibility with hydrogel toughening mechanisms is
also discussed. Lastly, we review the most recent progress of func-
tional hydrogel devices in biomedical, bioelectronic, and robotic
applications, and conclude with a perspective discussion on the
remaining challenges and opportunities. By highlighting these
strategies of polymer network structuring and shaping for tough
hydrogels and devices, we hope to provide new insights in un-
derstanding the key roles of mechanically functional hydrogels
in biointegrated applications, and give materials and engineer-
ing guidelines for devising wearable and implantable hydrogel
devices.

2. Polymer Structural Design and Mechanical
Engineering of Hydrogels

Mechanical performance of hydrogels mainly depends on the
polymer network structures. Conventional hydrogels composed
of polymer networks crosslinked by permanent covalent bonds
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Figure 2. Schematic illustration of polymer network architectures used to make tough hydrogels including topological single networks with high homo-
geneity, energy dissipation networks, and polymer networks with high-functionality crosslinks.

are brittle. The poor mechanical behavior can be attributed to
several factors such as i) irregular distribution of crosslinking
points, ii) different polymer chain lengths between the crosslink-
ing points, iii) high water content, and/or iv) lack of energy dissi-
pation to prevent crack propagation.[21,24] Owing to the difference
in reactivity between monomers and crosslinkers, more densely
crosslinked microgels are formed first and then connected by
large chains, leading to irregular distribution of crosslinking
points. At the same time, it is difficult to ensure that the polymer
chains are crosslinked at equal intervals when using crosslinkers,
thereby resulting in a wide range of chain lengths. The heteroge-
neous polymer structures produce defects that act as stress con-
centrators, and stress concentration happens easily in the shorter
chains, inducing the formation of microcracks. Moreover, a lack
of significant energy dissipation systems in the process zone[22]

will cause the microcracks to propagate easily among the net-
works, eventually leading to mechanical failure of hydrogels. Be-
sides, high water content will also decrease crosslinking density,
thereby reducing fracture energy as fewer chains are broken for
crack propagation. Considering these critical influencing factors,
there are two main approaches in the design of polymer networks
for tough hydrogels: i) reducing heterogeneities in polymer net-
works by forming homogeneous hydrogels to evenly distribute
mechanical load over a significant fraction of polymer chains,
thereby presenting fewer sites for the formation of microcracks;

and ii) introducing one or more strategies to dissipate energy in
order to resist crack propagation. In this section, various poly-
mer network structuring methods for constructing tough hydro-
gels based mainly on these two approaches are evaluated and
analyzed, which are of great importance for supporting practical
applications of hydrogel devices. The engineering of remarkable
mechanical functionalities desired for biointegrated applications
are the primary focus, which are discussed in further detail.

2.1. Polymer Network Strategies for Toughening Hydrogels

As discussed above, the general principle for making tough hy-
drogels is to increase homogeneities of polymer networks to re-
duce stress concentration and microcrack formation in the short
chains, and/or to introduce energy dissipation systems that pre-
vent crack propagation. Accordingly, polymer networks based on
such toughening mechanisms are rationally categorized and dis-
cussed (Figure 2), and mechanical performance of representative
hydrogels are summarized in Table 1.

2.1.1. Homogenizing Polymer Networks to Enhance Toughness

Traditional hydrogels suffer from uneven polymer network
structures, generally induced by poorly controlled crosslinking
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Table 1. Typical examples of tough hydrogels with high mechanical performance based on different network structures

Material strategies Tensile
strain [%]

Tensile
strength [MPa]

Young’s
modulus [MPa]

Toughness
[MJ m−3]

Fracture energy
[J m−2]

Water
content [w%]

Strain
rate [s−1]

Refs.

Natural materials Excised human back skin 54 21.6 83.3 3.6 – 70 0.012 [145]

Articular cartilage 80 10–30 10–100 – 800–1800 70 0.042 [146,147]

Tendon 10–30 40–70 120–660 – 20 000–30 000 70 – [15,148]

Major ampullate silk 20–60 710–1650 1200–11500 100–360 – – – [149]

Topological single
networks

Tetra-PEG hydrogel 700 0.2 – – – 90 – [37]

Slide-ring hydrogel 1200–1400 1.5–5.5 – 6.6–22 2900–3600 – 0.125 [17]

Highly entangled PAAm 1000 0.3 – 1.6 – 75 – [48]

Highly entangled PEG 590 0.46 0.68 0.85 1575 80 0.04 [50]

Highly entangled triblock
copolymer

750 0.12 0.01 – 3000 95 0.05 [55]

Highly entangled PANa 5–2530 1–50 0.24–2050 1.7–17.8 – 10–40 0.033 [54]

Interpenetrating
networks

PAMPS–PAAm 1000–2000 1–10 0.1–1.0 – 100–1000 90 0.139 [21]

PAAm–alginate 1600 0.17 0.06 – 8700 86 0.033 [57]

B-DN 600 10 2 – 3000 42 0.14 [62]

Agar–HPAAm 5260 0.27 0.11 9.4 1000 – 0.028 [63]

PDGI–PAAm 2200 0.6 – 5.0 – 94 0.278 [64]

PAAm–CS 450 2.1 0.3 – 12 900 – 0.024 [66]

PVA–PAAm 200 2.5 5.0 – 14 000 62 0.033 [67]

C1/20-SM3 gel 550 13 21 55.5 23 400 30 0.083 [68]

Chemically and
physically
dual-crosslinked
networks

Poly(AAm-co-AAc)–Fe3+ 750 5.9 1.7 27.8 - 60–70 0.042 [78]

Poly(AAm-co-AMPS)–Zr4+ 215–1250 2.1–11.6 0.4–28.5 – 200–24200 33–74 0.139 [79]

Poly(VI-co-MAAc) 40–330 1.3–5.4 20–170 – 600–4500 50–60 0.139 [81]

DC cellulose 80 2.7 2 0.85 – 87 0.0007 [82]

Physically
dual-crosslinked
networks

Ch–PAAc–Ag+ gel 610 24.0 35 84.7 – 33 – [85]

DP-hydrogel 1000 6.8 8 53 – 50 0.028 [86]

Poly(AAm-co-AAc)–Clay–
Fe3+

2110 3.5 0.64 49.1 – – 0.083 [87]

PAAc–MXene–Fe3+ 3080 3.3 – 62.4 – 80 0.167 [88]

d-Gel 74–210 13.7–56.2 25.7–152 20–40 – 45 – [89]

Fiber reinforced
networks

DCC–alginate 50–200 20 200–370 7–30 – 56 0.017 [90]

Wood hydrogel 15 36 310 – – 65 – [91]

ANF–PVA 70–325 1.4–5.0 1.9–9.1 – 2300–9200 70–92 0.002 [92]

Mechanically trained PVA 260 5.2 0.2 – 1250 84 0.3 [93]

Annealed BC–PVA 10 50 500 – – 50 0.026 [94]

HA–PVA 1400–2900 11.5–23.5 – 175–210 131 000–170 000 70-95 – [95]

Fiber-reinforced agarose 22–27 75–85 325–400 – – – 0.0016 [99]

PDMS fiber–PAAm 100 0.18–0.25 0.2 – 4100 60–70 0.02 [100]

PA–GF hydrogel composite – – 606 – 250 000 32 0.139 [101]

Rigid nanoparticle
based crosslinks

Nanoclay crosslinked
PNIPAM

1030 0.3 0.026 – – 90 0.048 [105]

SiO2-g-PBA crosslinked
poly(AAm-co-LMA)

2060 1.4 53.4 8.7 – 75 0.139 [108]

VSNP crosslinked PAAm 1200–3400 0.07–0.3 0.04 – – 70 0.111 [107]

Hybrid supramolecular
composite

18 193 6000 22.8 – – 0.0017 [109]

GO crosslinked PAAm 3400 0.39 0.03 4.7 – 80 0.083 [110]

HA–PEG gel 2600 7.3 0.72 138 6360 66 0.028 [111]

Soft
microgel-based
crosslinks

PNaAMPS microgel–PAAm 1300 2.5 0.22 14 – 85 0.139 [115]

Alginate microgel–PAAm 1470 0.20 0.04 1.6 – – 0.033 [116]

PAAm microgel–PAMPS 5500 0.9 – 22.0 157 000 60–80 – [117]

PAAS microgel–PAAm 400 0.99 0.11 – – 63 – [118]

(Continued)
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Table 1. (Continued)

Material strategies Tensile
strain [%]

Tensile
strength [MPa]

Young’s
modulus [MPa]

Toughness
[MJ m−3]

Fracture energy
[J m−2]

Water
content [w%]

Strain
rate [s−1]

Refs.

Nanocrystalline
domain-based
crosslinks

Freeze-thawed PVA 250–375 0.3–1.2 0.03–0.1 – 160–420 90 0.667 [122]

Dry-annealed PVA 300–400 1–9 0.3–9 – 1000–9000 58–75 – [123]

Wet-annealed PVA 1360 11.2 2.7 82.3 25 390 55 0.017 [125]

Solvent-exchange PVA 900 3.1 0.46 – 3720 75 0.049 [126]

Salting-out PVA 300–2100 0.05–15 0.02–2.5 0.02–150 – 90 – [128]

Microphase-based
crosslinks

Poly(AAm-co-HMA) 2000 0.69 – 3.7 – 80 0.056 [130]

PVA-C6 330 3.9 21.7 – 32 000 50 0.17 [131]

Salting-out gelatin 417 4.3 0.76 – – 50 0.028 [133]

Poly(NaSS-co-MPTC) 150–1500 0.1–2.0 0.01–8 0.1–7 1000–4000 50–70 0.139 [139]

Poly(DMAA-co-MAAc) 400 1.6 28 – 9300 70 0.083 [140]

Poly(MAAm-co-MAAc) 200–620 1.2–8.3 2.3–217.3 2.0–27.9 2900–23 500 50–70 0.139 [141]

Gelatin/poly(MAAc-co-AAc) 400 10 7.5 – – 35–45 0.14 [143]

PNAGA 600–1400 0.16–1.1 0.05–0.15 – 200–1200 70–90 – [144]

methods. If polymer networks with controlled crosslinking
points and chain lengths are carefully synthesized, the resul-
tant hydrogels with less structural defects can be endowed with
enhanced mechanical properties. Therefore, many efforts have
been made to develop hydrogels with a well-controlled homoge-
neous structure. In the following section, topological single net-
works including tetra-PEG networks, slide-ring networks, and
highly entangled polymer networks for constructing tough hy-
drogels with high homogeneity are discussed.

Given that differences in length of polymer chains between
crosslinking points tend to reduce mechanical properties, Sakai
et al. created four-arm polyethylene glycol (PEG) hydrogels
for the first time in 2008 by cross-end-coupling of A and B
tetra-functional PEG macromers having complementary end
groups.[25] Topological defects such as entanglements and loops
were found to be negligible in tetra-PEG hydrogels, owing to the
impenetrable sphere-like behavior of the tetra-arm star polymer
in the semidilute solution and symmetrical A–B type cross-end
coupling.[26] Extremely low heterogeneities of the networks were
confirmed by characterizations such as small angle neutron scat-
tering, static light scattering, infrared spectroscopy, and nuclear
magnetic resonance.[27,28] Therefore, tetra-PEG hydrogels were
considered to have a nearly ideal single network with uniform
chain length and evenly distributed crosslinking points, endow-
ing them with high mechanical strength comparable to that of
native articular cartilage.[29] Various kinds of tetra-PEG hydro-
gels were subsequently developed,[30] and the ends of tetra-PEG
macromers were modified with reactive end-groups such as N-
succinimidyl and amine,[25,31,32] maleimide and thiol,[33,34] and
boronic acid and diol.[35,36] The introduction of functional groups
into tetra-PEG networks can further broaden their functional-
ities and applications.[37–39] Tetra-PEG hydrogels possess many
advantages such as high mechanical performance, biocompati-
bility, and an easy fabrication process, but further development
of this kind of ideal polymer networks is impeded by the limited
range of available monomers and polymers.

Slide-ring hydrogels reduce stress concentration by reconfigur-
ing the polymer networks with slidable crosslinks.[40–42] In slide-
ring hydrogels, figure-of-eight crosslinking points (two covalently

crosslinked polymer rings) that interconnect two polymer chains
can slide freely along the single polymer chain akin to pulleys,
and the sliding range is bounded by bulky end groups. Sliding of
the pulleys enables reconfiguration of polymer networks, and the
tension in polymer chains interconnected by the pulleys can be
equalized, making the slide-ring hydrogels highly stretchable and
elastic. This pulley effect contributes to remarkable mechanical
properties significantly different from those of conventional hy-
drogels with fixed junctions. Slide-ring hydrogels are mainly syn-
thesized from cyclodextrin-based polyrotaxanes.[43,44] Cyclodex-
trins (CDs) are cyclic oligosaccharides comprising six, seven, or
eight glucose units that are named 𝛼-, 𝛽-, or 𝛾-CDs, respectively.
Compared to other cyclic molecules, CDs are readily available in
large quantities with high purity, and can be modified with vari-
ous functional groups.[45–47] Ito first reported slide-ring gels com-
posed of 𝛼-CDs and PEG, showing high stretchability of up to
24 times in length and a large volume change of up to 24 000
times in weight.[42] Reducing the number of CDs on one PEG
chain increases slidable range of the crosslinkers and thus exten-
sibility of the slide-ring gels, and increasing the PEG concentra-
tion enhances the PEG–PEG interactions. In their recent publi-
cation, optimization of the PEG volume fraction and the cover-
age of CDs on PEG chains endowed the slide-ring hydrogel with
strain-induced crystallization effect. The resulting hydrogel with
PEG volume fraction of 38% exhibited J-shaped stress–strain re-
sponse, suggesting its self-reinforcement behavior. The hydrogel
was also highly stretchable with tensile strain of ≈1200% and
strong with tensile strength of ≈5.5 MPa, achieving toughness
of up to 22 MJ m−3.[17]

High crosslinker content in conventional hydrogels causes
brittleness, as the networks are inhomogeneous and extension of
the short-chain polymers is quite limited. Instead of using spe-
cial polymers or complicated methods, Miyata and co-workers
reported that free radical polymerization with a high monomer
concentration and low crosslinker content produced tough and
stretchable hydrogels, which contained a lot of physical crosslink-
ing points from the entanglements of polymer chains and few
covalent crosslinking points.[48] They demonstrated that a poly-
acrylamide (PAAm) hydrogel prepared with high crosslinker
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content (0.1 mol%) could slightly extend, while a PAAm hydrogel
(75 wt% water content) prepared with high monomer concentra-
tion (5.0 mol L−1) and low crosslinker content (0.005 mol%) had
fracture strain close to 1000% and fracture stress close to 300 kPa.
This principle for making tough hydrogels was also applied to
other hydrophilic monomers.[49–51] For example, Suo and co-
workers recently reported highly entangled PAAm[49] and PEG[50]

hydrogels with high toughness and elasticity. The densely entan-
gled long-chain networks of PEG with sparse covalent crosslinks
had water content of 80 wt%, fracture energy of 1575 J m−2, and
toughness of 0.854 MJ m−3. In these works, the influence of
chain entanglements on the fracture of polymer networks was
studied. When a densely entangled network with sparse cova-
lent crosslinking points is stretched, the tension transmits along
the chain and to many other chains through entanglements.
However, once a chain breaks at a single covalent bond, the en-
ergy stored in many entangled long chains dissipates, leading to
high toughness. The dense chain entanglements function as slip
links, which stiffen but not embrittle the polymer network.[52,53]

The sparse crosslinks enable long polymer chains and toughen
the polymer network. In addition to the above-mentioned hydro-
gels utilizing sparse covalent crosslinks to fasten entangled poly-
mer chains, highly entangled hydrogels with physical crosslinks
were also developed recently.[54,55] ABA triblock copolymers at
high concentration assembled into a hierarchically ordered hy-
drogel via a solvent–nonsolvent rapid-injection process, and the
hydrophobic A-blocks aggregated into micellar domains, work-
ing as rigid crosslinking points in the highly entangled polymer
network.[55] By tuning the initial concentration of the copolymers,
hydrogels with water content of 95 wt% exhibited a maximum
elongation of ≈8.5 times and fracture energy of ≈3000 J m−2.

2.1.2. Introducing Energy Dissipation Mechanisms

Besides homogenizing polymer networks, another approach to
make tough hydrogels focuses on developing heterogeneity to
produce an energy dissipation mechanism. When a crack forms
in the hydrogel, the energy released is transmitted to the crack tip.
Once the energy is sufficient to rupture polymer chains along the
crack path, the crack will continue to propagate. By introducing
an energy dissipation system to the network, energy at the crack
tip will be diffused by this new system and becomes insufficient
to support crack propagation, thereby toughening the hydrogel.
Incorporating energy dissipation systems into polymer networks
is crucial for devising tough hydrogels. Energy dissipation can be
achieved by rupture of polymer chains, decrosslinking of physical
crosslinks, and/or fracture and pullout of fibers. In this section,
interpenetrating networks, dual-crosslinked networks, and fiber-
reinforced networks developed for making tough hydrogels with
such energy dissipating mechanisms are discussed.

Gong et al. first reported double network (DN) hydrogels in
2003, which consisted of two interpenetrating polymer networks.
The first rigid, brittle network is tightly covalently crosslinked
while the second soft, ductile network is loosely covalently
crosslinked.[56] Under stretching, the first network serves as sac-
rificial bonds that gradually fracture at a relatively low stress
and dissipate energy, while the second network sustains stress
by large extension and prevents macroscopic crack propagation

via viscous energy dissipation. This synergetic mechanism en-
ables DN hydrogels to have high water content (≈90 wt%), high
mechanical strength (tensile strength of 1–10 MPa), and high
fracture toughness (fracture energy of 100–1000 J m−2).[21] It
should be noted that covalently crosslinked DN hydrogels de-
veloped in the early years of research had poor fatigue resis-
tance, owing to irreversible rupture of the covalent networks
for energy dissipation. To develop tough and fatigue resistant
hydrogels, interpenetrating polymer networks with a physically
crosslinked network have been widely explored, and decrosslink-
ing of the physical networks serves to dissipate energy under
mechanical loading. These physical crosslinks in tough hydro-
gels can usually be recovered after decrosslinking, potentially
leading to antifatigue properties. As a remarkable example, Suo
and co-workers fabricated interpenetrating polymer networks
composed of covalently crosslinked polyacrylamide and ionically
crosslinked alginate (86 wt% water content), which had frac-
ture energy of ≈9000 J m−2.[57] Under stretching, the covalent
network maintained the integrity of the matrix, enabling un-
zipping of the alginate network over a large strain region for
persistent energy dissipation. Furthermore, the covalent net-
work preserved the memory of the initial state, and therefore
much of the deformation was reversed after releasing. The un-
zipped ionic crosslinks were healable by rezipping so that the
internal damage sustained during stretching could be largely
recovered. Following this work, various reversible physical net-
works for energy dissipation were studied, including acidic ionic
networks,[58–60] alkaline ionic networks,[61] hydrophobic interac-
tion networks,[62–64] hydrogen bonding networks,[65] chain en-
tanglement networks,[66] and crystalline polymer networks.[67,68]

Therefore, a variety of covalent-physical or fully physical inter-
penetrating networks with high toughness were developed.[69] In
recent years, the DN concept has been extended to composite
materials that employ metals, ceramics, and 3D printed frame-
works as sacrificial bonds.[70–72] Moreover, mechanical properties
and functionalities of DN hydrogels have been largely enhanced
by introducing additional functional components or tuning com-
positions of the two polymer networks. Tough DN hydrogels
with various functions such as lubrication,[73] tissue adhesion,[74]

self-healing,[75] and self-growing[76] have been successfully pre-
pared. For example, mechanochemically active copolymers were
incorporated into DN hydrogels, whose mechanical performance
were enhanced when reactive strand extensions were triggered
by force.[77] Strand extension was provided by the sodium
salts of bicyclo[6.2.0]decane (BCD) mechanophores, which re-
leased stored length through a force-coupled [2 + 2] cyclore-
version. In the mechanoresponsive DN hydrogels, the cova-
lently crosslinked copolymer network of BCD and 2-acrylamido-
2-methylpropanesulfonic acid sodium salt (NaAMPS) acted as
the first network. Upon being stretched to their nominal break-
ing point, reactive strand extensions of up to 40% occurred in the
BCD–NaAMPS network, leading to hydrogels that exhibited 40%
to 50% enhancement in stretchability and doubled tear energies
compared to the control samples.

Simultaneously introducing two different crosslinking mech-
anisms into a single polymer network creates tough dual-
crosslinked hydrogels. For example, in a dual-crosslinked hydro-
gel that combines chemical and physical crosslinks, noncovalent
bonds with relatively low binding energies rupture to serve as
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sacrificial bonds for energy dissipation while covalent bonds re-
main intact under deformation, thereby maintaining a tough and
stable network. Zhou and co-workers reported a poly(acrylamide-
co-acrylic acid) hydrogel reinforced by a secondary carboxylic-
Fe3+ crosslink (60–70 wt% water content), and the coordina-
tion bonds served as reversible sacrificial bonds and ruptured
to dissipate energies under stretching.[78] Mechanical proper-
ties of the hydrogels could be easily tuned by the concentra-
tion of acrylic acid or Fe3+-loading solution, and high tensile
strength (≈6 MPa), large elongation (>7 times), high tough-
ness (≈27 MJ m−3), and good mechanical recovery of under
≈4 h self-recovery at room temperature were achieved. In a
recent study, a weak poly(acrylamide-co-2-acrylamido-2-methyl-
1-propane-sulfonic acid)(poly(AAm-co-AMPS)) chemical hydro-
gel was reinforced by strong sulfonate–Zr4+ metal-coordination
interaction.[79] The resultant dual-crosslinked hydrogel with wa-
ter content of 33–74 wt% possessed high strength and toughness,
which was tunable over 3–4 orders of magnitude by changing the
composition and metal-to-ligand ratio. The physical crosslinks
of sulfonate–Zr4+ coordination complexes were robust yet dy-
namic and could be broken up in alkaline solutions, thereby al-
lowing reversible regulation of mechanical properties. Noncova-
lent crosslinking mechanisms including ionic coordination[78,80]

hydrogen bonding,[81] crystallization,[82,83] and dipole–dipole[84]

were developed in the design of chemically and physically dual-
crosslinked hydrogels, which featured high fracture energy and
recoverable mechanical properties after undergoing cyclic load-
ing and unloading. In addition, physically dual-crosslinked net-
works with high mechanical performance were exploited, which
were usually achieved by integrating ionic coordination interac-
tions with another noncovalent crosslinking mechanism, such
as electrostatic,[85] hydrophobic,[86] hydrogen bonding,[87,88] and
host–guest interactions.[89]

In biological hydrogels, the gel matrices are usually rein-
forced with micro/nanofibers, and the resulting composites are
strong and tough. For example, the articular cartilage is made
up of stiff and strong collagen fibers embedded in a proteo-
glycan matrix, while the skeletal–muscle tissue contains highly
oriented, densely packed myofibers composed of multinucle-
ated muscle cells. Therefore, tough hydrogels with biomimetic
fiber-reinforced structures have been developed by introducing
fibers into polymer networks or generating fibrous structures
in polymer networks.[90–93] In these heterogeneous hydrogels,
rigid fiber-based components increase the mechanical strength,
while deformation, pulling out and fracture of the fibers under
mechanical loading provide additional energy dissipation func-
tion, thereby increasing the overall toughness. It was reported
that a crystallized PVA hydrogel reinforced by bacterial cellu-
lose nanofibrous networks exhibited mechanical strength exceed-
ing that of cartilages.[94] The strength of supramolecular inter-
actions in aligned hierarchical fibrous hydrogels could be tuned
by controlled drying and prestretching, and their mechanical
strength and elastic modulus were comparable to that of nat-
ural tendons.[90] By utilizing a combined method of directional
freezing and salting out, He and co-workers recently developed
multilength-scale hierarchical PVA hydrogels with an aligned
micro–nanofibrous network and molecular crystallization. The
obtained hydrogels maintained high water content of 70–90 wt%,
and had tensile strength of up to 23.5 MPa and fracture energy

of up to 170 kJ m−2.[95] Densification of the microfibrils and
nanofibrils strengthened the hydrogel by increasing the material
density, and pulling out and fracture of those fibrils toughened
the hydrogel by increasing energy dissipation during fracture. In
addition, the nanofibrils were toughened by high crystallinity in-
duced by the salting out process. Besides the above-mentioned
networks reinforced by micro/nanofiber-based components, fab-
ric scaffolds[96–99] or macroscale fibers[100] were also incorporated
into polymer networks to improve mechanical properties, such as
polyampholyte–woven glass fiber fabric hydrogel composites,[101]

3D printed fiber scaffold-reinforced hydrogels,[96] and elastomer
fiber–PAAm hydrogel composites.[100]

2.1.3. Endowing Crosslinks with High Functionality

Compared with the first two categories of toughening strategies,
which focus on designing the entire network to obtain hydrogels
with high homogeneity or energy dissipation systems, the strat-
egy discussed in this section concentrates on functionality design
of the crosslinking points. In conventional hydrogels, crosslink-
ing densities and chain distances between covalent crosslinking
points can hardly be well controlled, and the crosslinking reaction
does not produce a regular inter-crosslinking distance, leading
to a broad distribution of chain lengths between the crosslinking
points. In comparison, incorporating micro/nanomaterial-based
crosslinkers into polymer networks to produce high-functionality
crosslinks can improve control over the crosslinking densities
and inter-crosslinking distances, thus facilitating better load re-
distribution within the networks to prevent microcrack forma-
tion. Moreover, detachment of physical interactions between
crosslinkers and polymer chains, deformation/fracture of soft
crosslinkers, or dissociation of dynamic crosslinkers can effec-
tively dissipate energy to prevent crack propagation. In the follow-
ing section, high-functionality crosslinks based on rigid nanopar-
ticles, soft microgels, nanocrystalline domains, and microphase
separations are discussed.

Haraguchi and Takehisa proposed a poly(N-isopropyl
acrylamide)–clay (PNIPAM–clay) nanocomposite hydrogel with
extraordinary mechanical properties.[102] In the initial reaction
solution containing monomers, initiators, and water-swellable
exfoliated inorganic clays, the clays were uniformly dispersed
with regular neighboring clay–clay distance determined by the
concentration, and the initiators were located near the clay sur-
face through strong ionic interaction. Radical polymerization was
then initiated thermally from the clay surface, with the uniformly
distributed clays acting as crosslinkers, and therefore polymer
chain distances between the crosslinking points were regular.
The resulting composite hydrogel had elongation over 1000%.
Accordingly, other nanocomposite hydrogels using crosslink-
ers such as clays,[103–105] macromolecular microspheres,[106]

silica nanoparticles,[107–109] graphene oxides,[110] and MXene[88]

were designed. Recently, Zhu and co-workers selected densely
methacrylate-grafted, highly rigid hyaluronic acid (HAMA) to
construct the hard phase, and selected o-nitrobenzyl alcohol
(NB)-terminated tetra-armed PEG for the soft phase. The resul-
tant nanocomposite hydrogel composed of 65± 2 wt% water
exhibited ultrahigh toughness of 138 MJ m−3 and tensile strength
of 15.31 MPa.[111] The PEG networks possessed high structural
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homogeneity, while strong interfacial bonding between the hard
HAMA granules and the soft PEG matrix supported a very
efficient load transfer between the two phases, which further
reduced stress concentration and enhanced fracture strength
and toughness. Additionally, in these nanocomposite hydrogels
with rigid nanomaterial-based crosslinkers, detachment of phys-
ical interactions between the crosslinkers and polymer chains,
such as desorption of polymer chains physically absorbed by
the nanoparticles[112] and decrosslinking of physical crosslinks
between the nanoparticles and chains[88] can dissipate energy
and toughen hydrogels. Micro/nanogels were designed as
high-functionality soft crosslinkers, and polymer chains bonded
with uniformly distributed soft particles in polymer networks
via covalent bonding[113,114] or physical interpenetration.[115–118]

Gong and co-workers reported microgel-reinforced hydrogels,
where densely crosslinked polyelectrolyte microgels of poly(2-
acrylamido-2-methylpropanesulfonic sodium) (PNaAMPS)
were incorporated into a sparsely crosslinked neutral PAAm
matrix.[119–121] In a microgel-reinforced hydrogel, PNaAMPS mi-
crogels acted as multifunctional physical crosslinkers that were
highly entangled with PAAm chains, thus forming DN microgels
in the composite network. Irreversible rupture of the polyelec-
trolyte networks in the DN microgels acted as sacrificial bonds
for significant energy dissipation that toughened the hydrogel.
Recently, Yan and co-workers developed a microgel-reinforced
hydrogel (60–80 wt% water content) with the interpenetrating
entanglements of poly(1-acrylanmido-2-methylpropanesulfonic
acid) (PAMPS) polymer chains in soft PAAm microgels, and the
hydrogel displayed ultrahigh fracture energy of 157 kJ m−2

.
[117]

They demonstrated that the deformable interpenetrating net-
works in soft microgels transformed the hydrogel from isotropic
to anisotropic state under stretching, which effectively dissipated
energy, alleviated stress concentration at the crack tip, and
prevented crack propagation.

Instead of externally introducing micro/nanomaterials into
hydrogels to produce high-functionality crosslinks, robust yet
dynamic crosslinking domains can be generated within polymer
networks by crystallization or microphase separations. On one
hand, when hydrogels are subjected to mechanical loading,
the microdomains act as robust crosslinking points, allowing
the stress to disperse. On the other hand, disentanglement of
the microdomains effectively dissipates energy before fracture
of the hydrogels, serving as a continuous source of toughen-
ing. For example, PVA can form nanocrystalline domains to
crosslink polymer networks through various methods, such as
freezing–thawing,[122] annealing,[123–125] solvent exchanging,[126]

and salting out.[127,128] Qiu and co-workers proposed a solvent
exchange method for preparing tough and strong PVA hy-
drogels with homogeneous and high-density nanocrystalline
domains.[126] In the first step, PVA was dissolved in a good
solvent (e.g., dimethyl sulfoxide), allowing complete dispersion
of polymer powders in nonaggregated states, and maintaining
extended conformations and interlaced networks. In the step
of crosslinking, the gel was transferred to a poor solvent (i.e.,
water), which possesses relatively weak hydrogen bond accept-
ing capability. Upon solvent displacement, the intermolecular
hydrogen bonds between extended PVA chains were restored
to form a tough and strong hydrogel. The hydrogel exhib-
ited high transparency, suggesting a homogeneous network

structure. Moreover, high-density nanocrystalline domains in
the hydrogel acted as dense crosslinks and energy dissipation
domains, leading to extraordinary stiffness and toughness.
Microphase separations can be induced by noncovalent inter-
actions among polymer networks,[129] including hydrophobic
associations,[130–133] electrostatic interactions,[134–139] and hydro-
gen bonds.[140–144] The produced microdomains are composed
of polymer chains in strong physical interactions, acting as
dynamic and reversible physical crosslinks in polymer networks,
and thus dramatically improving mechanical performance of
hydrogels. For example, alkyl side chains can usually form
hydrophobic domains to crosslink polymer networks. Gao and
co-workers prepared a hydrophobic association hydrogel using
acrylamide as the main component and hexadecyl methacry-
late as the hydrophobic segments.[130] They demonstrated that
a combined surfactant consisting of anionic surfactants (i.e.,
sodium dodecyl sulfate) and amphoteric surfactants (i.e., dodecyl
dimethyl betaine) produced a relatively close arrangement of the
hydrophobic segments to form mixed micelles in the polymer
networks. At an optimal formulation, the hydrogel with water
content of ≈80 wt% exhibited tensile strain of ≈2000% and
toughness of 3.7 MJ m−3. Recently, water vapor-induced phase
separation (wVIPS) of short alkyl side-modified PVA hydrogels
was reported, and the phase separation states including phase
size, contrast level, and distribution were largely affected by the
relative humidity (RH) during the wVIPS process. Therefore, the
hydrogels treated by high RH (≈98.3%) and low RH (≈16.2%)
exhibited distinctly different mechanical performances.[132] Mi-
crophase separations based on electrostatic interactions usually
occurred in polyampholyte[135] or polyion-complex hydrogels.[138]

Polyampholyte hydrogels poly(sodium p-styrenesulfonate-co-
3-(methacryloylamino) propyl-trimethylammonium chloride)
(poly(NaSS-co-MPTC)) with a bicontinuous phase-separated
structure were reported.[134] During dialysis of counterions
from the gels, phase separation was driven by Coulombic and
hydrophobic interactions. Under mechanical loading, successive
fracture of ionic bonds, hard phases, and soft phases in the
networks significantly dissipated mechanical energy and thus
toughened the hydrogels. Hydrophobic side group stabilized
hydrogen bonding[140] or also known as cooperative hydrogen
bonding[144] is an effective pathway to develop microphase sepa-
ration hydrogel. In a recent publication, the effect of the content
of hydrophobic methyl side groups on the phase-separated struc-
tures and mechanical properties of gelatin/poly(methacrylic
acid-co-acrylic acid) hydrogels was studied. With an increasing
content of methacrylic acid, the hydrogel transformed from a
crosslinked network to a bicontinuous phase-separated structure
and to a phase-separated structure with wide size distribution.
The hydrogel with a bicontinuous phase separation exhibited
the best mechanical performance.[143]

2.2. Engineering Mechanical Functions Adaptive for
Biointegrated Applications

Moving beyond the polymer network strategies for toughen-
ing hydrogels, the key question is how to engineer specific
mechanical functions in tough hydrogels for different biointe-
grated applications. Here, we highlight remarkable mechanical
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functionalities, which are seen in biological materials, includ-
ing high toughness and resilience, high toughness and stiffness,
self-healing and high strength, and stimuli-responsive stiffen-
ing/softening. They are not easily achieved in synthetic hydro-
gels but are imperative for fabricating biointegrated functional
hydrogel devices with mechanical adaptivity. The polymer net-
work characteristics for each type of functional hydrogels are an-
alyzed.

2.2.1. Tough Yet Resilient Hydrogels with Low Hysteresis

Mechanical resilience is important for the survival or reproduc-
tion of living organisms. For example, resilience enables muscles
to withstand millions of repeated loadings without performance
degeneration in their lifespan, which is essential for breathing,
heart beating, and movement regulation of animals.[150] Hydro-
gels employed in wearable and implantable devices also need to
be mechanically tough yet resilient, so as to maintain stable de-
vice functions in cyclic and dynamic stretching. Building tough
yet resilient hydrogels requires a design of tough network mech-
anisms that allow high stretching of polymer chains, as well
as elastic crosslinked network mechanisms that enable full and
fast recovery of mechanical properties without hysteresis from
the large stretching. Commonly used energy dissipation mecha-
nisms usually rely on covalent or physical sacrificial bonds, lead-
ing to hydrogels with irreversible deformation or hysteresis. So
far, polymer networks have been synthesized to achieve either
high toughness[22] or high elasticity[151] but rarely both.

The delicately designed tetra PEG hydrogels with cova-
lently crosslinked networks were reported to withstand more
than seven-folds of stretching without hysteresis, whereas their
toughness were relatively low.[37] Recently, research on poly-
mer network topologies via novel crosslinking methods have
been explored to deal with the conflict between toughness and
elasticity.[17,18,49,50,54,152–157] Reversible extension of a soft perco-
lating network is targeted for achieving high elastic limit strain.
Therefore, a coiled long-chain polymer network in physically en-
tangled or loosely covalently crosslinked state is usually designed,
and the bonding between the high-functionality crosslinks and
the polymer chains needs to be strong enough to avoid irre-
versible rupture of crosslinking points or slipping of polymer
chains within a large deformation range. Moreover, an energy
dissipation design of the crosslinking points before fracture of
the network can decrease stress concentration at the crack tip,
thereby enhancing the overall toughness. For example, Cao and
co-workers developed a PAAm hydrogel crosslinked by tandem-
repeat proteins, which could be stretched up to 1100% strain with
a hysteresis of <5% and a high fracture energy of ≈900 J m−2.[152]

At an optimized concentration of tandem-repeat proteins as co-
valent crosslinkers, uniformly and randomly entangled PAAm
polymer chains formed a percolating network. Upon stretching,
elastic extension of the coiled PAAm polymer chains and reshap-
ing of the polymer network contributed to high stretchability,
while the polyprotein crosslinkers only started to unfold when
the hydrogel approached its fracture limit, thereby allowing a
high elastic deformation (Figure 3a). It was demonstrated that
the polyprotein crosslinkers at the crack zone experienced large
forces to trigger unfolding, and therefore resisted crack propa-

gation. Similarly, a PAAm hydrogel crosslinked by deformable
helical peptides was tough and resilient, making it suitable
for wearable sensors.[153] Topological architectures with slidable
crosslinking points or distributed polymer blocks were also re-
ported. For instance, Ito and co-workers developed a slide-ring gel
composed of 𝛼-CDs and PEG with high toughness and low hys-
teresis. The slidable crosslinkers enabled reorientation and crys-
tallization of the PEG polymer chains under stretching, which
produced a self-reinforcement effect.[17] The self-reinforcement
process was based on topological transformation of the polymer
network without sacrificial bond effect, and therefore the hydro-
gel possessed both high toughness of 6.6 to 22 MJ m−3 and al-
most 100% rapid recovery of extension energy (Figure 3b). Hu
and co-workers reported an architected polymer network com-
posed of a soft polymer network entangled with millimeter-scale
hard polymer blocks.[154] Reversible extension of the soft polymer
network at low strain enabled elastic limit strain of ≈200%, and
at a crack tip in the architected network, the large strain in the
soft matrix spread high stress over the entire hard phase, largely
preventing crack propagation. Recently, Yan and co-workers pre-
pared hysteresis-free and tough nanocomposite gels through in
situ polymerization of acrylamide within nanochannels of cova-
lent organic frameworks (COFs) or molecular sieves (MSs). The
loosely covalently crosslinked polymers formed a long-chain net-
work in a densely entangled state, and strong hydrogen inter-
actions between COFs and interpenetrating polymer chains im-
mobilized the chains that might slip under mechanical loading,
which avoided energy dissipation. Upon stretching, the tension
in the polymer chains could be transferred to many other chains
through entanglements, and thus the composite network contin-
uously absorbed and stored mechanical energy. Upon releasing,
the energy was released. The optimized hydrogel with water con-
tent of ≈65 wt% exhibited rapid self-reinforcement properties un-
der stretching, and 97% recovery of extension energy during 100
consecutive cycles of 2000% strain was observed. In addition, the
rigid COFs decreased stress concentration at the crack tips, and
a maximum crack propagation strain of 5800% of the gels was
demonstrated.[156]

2.2.2. Tough Yet Ultrastiff Hydrogels

The cartilage and tendon of animals are rather tough and hard
to break, and are rather stiff with Young’s modulus up to
100 MPa.[15,146] Similarly, natural spider silks can have toughness
of ≈350 MJ m−3 and modulus up to 10 GPa.[149] Although re-
markable progress have been made in toughening hydrogels, it
is still challenging to synthesize hydrogels simultaneously having
high toughness and elastic modulus that can compete with these
natural materials.[158] Tough and stiff hydrogels need to be both
deformation resistant and energy dissipative. Therefore, syn-
chronously incorporating micro/nanostructure-based rigid com-
ponents and sacrificial bond-based energy dissipation systems
into polymer networks is expected to coordinatively stiffen and
toughen hydrogels.

In this respect, energy dissipation fiber-reinforced hydrogels
combine the attributes of a rigid fiber that provides stiffness
and a soft hydrogel matrix that dissipates energy.[90,98,101,159]

Gong and co-workers reported that drying a highly swollen
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Figure 3. Typical examples of tough yet resilient hydrogels. a) A PAAm hydrogel consisting of random coiled polymer chains crosslinked by polyproteins,
showing unfolding of the polyproteins before fracture. Reproduced with permission.[152] Copyright 2020, Springer Nature. b) A slide-ring hydrogel that
shows reversible PEG chain alignment during stretching and releasing. Reproduced with permission.[17] Copyright 2021, American Association for the
Advancement of Science (AAAS). c) A composite network of densely entangled polymer chains immobilized by COFs or MSs via hydrogen bonding
interactions, exhibiting reversible deformation in an ultralarge strain range. Reproduced with permission.[156] Copyright 2023, Springer Nature.

physical hydrogel in confined conditions produced an anisotropic
hydrogel with aligned multiscale hierarchical fibrous structures,
which were similar to those of collagen fibril structures in ten-
dons and ligaments. During the confined drying process, suffi-
ciently high tensile stress was applied to align the rigid/semirigid
polymer chains (such as alginate and cellulose), and multi-
scale fibrous structures (from nano- to sub-micro- to microscale)
spontaneously formed in the bulk hydrogel via physical asso-
ciations (Figure 4a). The aligned hierarchical structures in the
anisotropic hydrogel led to high stiffness due to the formation of
fiber structures, and supramolecular interactions such as ionic
and hydrogen bonds served as reversible sacrificial bonds to
toughen the hydrogel. By controlling the degree of prestretch-
ing during the drying process, aligned fibrous structures and
their internal supramolecular interactions could be well tuned.
The aligned fibrous alginate hydrogel with 57 wt% water pro-
cessed without prestretching (DCC–alginate) had Young’s mod-
ulus of ≈203.3 MPa and toughness of ≈30.9 MJ m−3, whereas
the hydrogel prestretched at 50% strain (50% DCC–alginate) had
Young’s modulus of ≈367.4 MPa and toughness of ≈7.0 MJ m−3

(Figure 4b). Mineralization of polymer networks has turned out
to be another effective strategy for simultaneous stiffening and

toughening hydrogels.[160–162] For example, Tiller and co-workers
introduced a method of enzyme-induced mineralization to pre-
pare highly mineralized hydrogels containing 50–90 wt% water,
which had elastic modulus varying over four orders of magnitude
and fracture energy more than 1000 J m−2.[163] Different polymer
networks entrapped with alkaline phosphatase were prepared via
photopolymerization, which were subsequently immersed in cal-
cium 2-glycerol phosphate solution buffered to pH 9.8 with tri-
ethanolamine for mineralization. Slow calcification took place
during the 7 days of immersion and inorganic calcium phos-
phates formed percolating networks inside the hydrogels, lead-
ing to much improved mechanical performance (Figure 4c,d).
The 70 wt% mineralized PAAm hydrogel possessed a nano-
sized inorganic network filled with spherical holes, and exhib-
ited Young’s modulus of 155 ± 15 MPa and fracture energy of
up to 763 ± 85 J m−2 in the same range as cartilage (Figure 4e).
Besides, organic–inorganic composite hydrogels crosslinked by
nanoparticles can be tough yet ultrastiff by sensibly combining
soft and rigid phases within polymer networks.[109,164] In the com-
posite systems, the interfacial bonding between the soft poly-
mer matrix and rigid nanoparticles needs to be strong enough
to transfer load from the matrix to the nanoparticles. Therefore,
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Figure 4. Typical examples of tough yet ultrastiff hydrogels. a) Schematic illustration for an anisotropic hydrogel with aligned multiscale hierarchical
fibrous structures. b) Stress–strain curves of alginate hydrogels. Reproduced with permission.[90] Copyright 2018, Wiley-VCH. c) Enzyme-induced bulk
calcification of polymer networks for preparation of mineralized hydrogels and d) their stress–strain curves, e) Young’s modulus (blue), and fracture
energy (red). c–e) Reproduced with permission.[163] Copyright 2017, Springer Nature. f) A poly(MAAm-co-MAAc) supramolecular hydrogel based on
compact hydrogen bonds stabilized by hydrophobic motifs. Reproduced with permission.[141] Copyright 2019, American Chemical Society. g) Crack-
resistant behavior of a PDMAEA-Q/PMAA hydrogel composed of an ionically crosslinked network and abundant hydrogen-bond clusters. Reproduced
with permission.[165] Copyright 2023, Springer Nature. h) A PVA hydrogel containing high number densities of uniform crystalline domains. Reproduced
with permission.[166] Copyright 2023, Wiley-VCH.

delicate design of covalent[164] or noncovalent[109] interfacial
bonding are usually required. As an example, a mixture solu-
tion of functionalized polymer-grafted silica nanoparticles (P1),
a semicrystalline hydroxyethyl cellulose derivative (H1), and cu-
curbit[8]uril (CB[8]) underwent aqueous self-assembly by host–
guest interactions at the molecular level and nanofibril forma-
tion at colloidal-length scale, forming a supramolecular polymer-
colloidal hydrogel (SPCH) that could be readily drawn into uni-

form fibers. The CB[8] acted as physical crosslinkers that cre-
ated interfacial bonding between the colloidal particles and the
hydrogel matrix with crystalline domains, which promoted the
formation of nanoscale fibrils in the network. The resultant
supramolecular fiber exhibited toughness of 22.8 ± 10.3 MJ m−3

and Young’s modulus of 6.0 ± 2.9 GPa, and its high damping
capacity (low resilience) of 64.2 ± 2.2% holds great potential for
energy dissipation and shock-absorbing applications.
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Polymer networks with robust yet dynamic crosslinks such
as robust hydrogen bonding and high-density crystalline do-
mains were reported to be tough and stiff.[125,140,141,165,166] Al-
though hydrogen bonds between polymer chains are weak in
an aqueous environment, they can be largely reinforced when
shielded against the attack of water molecules by hydropho-
bic motifs, and therefore act as rigid components that largely
enhance the stiffness of hydrogels. Wu and co-workers devel-
oped tough and ultrastiff supramolecular poly(methacrylamide-
co-methacrylicacid) hydrogels with water content of ≈50–70
wt%, showing fracture energy of 2.9–23.5 kJ m−2 and Young’s
modulus of 2.3–217.3 MPa. The high stiffness was attributed
to dense crosslinking and reduced segmental mobility caused
by the compact hydrogen bonds between carboxylic acid and
amide groups, which were stabilized by hydrophobic methyl
motifs (Figure 4f). Moreover, the gel released from 100% ten-
sile strain readily recovered to its original length after incu-
bation in hot water (60 °C) for 3 min, and fully recovered
its original mechanical properties after cooling back to room
temperature owing to the reformation of dissociated hydrogen
bonds.[141] In another example, Wu and co-workers reported
tough and strong poly(2-(dimethylamino)ethylacrylate) methyl
chloride quarternary salt/poly(methylacrylic acid) (PDMAEA-
Q/PMAA) hydrogel fibers. The hydrogen bonding among car-
boxylic acid groups stabilized by methyl motifs formed abundant
hydrogen-bond clusters and cluster aggregates with the sizes of
8–28 nm, which were robust and acted as the rigid phase, and
the interaction of positively charged PDMAEA-Q and negatively
charged PMAA formed ionically crosslinked networks that were
soft and ductile (Figure 4g). The resulting hydrogel microfibers
with water content of 30 wt% were stiff with Young’s modulus
of 428 MPa, and tough with superhigh fracture energy of 187 kJ
m−2 due to energy dissipation of the hydrogen-bond clusters. Be-
sides, moisture treatment allowed fast mechanical recovery of the
hydrogels released from 100% cycled tensile strains.[165] Recently,
a solvent exchange assisted salting out strategy was developed to
fabricate PVA sal-exogels with high density of nanocrystalline do-
mains (Figure 4h).[166] The process of solvent exchange produced
a hydrogel network, and the following salting out process boosted
its crystalline domains, increasing the crystallinity in the hydro-
gel to ≈20.7%. Under deformation, these high-density crystalline
domains remained intact at small strains to prevent network de-
formation, but disentangled at larger strains for persistent energy
dissipation, thus leading to a combination of excellent stiffness
and toughness.

2.2.3. Self-Healing Strong Hydrogels

Self-healing is defined as the ability to heal macroscopic cracks
such as cuts or scratches autonomously or under the effect of
a stimulus, which is an inherent property of many biological
materials.[167] Self-healing is a highly desirable property for tough
and robust hydrogel devices such as wearable devices and robots
in the dynamic and real-world environments, as it extends their
lifespan and reduces the environmental burden of polymer waste
and electronic waste. The capability to self-heal in hydrogels is
enabled by polymer networks crosslinked by dynamic covalent
or noncovalent bonds.[168] Achieving efficient self-healing in hy-

drogels with tensile strength in the range of MPa is still a sig-
nificant challenge, because networks with short-lived reversible
bonds that enable efficient self-healing are usually weak, while
networks with long-lived strong covalent bonds restrict the mo-
tion of chains and reduce self-healing efficiency. In the follow-
ing section, polymer networks with multiple dynamic bonds
such as a combination of dynamic covalent bonds with nonco-
valent bonds,[169–172] cooperative hydrogen bonds,[144,173,174] coor-
dination and hydrogen bonds,[175,176] and electrostatic and hy-
drophobic interactions[62,136,177] are introduced, which are utilized
to make hydrogels with high strength and excellent self-healing
properties.

Dynamic covalent bonds such as imine bonds, acylhydra-
zone bonds, disulfide bonds, boronate ester bonds, as well as
Diels–Alder reactions have been used to create self-healing in
hydrogels.[178–179] Self-healing chemical hydrogels based on a sin-
gle kind of dynamic covalent bonds generally exhibit Young’s
modulus and fracture stress in the Pa to kPa range.[168] Inte-
grating dynamic covalent bonds with other noncovalent bonds
represents an attractive approach for improving mechanical and
self-healing properties of hydrogels in a synergistic way. For ex-
ample, Chen and co-workers integrated acylhydrazone bonds
and Pluronic F127 micelle crosslinking two kinds of dynamic
crosslinks in one system, and prepared self-healable hydrogels
(85 wt% water content) with toughness of 14.1 MJ m−3 and ul-
tralarge tensile strain of up to 11700%.[169] Energy dissipation oc-
curred from simultaneous decomposition of the PF127 micelles
and chain sliding facilitated by reconfiguration of the acylhydra-
zone bonds. Meanwhile, this unique combination and dynamics
led to excellent self-healing performance. After 24 h healing at
room temperature, the hydrogel recovered 85% of its original ten-
sile strength (247 kPa). In another representative example, Con-
nal and co-workers proposed a molecular design strategy based
on dynamic imine bonds and acid-ether hydrogen bonds.[171]

Copolymers of methacrylic acid, oligo(ethylene glycol) methacry-
late, and 4-hydroxybenzaldahyde formed a poly(MAA113-co-BA37-
OEGMA50) hydrogel. MAA chains formed hydrogen bonds with
OEGMA chains, while the BA groups introduced hydrophobic-
ity to stabilize the hydrogen bonds. The copolymers were then
crosslinked by ethylenediamine (EDA) to form dynamic imine
bonds in the network. Those synergetic interactions enabled the
damaged hydrogel to recover 84% of its original tensile strength
(2.7 MPa) after only 50 min of self-healing at 25 °C.

High-strength hydrogels with self-healing capability based on
cooperative hydrogen bonds were also developed. For example,
Liu and co-workers developed a high-strength supramolecular
PNAGA hydrogel with water content of 70 wt%, in which dual-
amide in one side group of NAGA amplified the hydrogen bond-
ing interactions between amino acids and resulted in strong
physical crosslinking in the hydrogel.[144] Moreover, temperature
sensitivity of the hydrogen bonds enabled 80% recovery of ten-
sile strength (1.3 MPa) after the damaged hydrogel healed at 90
°C for 3 h. Besides, synergetic interactions of multiple noncova-
lent bonds were utilized to make self-healable strong hydrogels.
For example, in a physically crosslinked polyacrylic acid–cellulose
nanofibril–Fe3+ (PAAc–CNF–Fe3+) hydrogel, carboxylated CNFs
and PAAc chains formed hydrogen bonding interaction, and
dual ionic coordination bonds between Fe3+ and carboxylic
groups from PAAc and carboxylated CNFs further reinforced the
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Table 2. Typical examples of self-healable hydrogels with high strength based on multiple dynamic bonds

Hydrogels Post-healing
strength [MPa]

Posthealing
elongation [%]

Strength
recovery [%]

Healing
time

Water content
[w%]

Healing methods Dynamic bonds Refs.

Pluronic F127 micelle–PEO 0.25 10 650 85 24 h 85 Room temperature Acylhydrazone bonds and
hydrophobic
interactions

[169]

Poly(MAA113-co-BA37-
OEGMA50)–EDA

1.1 120 34 10 min – Heating at 25 °C Imine bonds and hydrogen
bonds stabilized by

hydrophobic
interactions

[171]

2.0 330 63 30 min

2.7 500 87 50 min

PNAGA 1.3 380 80 3 h 70 90 °C water bath Cooperative hydrogen
bonds

[144]

PAMPS–DMAA 0.48 900 80 24 h 20–50 Heating at 23 °C Cooperative hydrogen
bonds

[173]

PVA–TA 1.5 200 40 1 h 40 Room temperature
under water

Hydrogen bonds and
crystallization

[174]

PAAm/PAAc–Fe3+/NaCl 0.6 400 50 12 h 48 80–100% relative
humidity

Hydrogen bonds,
coordination

interactions and
hydrophobic
interactions

[176]

1.1 550 90 24 h

CS–PAAc–Fe3+/NaCl + 1.4 700 38 24 h – 70 °C heating Coordination interactions
and chain

entanglements

[75]

PAAc–CNF–Fe3+3+ 0.7 800 51 3 h – Heating at 25 °C Multiple coordination
interactions and
hydrogen bonds

[175]

1.1 1100 85 12 h

1.2 1500 88 24 h

PMPTC–PNaSS 2.2 630 60 12 h 50 Saline solution
treatment

Electrostatic interactions [137]

PAAc–CTAB 0.8 600 42 15 min 28 Surfactant treatment
and 80 °C heating

Electrostatic and
hydrophobic
interactions

[177]

1.5 700 79 1 h

B-DN 2.3 100 20 1 h 42 DMF treatment and
60 °C heating

Electrostatic and
hydrophobic
interactions

[62]

Poly(urea-IL-SPMA)−3d 0.6 220 43 5 h 50 Room temperature and
60% RH

Electrostatic interactions
and hydrogen bonds

[180]

1.0 450 70 15 h

1.2 650 85 24 h

PDDA/PEI–PSS/PAAc 0.4 1000 31 2 h 42 Incubated in water at
room temperature

Electrostatic and
hydrophobic

interactions, hydrogen
bonds

[136]

0.7 1700 55 6 h

1.2 2430 95 14 h

network.[175] After 12 h healing at 25 °C, the damaged hydrogel
exhibited 85% healing efficiency (recovery of tensile strength),
and the tensile strength reached 1.1 MPa. Sun and co-workers
reported that mixing positively charged polyelectrolyte mixtures
of poly(diallyldimethylammonium chloride) (PDDA)/branched
poly(ethylenimine) (PEI) with negatively charged polyelectrolyte
mixtures of poly(sodium 4-styrenesulfonate) (PSS)/poly(acrylic
acid) (PAAc) produced a self-healable tough hydrogel with water
content of 42 wt%. The polyelectrolyte complex hydrogel exhib-
ited high mechanical performance owing to multiple noncova-
lent interactions including electrostatic, hydrogen bonding, and
hydrophobic interactions, and the damaged hydrogel almost fully
restored its original mechanical properties after incubation in wa-

ter for 14 h at room temperature.[176] It should be noted that water
contents of the abovementioned hydrogels were mostly below 70
wt%. Reducing water contents to a moderate level is a prerequi-
site for preparing mechanically strong and self-healable hydro-
gels. Representative self-healing strong hydrogels and their per-
formance are summarized and compared in Table 2 and Figure 5,
respectively.

2.2.4. Fast Stimuli-Responsive Stiffening/Softening Hydrogels

Inspired by a sea cucumber that rapidly increases the stiffness
of its inner dermis upon exposure to a stimulus,[181] researchers

Adv. Mater. 2024, 36, 2309952 © 2024 Wiley-VCH GmbH2309952 (13 of 33)

 15214095, 2024, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309952 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [30/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. Posthealing strength versus healing time of typical self-
healable strong hydrogels. Materials include the PNAGA gel,[144]

Pluronic F127 micelle–PEO gel,[169] poly(MAA113-co-BA37-OEGMA50)–
EDA gels,[171] PAMPS–DMAA gel,[173] PVA–TA gel,[174] PAAc–CNF–Fe3+

gels,[175] PAAm/PAAc–Fe3+/NaCl gels,[176] CS–PAAc–Fe3+/NaCl gel,[75]

PMPTC–PNaSS gel,[137] PAAc–CTAB gels,[177] B-DN gel,[62] poly(urea-IL-
SPMA)−3d gels,[180] and PDDA/PEI–PSS/PAAc gel.[136]

attempt to develop mechanically adaptive hydrogels with dynam-
ically changeable stiffness.[182] Development of stiffness adaptive
hydrogels provides opportunities for devising smart wearables
and robots. For example, a thermal stiffening hydrogel is soft
at room temperature, being wearable without restricting body
motions, but exhibits fast stiffening upon activation by frictional
heat, therefore protecting the body against friction and heat in an
accident.[183,184] Stimulus-responsive softening and shape chang-
ing of a hydrogel microrobot allow it to pass through narrow and
confined spaces without suffering mechanical damage to its own
body and surrounding soft tissues.[185] Mechanical properties of
hydrogels strongly depend on the crosslinking density, the poly-
mer chain interactions, and the volume fraction. Therefore, phys-
ical or chemical stimuli can stiffen or soften a responsive hydro-
gel by tuning these factors.[182] In this section, smart hydrogels
with mechanical properties responsive to thermal, light, and me-
chanical stress are discussed. These stimuli have been extensively
investigated in the past few years and offer the advantage of easy
and rapid manipulation without the need for additional reagents.

Among various environmental stimuli, temperature is the
most widely used trigger that can induce gel stiffening or soften-
ing. A thermal stiffening hydrogel can instantly self-strengthen
with a rapid increase in Young’s modulus upon heating, which
is highly desirable for load-bearing and self-protection applica-
tions at high temperatures. The most studied thermal stiffen-
ing hydrogels are based on lower critical solution temperature
(LCST)-type polymers such as PNIPAm.[186] Upon heating above
the phase transition temperature (Tc), PNIPAm chains undergo
coil-to-globule transition and aggregate to form a rich-polymer
percolating framework that largely increase gel stiffness. Dur-
ing phase transition, the coil-to-globule transition at the molecu-
lar level usually causes a macroscopic volume shrinkage of hy-
drogels, i.e., volume phase transition,[187,188] and thermal stiff-

ening hydrogels based on volume phase transition generally
experience a large change in water content and slow recovery
speeds. To prevent macroscopic volume contraction of LCST-
type hydrogels, hydrophilic polymers are often incorporated to
serve as molecular scaffolds to retain the released water at the
micro–mesoscales.[114,189–191] For instance, Guo and co-workers
grafted hydrophilic poly(N,N-dimethylacrylamide) (PDMA) side
chains on a PNIPAm network, and the obtained hydrogel with
optimized composition was capable of thermal responsive mi-
crophase separation with significant toughening effect under iso-
choric conditions.[189] Above Tc, PNIPAm chains collapsed and
formed a concentrated load bearing phase, while the swelling
of hydrophilic PDMA side chains prevented water from being
squeezed out and maintained high water content of 83 wt%. The
resulting network topology could be pictured as stiff collapsed
PNIPAm domains embedded within a soft and highly hydrated
matrix, therefore giving rise to a large increase of elastic modu-
lus. Meanwhile, deformation of the rich PNIPAm phase led to
significant energy dissipation and high fracture energy of ≈1000
J m−2. Besides the LCST-type hydrogels, other microphase sep-
aration hydrogels have also demonstrated similar thermal stiff-
ening behaviors. As a typical example, Gong and co-workers re-
ported that a poly(acrylic acid)/calcium acetate hydrogel exhibited
super-rapid and significant hikes in stiffness by 1800-fold when
the temperature increased from 25 to 70 °C, while the volume
of the hydrogel was almost unchanged. In the composite hydro-
gel, the PAAc carboxyl side groups formed dynamic complexes
with acetate ions and Ca2+ (PAAc–COO−···Ca2+···−OOCCH3).
The hydrophobic acetate moieties dehydrated above 32 °C, which
greatly stabilized the ionic bonds among Ca2+, the carboxylates,
and PAAc side groups. Such a cooperative change of hydropho-
bic and coordination interaction induced change of the poly-
mer network from a homogeneous state into a polymer dense
and sparse phase. Remarkable microphase separation of the
hydrogel at 70 °C achieved a significant thermal stiffening behav-
ior, and the Young’s modulus reached above 100 MPa (Figure 6a).
It is worth mentioning that the thermal stiffening behavior hap-
pened very quickly, as the transfer of water was within the poly-
mer network during the phase separation process.[183] The afore-
mentioned thermal responsive reconfiguration of polymer net-
works involve enhanced noncovalent interactions and demon-
strate the stiffening effect, whereas dissociation of various non-
covalent interactions, such as hydrogen bonds,[141,185,192,193] hy-
drophobic interactions,[194,195] and ionic bonds[138] lead to thermal
softening effect. As an example, copolymers of acrylonitrile (AN),
AAm, and PEG3kDMA (synthesized from PEG3k and methacry-
loyl chloride) formed a physically dual-crosslinked hydrogel, con-
taining strong hydrophobic dipole–dipole interactions and weak
hydrophilic hydrogen bonds. The hydrogel exhibited reversible
softening and stiffening without volume change when subjected
to heating (37 °C) and cooling (25 °C), which was attributed to
the disassociation/association of dipole–dipole interactions and
hydrogen bonds.[185] The thermal softening temperature could
be increased by increasing the content of AN, as the hydrophobic
crystalline regions from cyano dipole pairings were less vulnera-
ble to heat.

Photoresponsiveness of hydrogels is usually based on a
variation in the degree of crosslinking, which can be trig-
gered by photoreactions, such as cleavage, addition, and
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Figure 6. Stimuli-responsive stiffening/softening hydrogels. a) Schematic illustration for the thermal stiffening mechanism of a poly(acrylic
acid)/calcium acetate hydrogel and its stress–strain curves at different temperatures. Reproduced with permission.[183] Copyright 2019, Wiley-VCH.
b) Schematic illustration for UV irradiation induced conversion of a poly(UM-co-NBOC) physical hydrogel to a poly(UM-co-AMA) chemical hydrogel and
chemical reactions that occur in the polymer network. Reproduced with permission.[198] American Chemical Society. c) Schematic illustration for a PVA
hydrogel with aligned nanofibrillar architectures and its nominal stress versus stretch curve and corresponding SAXS patterns at different stretches.
Reproduced with permission.[93] Copyright 2019, National Academy of Sciences.

isomerization.[196,197] The commonly employed photoresponsive
compounds are nitrobenzyl ester, anthracene, coumarin, azoben-
zene, and spiropyran derivatives. Nitrobenzyl ester derivatives
are the most widely applied photolabile group, and can serve
as cleavage-type functional groups in photoresponsive hydro-
gels. For example, a physical hydrogel was prepared by copoly-
merization of hydrophilic monomers, 2-ureidoethyl methacry-
late (UM), and photoresponsive hydrophobic monomers, 2-
nitrobenzyloxycarbonylaminoethyl methacrylate (NBOC) at high
concentrations. The hydrophobic interactions of NBOC acted as
dynamic crosslinks, and thus the physical hydrogel was soft and

highly stretchable. Upon UV irradiation, NBOC was irreversibly
split with the formation of hydrophilic 2-aminoethyl methacry-
late (AMA) and the release of 2-nitrobenzaldehyde and CO2.
Therefore, the original physical crosslinks by hydrophobic inter-
actions of NBOC were destroyed. Meanwhile, the chemical reac-
tion between the amino groups of AMA and the ester bonds of
UM led to the formation of new chemical crosslinks (Figure 6b).
Such a photoswitching of physical gels to chemical gels enabled
a dramatic increase in Young’s modulus.[198] Compared with
irreversible photocleavage reactions, photoaddition[199,200] and
isomerization reactions[201,202] in hydrogels allow for reversible
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modulation of mechanical properties by light. For instance,
coumari is a well-known light-sensitive molecule that can un-
dergo a [2 + 2] photodimerization under irradiation at 365 nm
and decouple with the irradiation of 254 nm light. Sun and co-
workers fabricated supramolecular hydrogels via host–guest in-
teractions between coumarin and 𝛾-cyclodextrin. Upon irradia-
tion of 365 nm light, photodimerization of coumari occurred in
𝛾-CD, and thus the host–guest interactions converted to COU–
COU covalent interactions. Such a conversion of weak host–guest
physical crosslinks to strong chemical crosslinks in hydrogels
induced a storage modulus increase of 1.6 MPa. Moreover, the
host–guest interactions could be restored when the COU–COU
covalent interactions decoupled at 254 nm light irradiation.[199]

In addition to devising photoreactions of molecules belonging to
the architecture of polymer networks, photomodulation of me-
chanical properties of hydrogels can also be achieved by intro-
ducing photothermal fillers into thermoresponsive polymer net-
works. For example, a small amount of graphene oxide was added
into an interpenetrating network of chemically crosslinked poly-
acrylamide and physically crosslinked gelatin. The obtained com-
posite hydrogel with water content of 76 wt% had high mechan-
ical toughness (strength > 400 kPa and fracture strain > 500%),
owing to the double network with the sacrificial gelatin network
and GO bridging to dissipate energy. Under NIR light irradia-
tion, the temperature quickly increased and caused melting of
the thermoresponsive gelatin network, and therefore led to mod-
ulus decrease of the hydrogel.[203]

Similar to the majority of biological tissues, the skin be-
comes stiff when the applied strain or stress increases, which
effectively prevents damage. This strain-stiffening behavior is
attributed to the hierarchical structure of skin, in which stiff
collagen fibers resist deformation and an interwoven elastin
network ensures elastic recoil.[204,205] Conventional covalent hy-
drogels composed of flexible polymer chains rarely exhibit
strain-stiffening effect, as the chains usually rupture to re-
lieve stress before they get straightened thus causing strain
softening. To mimic the biological strain-stiffening behaviors,
synthetic hydrogels with modulus-contrast hierarchical struc-
tures, such as semiflexible polymer networks,[206–208] nanofib-
rillar architectures,[93,209,210] and polymer networks with high-
functionality crosslinks[118,211,212] have been developed. As a re-
markable example, Rowan and co-workers developed hydro-
gels with semiflexible polymer networks based on polyiso-
cyanopeptides (PICs) grafted with oligo(ethylene glycol) (OEG)
side chains.[206] PICs displayed a helical architecture stabilized
by intramolecular hydrogen bonds along the polymer backbone.
Owing to the thermoresponsive property of OEG, the modified
PIC chains bundled together to generate a transparent hydrogel
at an extremely low concentration (0.006 wt%). In a PIC-based hy-
drogel, the semiflexible network could be conceptualized as an in-
terconnected structure of filaments, regulated by stiffness of the
polymers and the bundling process. Under stretching, the fila-
ments will orientate along the stretching direction, thereby lead-
ing to a strain stiffening response. PIC-based semiflexible net-
works usually have mechanical strength in the kPa range which
is comparable to soft tissues. To achieve muscle-like high me-
chanical performance, Zhao and co-workers proposed a strat-
egy of mechanical training to fabricate aligned nanofibrillar ar-
chitectures in PVA hydrogels.[93] After 5 cycles of freezing and

thawing process, a microphase separated PVA hydrogel was pre-
pared, which consisted of high concentration of polymer chains
in the form of nanofibrils crosslinked by nanocrystalline do-
mains and low concentration of amorphous polymer chains. Sub-
sequently, the freeze-thawed PVA hydrogel was exposed to re-
peated prestretching in water, which enabled gradual alignment
of nanofibrils with aligned nanocrystalline domains. The PVA
hydrogel with aligned nanofibrillar architectures (84 wt% water
content) exhibited a J-shaped stress–strain response in the di-
rection parallel to the aligned nanofibrils with a fracture stress
of 5.2 MPa, suggesting a strain-stiffening behavior (Figure 6c).
In situ small angle X-ray scanning measurements under stretch-
ing suggested that amorphous polymer chains between the adja-
cent nanocrystalline domains in the nanofibrils were stretched,
and sliding between nanofibrils may also occur. Recently, me-
chanically strong hydrogels with rigid crosslinking domains were
proposed to mimic nonlinear mechanical properties of skins.
A circular array of PAAc hydrogels was produced in a sparsely
crosslinked PAAm hydrogel matrix by photopolymerization with
a photomask, forming an architected polymer network composed
of a soft PAAm matrix and stiff blocks of PAAm/PAAc inter-
penetrating networks.[213] It was demonstrated that the soft ma-
trix was first straightened under stretching and the stiff domains
evolved from circle to spindle as the strain increased. This se-
quential response resulted in an immense strain-stiffening be-
havior. The patterned hydrogel showed high strength of 1.20 MPa
while maintaining a low initial Young’s modulus of 31.0 kPa. Ad-
ditionally, the tough slide-ring hydrogel discussed in the previous
section also exhibited strain-stiffening properties, which was at-
tributed to the strain-induced crystallization effect.[17]

3. Macro/Microscale Shaping of Mechanically
Robust Hydrogels

The significant improvement of mechanical properties based on
micro/nanoscale structural engineering has largely broadened
the application scope of hydrogels in the last two decades. For
emerging biointegrated applications, it is highly desirable to fab-
ricate mechanically robust hydrogels with well-defined shapes
and spatially controlled structures. For example, hydrogels with
spatially resolved structures can support and direct the growth
of cells.[214] Microminiaturization and precise structuring of con-
ductive hydrogels promote deployment of hydrogels in integrated
soft sensor devices and improve their response speeds and sen-
sitivities. Moreover, soft robotic applications require tough hy-
drogels with customizable shapes and structures. Recent tech-
nological advances in hydrogel microfabrication, such as 3D
printing,[215] photolithography,[216] and microfluidics[217] have
led to the production of hydrogel constructs with precise mi-
crostructures. Nevertheless, the conflict between mechanical per-
formance and processability remains a major challenge in hydro-
gels. The fabrication of tough hydrogels usually requires careful
structure optimization through a multistep and time-consuming
preparation process, which impedes their deployment for rapid
shaping and microstructuring. Development of robust biointe-
grated hydrogel devices urgently needs processable hydrogels
with high mechanical performance. In this section, we review the
emerging advances in shaping and microfabrication of tough hy-
drogels. Three techniques, namely, 3D printing, spinning, and
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coating, and the corresponding mechanical performance exhib-
ited by the fabricated hydrogel constructs are discussed.

3.1. 3D Printing

The fabrication of mechanically robust hydrogels with 3D
structures mainly employs extrusion- and lithography-based
printing,[218–220] and different printing methods have their own
specific requirements for hydrogel inks to achieve printability
and shape fidelity. Extrusion-based printing is the most com-
monly used printing technique for hydrogel materials. Shear-
thinning behavior and rapid, reversible sol–gel transition are key
factors in defining printability and shape fidelity in extrusion
printing. Inks for extrusion usually have a viscosity of 6–30 × 107

mPa s, and show both flow and shape-retention properties, i.e.,
the shear-thinning.[221] Shear-thinning occurs under the shear-
ing force, resulting in a sol state of the ink with storage modu-
lus (G′) < loss modulus (G″) and ease of extruding. After extru-
sion, the ink rapidly recovers to the gel state (G′ > G″) as the
shear rate drops, thereby contributing to retention of the printed
shape. For lithography-based printing approaches that depend on
spatially controlled light irradiation, including stereolithography
(SLA) and digital light processing (DLP), inks usually consist of
photocrosslinkable hydrogel precursors with a low viscosity of
0.25–1 × 103 mPa s.[222] The low viscosity allows for easy mov-
ing of printed parts in the ink and facilitates removal of the unre-
acted ink from pores or narrow negative features within a print.
Besides, fast photocrosslinking reaction spatially controlled by
light irradiation is the key factor that determines the printability
and structural stability postprinting, and therefore hydrogel pre-
cursors used for lithography-based printing need to be designed
with appropriate photoinitiators. In addition to the abovemen-
tioned ink properties required for different printing techniques,
hydrogel toughening mechanisms that are compatible with the
processing procedures need to be suitably implemented, such as
devising inherent high-strength hydrogels or further enhancing
hydrogel prints after printing.

Tough interpenetrating networks are usually applied in
extrusion-based printing. The hydrogel inks are usually designed
with moderate rheology for printing, followed by photoinduced
polymerization[58,223–225] or further enhancement of polymer net-
works via other strategies.[226,227] Our group reported manufac-
turing of 3D tough freeform architectures with interpenetrating
networks, during which alginate–Ca2+ acted as rheological mod-
ifiers in hydrogel inks. Addition of alginate–Ca2+ transformed
a water-like monomer ink into a viscoelastic hydrogel, and me-
chanically reversible ionic crosslinking of the hydrogel featured
fast and responsive association/dissociation, leading to a desired
shear-thinning behavior (Figure 7a).[228] Compared with fragile
PAAm hydrogels, tough PAAm–alginate prints were able to toler-
ate crushing tests (Figure 7b). Extrusion-based printing of tough
hydrogel constructs with different interpenetrating networks,
such as jammed microgel–PAM networks,[224] PVA–CS double
physical networks,[226] and phenol-modified alginate based cova-
lent and physical networks[225] were reported. Tough supramolec-
ular hydrogel prints containing microdomains composed of poly-
mer chains with strong physical interactions such as hydrogen
bonds[229,230] and electrostatic interactions,[231,232] were fabricated

by extrusion printing. For example, Liu and co-workers printed
diverse PNAGA hydrogel based 3D structures by utilizing the
thermoplasticity of hydrogen bonding networks. The hydrogel
ink consisted of low-strength PNAGA, NAGA monomer, and
photoinitiator, which was a gel state at room temperature. Be-
fore printing, the ink was heated to 80 °C, which was 10 °C
lower than the gel–sol transition temperature. When air pres-
sure was applied to the ink, the gel–sol transition would occur
enabling smooth extrusion, and the reformed hydrogel deposited
on the platform at room temperature could well retain its printed
shape (Figure 7c). After UV irradiation induced polymerization of
the NAGA monomers, 3D-printed PNAGA hydrogel constructs
were obtained, which exhibited excellent mechanical strength
owing to the strong hydrogen bonds among dual amide motifs
(Figure 7d).[229] In addition, a few 3D tough hydrogel architec-
tures based on macroscale heterogeneous hydrogel structures
were fabricated via lithography-based printing.[96,233–235] Tang and
co-workers reported a heterogeneous hydrogel consisting of a
stiff hydrogel skeleton by stereolithography and a soft hydro-
gel matrix by casting, and the two polymer networks entangled
topologically (Figure 7e). When the heterogeneous hydrogel was
stretched, the compliance of the soft matrix diffused the stress in
the stiff skeleton (Figure 7f). Upon rupture, the energy stored in
the entire hydrogel structure was dissipated. This stress decon-
centration led to high toughness. The heterogeneous hydrogel
ruptured at a large stretch and had toughness of 4599± 545 J m−2,
much higher than that of the homogeneous stiff hydrogel (710 ±
19 J m−2) and the soft hydrogel (186± 41 J m−2). A heterogeneous
hydrogel construct in the shape of a human heart valve could bear
cyclic pressure without failure up to 50 000 times.[233] DLP-based
multimaterial printing was reported to fabricate complex hetero-
geneous 3D structures consisting of acrylamide–PEGDA hydro-
gels covalently bonded with diverse UV curable polymers.[235]

The rigid polymer structures increased the material stiffness with
reasonably good stretchability, and mechanical properties of the
hydrogel composites could be further tuned by adjusting the ge-
ometries of their rigid skeletons. Gradient stiffness was achieved
in a lattice structure-reinforced hydrogel by reducing the rod di-
ameter from bottom to top (Figure 7g).

3.2. Spinning

Hydrogel spinning techniques have been developed to fabricate
fiber-based constructs, which feature light weight, high length-
to-diameter ratio, high deformability, good weavability and knit-
tability for biointegrated applications.[236,237] Nevertheless, the
fabrication of hydrogel fibers is still challenging owing to the
infeasibility to obtain spinning dopes by dissolving or melting
crosslinked hydrogels. Benefiting from the progress in fiber man-
ufacturing techniques recently, mechanically robust hydrogel
fibers have been fabricated by utilizing newly established hydro-
gel spinning strategies, including draw spinning,[109,164,165,238–245]

wet spinning,[246–251] microchannel integrated spinning,[54,252–255]

and electrospinning.[256–261] Dilute hydrophilic polymer solution
or monomer precursor solution were used as spinning dope,
and rational filamentation and toughening strategies were em-
ployed. Dilute hydrophilic polymer solution with well-designed
components was usually utilized as spinning dope in a draw
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Figure 7. 3D printing of mechanically robust hydrogel constructs. a) Extrusion-based printing of tough hydrogel architectures with interpenetrating net-
works by using alginate-Ca2+ as a rheological modifier. b) Crushing tests on a PAAm starfish hydrogel (top) and a PAAm–alginate starfish hydrogel print
(bottom). (a,b) Reproduced with permission.[228] Copyright 2019, American Chemical Society. c) Extrusion-based printing of supramolecular PNAGA
hydrogel constructs by utilizing thermoplastic hydrogen bonding networks and d) printed robust hydrogel webs. (c,d) Reproduced with permission.[229]

Copyright 2021, Wiley-VCH. e) Fabrication of tough heterogeneous hydrogels consisting of a stiff hydrogel skeleton by stereolithography and a soft
hydrogel matrix by casting and f) a fracture image of a heterogeneous hydrogel. (e,f) Reproduced with permission.[233] Copyright 2021, Elsevier. g) A
rigid lattice structure-reinforced hydrogel with gradient stiffness. Reproduced with permission.[235] Copyright 2021, AAAS.

spinning and electrospinning process. Liu and co-workers pre-
pared hydrogel dope composed of PAAc crosslinked by vinyl-
functionalized silica nanoparticles, which could be directly drawn
into fibers using a steel rod, and the obtained fibers were fur-
ther reinforced by adding ions and inserting twist (Figure 8a).
The resultant hydrogel fibers were covalently crosslinked by sil-
ica nanoparticles and reinforced by coordination interaction and
twisting, generating mechanical strength, modulus, and tough-
ness comparable to that of natural spider silk.[164] By utilizing
the electrospinning technique, Zhao and co-workers attempted
to fabricate tough and strong nanofibrous hydrogels that mimic
the bouligand structure of the natural hydrogel in the lobster
underbelly.[256] Five layers of aligned nanofibrous PVA films pre-
pared by electrospinning were assembled into a helicoidal archi-
tecture, in which each layer was rotated by a certain degree rela-
tive to the adjacent one. After electrospinning, the multilayered
bouligand-type nanofibrous PVA was welded in a high-humidity

environment to produce strong interfaces between the adjacent
layers, followed by a dry annealing process to introduce substan-
tial nanocrystalline domains in the nanofibers. The high crys-
tallinity and strong interface led to high mechanical performance
of the nanofibrous hydrogel, and the bouligand structure further
enhanced nominal strength up to 8.4 MPa. Conventional indus-
try used wet spinning technique based on nonsolvent-induced
phase separation can hardly prepare covalently crosslinked hy-
drogel. UV curing is usually introduced in recent development
of continuous wet spinning of hydrogel fibers containing cova-
lent networks. To fabricate tough double network hydrogel fibers
with chemical and physical crosslinks, spinning dope containing
poly(ethylene glycol) diacrylate, 2-hydroxyethyl acrylate (HEA),
alginate, and photoinitiator were spun into a CaCl2 coagulation
bath under a UV light, forming a double network hydrogel fiber
consisting of a covalently crosslinked poly(PEGDA-co-HEA) net-
work and an ionically crosslinked alginate–Ca2+ network.[247] The
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Figure 8. Spinning of mechanically robust hydrogel fibers. a) Draw spinning of PAAc hydrogel fibers crosslinked by vinyl-functionalized silica nanopar-
ticles. Reproduced with permission.[164] Copyright 2019, Springer Nature. b) Schematic of layered, monolithic PANa-based hydrogel fibers of varied
macromolecule conformations. c) Microchannel-integrated spinning of PANa-based Janus fibers followed by a strain programming process for the
fabrication of helical fibers. (b,c) Reproduced with permission.[54] Copyright 2022, Springer Nature.

prepared hydrogel fiber with water content partially replaced by
glycerin was highly stretchable and resilient, and exhibited an-
tifreezing capability and air stability. Compared with the usual
single-fiber structures prepared by draw spinning or wet spin-
ning, microchannel-integrated spinning enables preparation of
multicomponent and mutimaterial fibers. In this respect, our
group recently reported microchannel-integrated spinning of
sodium polyacrylate (PANa) hydrogel fibers with mechanical
properties determined by the macromolecule conformation of
PANa. Polymorphic structures such as fibers, ribbons, Janus
fibers, multilayered fibers, and core–shell fibers were prepared
by changing the geometry of the microchannels. Diameter con-
trollable helical fibers could be fabricated by strain programming
of the Janus fibers consisting of two kinds of microfiber units
with mismatched mechanical resilience (Figure 8b,c).[54] Table 3
summarizes representative mechanically robust hydrogel fibers
fabricated via various spinning techniques.

3.3. Coating

Hydrogel coatings on medical devices can endow the coated bulk
devices with new functions such as drug delivery, lubricity, anti-

biofouling, and conductivity.[262] Coating hydrogels on substrates
with complex shapes is challenging due to the poor processibil-
ity of hydrogels and their precursor monomer solution. In ad-
dition, strong adhesion to the substrate is required to prevent
delamination of hydrogel coatings under cyclic swelling or re-
peated sliding against the surroundings. The adhesion of hydro-
gels to other substrates by simple attachment is usually low ow-
ing to the presence of abundant water at the interface. Robust
hydrogel coating requires high toughness of the hydrogel ma-
trix, as well as strong interfacial interaction between the hydro-
gel and the target substrate,[263,264] which can be achieved by uti-
lizing mechanisms such as covalent bonding,[263,265,267] interfa-
cial interpenetration,[268–271] and polymer connection.[272–275] The
commonly used covalent bonds are based on functional silanes,
such as 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) and
(3-aminopropyl) triethoxysilane (APTES). The alkoxy groups at
one end hydrolyze into silanol groups in an aqueous environ-
ment and condense with hydroxyl groups on the substrate to
form siloxane bonds, and the other end vinyl groups of TM-
SPMA are able to copolymerize with vinyl groups in hydrogel
coating precursors. For APTES, the other amino end groups
can condense with carboxyl groups in hydrogels containing al-
ginate or hyaluronan by EDC–Sulfo-NHS chemistry. Zhao and
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Table 3. Mechanically robust hydrogel fibers prepared based on different spinning techniques and reinforcing strategies

Spinning methods Hydrogels Fiber forms Reinforcing factors Mechanical properties Stretching speeds Refs.

Draw spinning Ion-doped SiO2–PAAc Twisted
core–sheath

fiber

Covalent crosslinking by
SiO2, coordination
complex and twist

Tensile strength = 895 MPa;
tensile strain = 44%;

Young’s modulus = 28.7 GPa;
toughness = 214 MJ m−3.

Strain rate = 0.278 s−1 [164]

MPAH Core–sheath fiber Reversible polymer chain
alignment

Tensile strength = 5.6 MPa;
tensile strain = 1180%;

toughness = 26.8 MJ m−3.

Stretching rate = 100 mm min−1 [238]

Poly(AAm-co-AAc)–Fe3+

with glycerol
Fiber Coordination complex Tensile strength = 1.2 MPa;

tensile strain = 500%;
Young’s modulus = 0.27 MPa.

Stretching rate = 10 mm min−1 [239]

Poly(DMAAc-co
OEGMA)–clay with

glycerol

Fiber Noncovalent crosslinking by
clay and postdrawing

Tensile strength = 7.2 MPa;
tensile strain = 164%;

Young’s modulus = 16.1 MPa.

Strain rate = 0.083 s−1 [240]

PDMAEA-Q /PMAA Fiber Hydrogen bond clusters Tensile strength = 11.6 MPa;
tensile strain = 219%;

Young’s modulus = 428 MPa;
toughness = 19.8 MJ m−3.

Strain rate = 0.02 s−1 [165]

Wet spinning ABA triblock copolymer Fiber Hydrophobic interaction and
strain programmed

crystallization

Tensile strength =
15.5–146.2 MPa; tensile

strain = 170–900%;
Young’s modulus =

353–608.2 MPa; toughness =
103.2–121.2 MJ m−3.

Strain rate = 0.05 s−1 [246]

Poly(PEGDA-co-HEA)–
alginate with

glycerol

Fiber Covalently ionically
crosslinked double

network

Tensile strength = 0.2 MPa;
tensile strain = 400%.

Stretching rate = 25 mm min−1 [247]

PNA@PMA Core–sheath fiber Hydrogen bonding Tensile strength = 2.25 MPa;
tensile strain = 840%.

Stretching rate = 50 mm min−1 [248]

HPIFs–CaCl2 Fiber Coordination complex Tensile strength = 2.5 MPa;
tensile strain = 215%.

Stretching rate = 20 mm min−1 [251]

Microchannel-
integrated
spinning

Poly(PEGDA-co-
AAm)@alginate

Core–sheath fiber Core–sheath dimension Tensile strength =
0.3–0.79 MPa; tensile strain

= 35–63%;
Young’s modulus =

0.61–2.58 MPa.

Strain rate = 0.003 s−1 [252]

PAMPS–PAAm-TEG Fiber Hydrogen bonding Tensile strength = 5.6 MPa;
tensile strain = 159%;

Stretching rate = 200 mm min−1 [255]

PANa-based
multicomponent

hydrogel

Fiber; ribbon;
core–sheath;

Janus and helical
fiber

Aggregated macromolecule
conformation

Tensile strength = 1–50 MPa;
tensile strain = 5–2530%;

Young’s modulus =
0.24–2050 MPa; toughness =

1.7–17.8 MJ m−3.

Strain rate = 0.033 s−1 [54]

Electrospinning PVA Bouligand-type
fibrous film

High crystallinity and
bouligand-type alignment

Tensile strength = 8.4 MPa;
tensile strain = 640%.

Stretching rate = 300 mm min−1 [256]

ANF–PVA Fibrous film Crystallinity and hydrogen
bonding

Tensile strength = 3.3–5.5 MPa;
tensile strain = 30–90%;

Young’s modulus =
10.7–15.4 MPa.

Strain rate = 0.005 s−1 [257]

Multiurea linkage
segmented PUU

Fibrous film Hydrogen bonding and
hydrophobic interaction

Tensile strength = 2.5 MPa;
tensile strain = 370%.

Stretching rate = 50 mm min−1 [261]

co-workers first reported tough bonding of hydrogels on diverse
nonporous solid materials by covalently anchoring tough dissipa-
tive hydrogels onto the substrates.[263] The chemical anchorage
resulted in high intrinsic work of adhesion and significant en-
ergy dissipation of bulk double network hydrogel during detach-

ment, leading to interfacial toughness over 1000 J m−2. Recently,
to improve the processibility of covalent bonding-based hydro-
gel coatings, polymer-based hydrogel coating precursor were
developed.[266,276] As an example, a viscous hydrogel paint was
proposed, which consisted of copolymers of hydrogel monomers
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Figure 9. Hydrogel coatings. a) A viscous copolymer paint consisting of hydrogel monomers and TMSPMA, and condensation based reactions of the
paint that crosslink the hydrogel and bond the hydrogel coating and the substrate. Reproduced with permission.[266] Copyright 2019, Wiley-VCH. b)
Hydrogel skins formed on complex polymer substrates via hydrophilic initiators induced polymerization and hydrophobic initiators induced interfacial
interpenetrations. Reproduced with permission.[268] Copyright 2018, Wiley-VCH. c) Adhering dehydrated xerogel particles to a surface with a polymer
connector layer, followed by formation of a hydrogel coating after rehydration of the xerogel particles. Reproduced with permission.[275] Copyright 2021,
AAAS.

and TMSPMA. The condensation of silanol groups in hydrolyzed
TMSPMA molecules crosslinked copolymer chains in the paint,
producing a hydrogel coating, and their condensation with hy-
droxyl groups on the target substrate formed siloxane bonds that
interlinked the hydrogel coating to the substrate (Figure 9a).[266]

Interpenetration between two polymer networks at the hydrogel–
solid interface can be formed when the substrate surface is per-
meable to the polymer chains of hydrogels or bonding agents.
Notably, most polymer substrates are hydrophobic. When a poly-
mer substrate with absorbed hydrophobic initiators such as ben-
zophenone and benzoyl peroxide was immersed in a hydrogel
monomer solution, the hydrophobic initiators served as grafting
agents for the hydrogel polymers to crosslink with the substrate
polymer chains. Meanwhile, hydrophilic initiators induced the
polymerization of monomers above the substrate into a hydro-

gel coating. This surface initiation method led to hydrogel–solid
interfacial bonding via polymer entanglements at the molecular
level (Figure 9b).[268] It was demonstrated that the interpenetra-
tion of the substrate and hydrogel chains led to a significant in-
crease in mechanical robustness of the hydrogel coating, analo-
gous to double network tough hydrogels. Besides, introducing a
polymer layer easily bonded to the solid surface as a connector
between the hydrogel and the solid substrate is another effective
strategy for preparing robust hydrogel coatings. Polymers such
as epoxy,[275] cyanoacrylate,[272] polydopamine,[273] and cellulose
acetate[274] were developed as connecter layers. For example, un-
cured fluidic epoxy resin was sprayed on the surface of a specific
substrate followed by an immediate coverage of xerogel particles.
A hydrogel layer was formed after the xerogel particles were re-
natured in the presence of water. The epoxy cured together with
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the xerogel particles, and the resultant “key-lock” structures en-
hanced the stability of the hydrogel coating (Figure 9c).[275]

4. Toward Wearable and Implantable Applications

The intrinsic features of hydrogels such as softness, wetness, and
biocompatibility make them especially suitable for applications
that are in close contact with biological organisms. As discussed
above, the exploitation of new polymer networks and processing
techniques enables the development of mechanically robust and
functional hydrogels with customizable shapes, leading to their
deployment in biointegrated applications. In this part, we pro-
vide a discussion on the recent progress of biointegrated hydro-
gel devices in biomedical, bioelectronic, artificial muscle, and soft
robotic applications, and the mechanical functionality and shape
adaptivity of hydrogels in different application scenarios are high-
lighted.

4.1. Biomedical

Tissue engineering combines cells, scaffolds, and growth factors
to construct functional artificial tissues or organs.[3] Facile tun-
ability in chemical compositions and physical properties makes
hydrogels suitable for application as bioactive scaffolds that pro-
vide chemical cues and mechanical supports for tissue regener-
ation. Tough hydrogels can provide superior mechanical prop-
erties comparable to that of natural tissues such as the carti-
lages, skins, and vessels, and hold great potential in the con-
struction of acellular or cell-laden scaffolds for cartilage tis-
sue engineering.[277,278] The mechanical properties, biocompat-
ibility, bioactivity, and biodegradability of tough hydrogels are
usually studied for those applications. A DN hydrogel com-
posed of poly(2-acrylamido-2-methylpropanesulfonic acid) and
poly(N,N′-dimetyl acrylamide) (PAMPS/PDMAAm) was devel-
oped as a promising material for making articular cartilage scaf-
folds, which exhibited high mechanical strength and wear resis-
tance comparable to that of clinically available ultrahigh molecu-
lar weight polyethylene.[279,280] The experimental results revealed
that the PAMPS/PDMAAm hydrogel was bioactive and induced
cell infiltration in the muscle tissue without any toxic effects for
6 weeks. Moreover, type 2 collagen, aggrecan, and SOX9 mR-
NAs were highly expressed in the chondrogenic ATDC5 cells cul-
tured on the gel surface, indicating a spontaneous regeneration
of the articular cartilage.[281] 3D printing is particularly useful for
tissue engineering applications, as it can generate biomimetic
architectures with customized complex macro/microstructures
and with direction-dependent properties.[282,283] Biomineralized
tough hydrogels were synthesized by a one-step visible-light-
mediated nano-biomineralization strategy via a rational design
of a phosphate source and ruthenium photochemistry, which
allowed for facile fabrication of tough hydrogel architectures
via 3D printing.[284–287] The biomineralized tough hydrogels ex-
hibited high bioactivity and good adhesion to bone mesenchy-
mal stem cells, and the expression of vital osteogenic mark-
ers alkaline phosphatase were increased by a factor of 1.2 to 3
on the biomineralized tough hydrogels compared to blank hy-
drogels without biomineralization (Figure 10a). This enhance-

ment was attributed to the high elastic modulus (≈800 kPa)
and improved bioactivity via biomineralization, and the 3D ar-
chitectures provided improved tissue breathability and nutri-
tion delivery, beneficial for skin repair and bone regeneration.
It is noted that the existing tough hydrogels with high strength
and toughness are primarily applied for acellular scaffolds, as
their stiff sub-micrometer- or nanosized gel networks usually
suffer from limited supply of oxygen and nutrients, which in-
hibits the proliferation and differentiation of encapsulated cells.
3D printed hydrogels have shown great potential to overcome
this problem by forming macropores within scaffolds.[58,288–291]

As an example, a bilayer biohybrid gradient hydrogel scaffold
with transforming growth factor beta 1 loaded on the top layer
and 𝛽-tricalciumphosphate incorporated on the bottom layer was
fabricated by thermal-assisted extrusion printing technique.[290]

The biohybrid hydrogel scaffold featured highly interconnected
porosity, desirable mechanical properties, and excellent biocom-
patibility, facilitating the attachment, spreading, and chondro-
genic and osteogenic differentiation of human bone marrow
stem cells in vitro (Figure 10b).

Tissue adhesives are widely used for wound management and
tissue repair.[4,5,292–294] In addition to excellent biocompatibility
and strong adhesion to the surface of tissues, tissue adhesives are
required to be mechanically tough to withstand dynamic move-
ments. As a remarkable example, a two-layer tough adhesive hy-
drogel consisting of an adhesive surface and a dissipative matrix
was designed, which adhered strongly to porcine skin, cartilage,
heart, artery, and liver.[264] The adhesive layer such as chitosan
that contains positively charged primary amine groups, could ad-
here to the tissue surface via electrostatic attractions, enabling
amine groups to bind covalently with carboxylic acid groups from
the PAAm–alginate DN hydrogel matrix and the tissue surface.
Therefore, the two-layer hydrogel adhesive integrated high ad-
hesion energy with high matrix toughness simultaneously. The
hydrogel adhesive was compliant and conformed closely to the
geometry of the myocardium, capable of bearing tens of thou-
sands of inflation–deflation cycles, and no leakage was observed
under strains up to 100% (Figure 10c). Recently, a dry double-
sided tape (DST) made from a combination of a biopolymer
(gelatin or chitosan) and crosslinked poly(acrylic acid) grafted
with N-hydrosuccinimide ester (PAAc-NHS ester) was designed
to enable fast adhesion of wet tissues and devices.[267] The PAAc-
NHS ester facilitated quick hydration and swelling of the DST to
dry the wet surfaces of various tissues under gentle pressure of
≈1 kPa, and the carboxylic acid and NHS ester groups enabled
strong adhesion to tissues. Besides, the swollen DST hydrogel
integrated mechanisms for high stretchability and energy dissi-
pation, achieving tough adhesion to wet and dynamic tissues.

In addition, hydrogel fiber-based optical light-guides have re-
ceived interests for applications such as deep-tissue biosensors,
optogenetic stimulation, and photomedicine due to their excel-
lent biocompatibility and tissue-like modulus.[295,296] For exam-
ple, the core–sheath hydrogel fiber optical waveguide with an
optimized composition reached transmittance of ≈90% in most
of the visible region, and exhibited tissue-like modulus of 0.61–
2.58 MPa, and excellent biocompatibility.[252] In the experiment of
in vivo cancer therapy, the tumor irradiated with a 915 nm near-
infrared laser via the hydrogel fibers exhibited fast temperature
increase to 48 °C, confirming that they could serve as an effective
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Figure 10. Biomedical applications of mechanically robust and functional hydrogels. a) Biomineralized tough hydrogel constructs for tissue engineering,
showing high bioactivity and enhanced expression of vital osteogenic markers. Reproduced with permission.[284] Copyright 2022, American Chemical So-
ciety. b) A bilayer biohybrid gradient hydrogel scaffold that facilitates in vivo corepair of cartilage and subchondral bone. Reproduced with permission.[290]

Copyright 2018, Wiley-VCH. c) A tough myocardium adhesive hydrogel composed of an adhesive surface and an energy dissipative matrix, capable of
withstanding repetitive inflation–deflation cycles without leakage. Reproduced with permission.[264] Copyright 2017, AAAS. d) An optical waveguide
hydrogel fiber delivering laser signals for in vivo photothermal therapy. Reproduced with permission.[252] Copyright 2020, Oxford University Press.

vehicle for the delivery of laser signals and energy deep into the
organisms for deep-tissue photomedicine such as photothermal
therapy (Figure 10d).

4.2. Bioelectronics

In recent years, hydrogels have aroused great interests in de-
veloping a new generation of soft bioelectronic devices that
are established on human skins or inside the bodies, owing
to their similarities to biological tissues and versatility in elec-
trical, mechanical, and biofunctional properties.[8,297–300] Wear-
able on-skin bioelectronics are capable of real-time, noninvasive
monitoring of physiological signals including physical, electri-
cal, and chemical signals that reflect the overall health and fit-
ness conditions.[301–303] However, one of the most common chal-
lenge for on-skin bioelectronics is device fatigue, fracture, and
detachment due to body motions, resulting in deterioration and
failure of device functions. Recent progress in tough and me-
chanically functional hydrogels provide potential solutions to this
challenge, and diverse shaping of tough hydrogels further en-

ables enhanced properties such as high stretchability, high per-
meability, and compliance to curved surfaces that are highly de-
sirable for wearable functions.[304–308] Zhao and co-workers re-
cently developed a conductive polymerizable rotaxane hydrogel
(PR-Gel), in which polymerizable pseudorotaxane composed of
acrylated 𝛽-cyclodextrin and bile acid via host–guest interactions
was copolymerized with acrylamide.[18] The pseudorotaxane gen-
erated a large number of mobile junctions in the hydrogel simi-
lar to that of slide-ring hydrogels. Therefore, the hydrogel exhib-
ited high stretchability up to 830%, and no significant hystere-
sis was observed under cycled strains of 300%. The high stretch-
ability and fatigue resistance facilitated its usage for long-term
and stable monitoring of large strains (Figure 11a). Meanwhile,
3D printed PR-Gel based on-skin electrodes could detect human
electrocardiogram (ECG) signals in real time with high stabil-
ity (Figure 11b). Facile fabrication of thin-film tough hydrogels
with controlled thickness in the micrometer scale is highly de-
sirable as it provides permeable and low-impedance substrates
for on-skin electronics. Kim and co-workers fabricated an ultra-
thin PAAm hydrogel film (≈150 μm), which worked as a tissue-
like skin–device interface with high mass-permeability and

Adv. Mater. 2024, 36, 2309952 © 2024 Wiley-VCH GmbH2309952 (23 of 33)

 15214095, 2024, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309952 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [30/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 11. Mechanically robust and functional bioelectronic hydrogel devices. a,b) A 3D printed highly stretchable and resilient PR-Gel based on-skin
electrode that stably detects epidermal ECG. Reproduced with permission.[18] Copyright 2023, Springer Nature. c) Illustration of wearable transcutaneous
biosensors for the measurement of tcPO2 and local tissue impedance, and a photo of the integrated device on human skin. d) In vivo tcPO2 measurement
for various leg positions. (c,d) Reproduced with permission.[307] Copyright 2021, AAAS. e) An implanted bioelectrode based on an electrical bioadhesive
hydrogel interface that monitors epicardial ECG of a rat heart. Reproduced with permission.[314] Copyright 2020, Springer Nature.

conformity with the skin (Figure 11c). The ultrathin structure
of the hydrogel film enabled fast diffusion of oxygen molecules
from the warm skin surface to the electrode in a tcPO2 sen-
sor, and fast transport of drug ions through the hydrogel film
for transdermal drug delivery was also demonstrated. Vari-
ous leg positions that affected the blood flow could be moni-
tored via the tcPO2 sensor attached on the foot (Figure 11d).
Functionalization with conductive polymers aided in decreas-
ing the impedance of the hydrogel interface, beneficial for tis-
sue impedance monitoring and transcutaneous electrical nerve
stimulation. Recently, a PAAm–alginate hydrogel film with sub-
10 μm thickness synthesized via a cold-lamination method was
reported,[308] and the ultrathin hydrogel-interfaced on-skin elec-
tronics featured long-term wearability and device stability. Inte-
gration of self-healing properties made on-skin devices mechan-
ically and electrically robust against unexpected damages.[309–311]

For example, a nanocomposite hydrogel composed of polyzwit-
terions crosslinked by nanoclays through reversible adsorption
was highly stretchable and self-healable.[312] The polar zwitte-
rion groups provided active sites to form noncovalent bond-

ing with various substrates, and thus the nanocomposite hy-
drogel exhibited pressure-sensitive adhesiveness on target sub-
strates. An on-skin nanocomposite hydrogel film was used as a
touch pad for human–machine interaction with self-healable in-
put functions. Wu and co-workers recently developed an artifi-
cial ionic skin by introducing a zwitterionic network consisting
of weakly complexed zwitterions to a hydrogen-bonded polycar-
boxylic acid network. Sequent debonding of the two networks in
response to stretching led to a skin-like strain-stiffening behavior,
which resolved the conflict between elasticity, strength, and self-
healability. Such a molecular design paved the way for developing
hydrogel-based bioelectronic devices with skin-like sophisticated
mechanical and sensory properties.[311]

In implantable bioelectronic applications, tough hydrogels are
especially pertinent in providing a robust and conductive inter-
face with the biological wet tissue, thereby improving tissue–
device integration and enhancing the performance of bioin-
tegrated electronic devices.[313–316] An adhesive hydrogel inter-
face provides robust adhesion between wet tissues and elec-
tronic devices with high interfacial toughness, supporting the
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stability of bioelectronic functions in dynamic physiological con-
ditions. The high conductivity can also minimize unfavorable in-
crease of electrical impedance at the tissue–device interface. A
graphene nanocomposite was developed, capable of tough bond-
ing with wet tissues by quick removal of water from the wet sur-
face by hydration and then forming covalent bonds with tissues
(Figure 11e). The formed tough hydrogel served as an electrical
bioadhesive interface on tissues, and the bioadhesive electrode
could maintain stable recording of epicardial ECG during 14 days
of in vivo implantation.[314]

4.3. Artificial Muscles and Soft Robots

Compared with conventional materials such as polymer fibers,
elastomers, and shape memory alloys used for artificial mus-
cles and soft robots, hydrogels are especially advantageous
for their tissue-like softness, good biocompatibility, respon-
siveness to various stimuli, and capability of large volume
deformation.[10,317,318] The function of soft actuation based on
hydrogel materials are closely related to their capability of con-
trollable deformations, i.e., shape morphing. Common hydro-
gels without specific structural design are isotropic with om-
nidirectional activity, exhibiting isotropic volume change un-
der a uniform stimulus. Thus, the design and fabrication of
heterogeneous structures is fundamental for the development
of morphing hydrogels.[319] Heterogeneous structures can be
built through the thickness of a thin sheet or along the in-
plane dimension of a 2D sheet. In a thin sheet with hetero-
geneity along the thickness direction, a modest difference in
swelling/shrinking in response to an external stimulus can drive
macroscopic bending/folding deformation.[320] Accordingly, bi-
layer hydrogel structures with distinct materials,[321] different
crosslinking densities[322] or different filler orientations,[323] and
gradient hydrogel structures with gradient distribution of poly-
mer chains[324] or crosslinking[325] are developed. In a planar-
patterned hydrogel, the localized swelling is confined by the sur-
rounding low-swelling region upon an external stimulus, result-
ing in out-of-plane buckling that reduces the in-plane compres-
sion/stretching energy.[326] In-plane heterogeneity are usually
implemented by introducing different crosslinking densities,[326]

compositions[327] or filler orientations.[328,329] Based on these het-
erogeneous structures, various shape morphing modes such as
bending, folding, rolling, twisting, contraction, and expansion
can be programmed. In addition, advanced processing tech-
niques such as photolithography and 3D printing can serve as
powerful strategies for fabricating heterogeneous hydrogels with
programmed distribution of materials and geometries, thereby
generating more sophisticated 2D-to-3D shape morphing. The
existing morphing hydrogels usually exhibit low actuation forces
and slow responses,[330] hence, the development of dynamic
shape morphing toward high-performance artificial muscles and
robots calls for hydrogels with large actuation forces and fast re-
sponsivity.

Emerging responsive hydrogels with toughening mecha-
nisms such as double networks,[228,331] covalent-noncovalent
dual networks,[332,333] and multiple physically crosslinked
networks[246,334] have greatly improved the mechanical strength
of hydrogel actuators and led to enhanced actuation forces.[330]

At the same time, response speeds can be improved by strategies
such as developing nonosmotic mechanisms for actuation and
fabricating fiber-based hydrogel structures. Inspired by the
superior leap ability of frogs, He and co-workers developed a
high-power-density strong contractile hydrogel material based
on a mechanism of storing and releasing elastic potential energy,
and the hydrogel exhibited a large force (40 kPa) and high work
density (15.3 kJ m−3), outperforming biological muscles (8 kJ
m−3).[333] An elastic poly(AAm-co-AAc) hydrogel was stretched
and immersed in an iron(III) chloride solution, which facilitated
the formation of coordination bonds between Fe3+ and carboxylic
groups, locking the deformation and thus storing of the mechan-
ical energy. The dual-crosslinked network led to much enhanced
mechanical strength. The stored energy in the hydrogel could
then be released by stimuli such as UV light illumination and
an acid solution, which destabilized the coordination bonds by
photoreduction (Fe3+ to Fe2+) or protonation (COO− to COOH),
triggering the return of the hydrogel to its original length along
the stretched direction and generating large contraction force
(Figure 12a). Recently, highly aligned block copolymer hydrogel
fibers with alternating crystalline and amorphous domains
were reported, resembling the structure of mammalian skeletal
muscles.[246] The process of strain-programmed crystallization
enabled mechanical toughness up to 121.2 MJ m−3 comparable
to natural spider silk, and the fiber strained with an elongation
ratio of 5 exhibited crystallinity of 77% and polymer alignment
along the elongation direction. A stimulation of heating or
hydration would induce a change of the crystallization domains
to amorphous states, resulting in actuation strains of up to 80%
and energy density up to 506 J kg−1 (Figure 12b).

Tough hydrogel-based actuators and soft robots can be in-
tegrated with human bodies for diverse functionalities[11,335]

such as smart wearables,[20,184,336] medical devices for surgery
or drug delivery inside human bodies,[235,337,338] and artificial
organs.[223,233,339] For example, thermally responsive fibers were
prepared by uniformly coating PAAc–CS–calcium acetate hy-
drogel skins onto commercial fibers. The functionalized fibers
were then woven into a wearable textile, which was soft and de-
formable at room temperature. When the temperature was in-
creased to 70 °C, the modulus increased by 30 883%, achiev-
ing good load-bearing capacity (Figure 12c),[184] and demon-
strating potential applications in the field of thermal protective
clothing. Wang and co-workers printed a thermal shape mem-
ory poly(N-acryloylsemicarbazide-co-acrylic acid) hydrogel stent
that could change in size in adaptation to different vessels.[338]

The hydrogel stent was squeezed into a compact shape and
fixed at 5 °C, which was then delivered to a simulated vascu-
lar stenosis. The stent would then expand and recover its shape
in a physiological environment at 37 °C and open the steno-
sis, achieving active expansion in the smart intervention pro-
cess (Figure 12d). In addition, our group developed a robotic
heart based on double network hydrogels, which demonstrated
continuous and stable heartbeat-like motions when cyclic pneu-
matic pumping was implemented.[228] Water-soluble biomateri-
als such as Cl− and glucose could be transported from a hy-
drogel vessel inside the robotic heart to the external deion-
ized water environment through the porous hydrogel net-
work, demonstrating an effective biomaterial transport function
(Figure 12e).
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Figure 12. Artificial muscle and soft robotic hydrogel devices. a) Anisotropic actuation deformation of a poly(AAm-co-AAc)–Fe3+ hydrogel based on UV
light induced releasing of elastic potential energy, generating strong contraction with high similarity to natural muscles. Reproduced with permission.[333]

Copyright 2020, AAAS. b) Hydration or heating induced strong contraction of a block copolymer hydrogel fiber. Reproduced with permission.[246] Copy-
right 2022, Springer Nature. c) Thermal stiffening textiles consisting of commercial fibers coated with a PAAc–CS–calcium acetate hydrogel skin. Repro-
duced with permission.[184] Copyright 2022, Wiley-VCH. d) A thermally shape memory hydrogel stent that can be delivered to a simulated vessel and
open the stenosis. Reproduced with permission.[338] Copyright 2022, Wiley-VCH. e) A double network hydrogel based robotic heart that exhibits stable
pneumatic heartbeat-like motion and biomaterial transport. Reproduced with permission.[228] Copyright 2019, American Chemical Society.

5. Conclusions and Perspective

The remarkable similarities of hydrogels to biological living tis-
sues make them key players for the integration of humans and
machines. Common hydrogels suffer from low strength and
toughness, limiting their mechanical reliability for use as bioin-
tegrated hydrogel machines, including wearable and implantable
devices. However, recent progress in polymer science has pro-
duced mechanically enhanced and functional hydrogels, while
new processing technologies have emerged for the shaping and
patterning of hydrogels, stimulating the development of hydrogel
devices that are applicable to various biointegrated applications.
In this review, the relationship between the polymer network
and mechanical performance of hydrogels are discussed in de-
tail. To improve mechanical properties of hydrogels, toughening
mechanisms based on increasing homogeneities of polymer net-
works, introducing energy dissipation interactions, or improving

functionalities of crosslinking points are exploited, which regu-
late polymer network structures at the micro/nano and molec-
ular scales. Representative examples such as the slide-ring hy-
drogel, the B-DN hydrogel, the ion-doped SiO2–PAAc hydrogel,
and the aligned micro/nanofibrous PVA hydrogel, exhibited ex-
traordinary toughness or strength comparable to or even out-
performing natural tough materials. On this basis, some seem-
ingly contradicting but combined mechanical properties that ex-
ist in biological materials are replicated in synthetic hydrogels,
including high toughness and resilience, high toughness and
stiffness, self-healing and high strength, and stimuli-responsive
stiffening/softening. Those distinct mechanical functionalities
are adaptive to different biointegrated applications. In addition,
recent processing technologies such as 3D printing, spinning,
and coating combined with compatible toughening mechanisms,
enable macro/microscale shaping and patterning of hydrogels
and creation of diverse mechanically robust constructs. The
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mechanically robust and functional hydrogels with customiz-
able shapes have shown wide applications in wearable and im-
plantable devices for biomedical, bioelectronic, and robotic ap-
plications.

Despite the booming development of tough and functional hy-
drogels for fabrication of biointegrated hydrogel devices, extra ef-
forts should be made to further broaden this field and promote
their practical applications. For the mechanical engineering of
tough hydrogels, research on the polymer structural design prin-
ciples for engineering distinct mechanical behaviors is still in
progress. In-depth understanding on mechanical properties of
hydrogels, such as toughness, resilience, modulus, maximum
strain, fatigue, and nonlinearity, are crucial to devising diverse
mechanically functional hydrogel devices that interact closely
with human bodies for long-term usage. In respect of process-
ing of tough hydrogels, toughening mechanisms that are com-
patible with the processing techniques are still limited, owing to
the requirements for both delicate polymer network engineering
procedures and different shaping conditions. Therefore, some
of the extreme mechanical properties developed in bulky hydro-
gels can still hardly be achieved in shaped and patterned hydro-
gels. Further research focused on processing hydrogels into pat-
terned bioelectronic devices with desired mechanical functional-
ities is highly demanded, and it requires careful consideration
and regulation of the multiscale engineering process for both
delicate polymer network structuring and high-resolution hydro-
gel shaping/patterning. For practical use of hydrogel devices, dis-
tinct properties of hydrogels in addition to mechanical function-
alities are required for specific biointegrated applications. For im-
planted devices, biocompatibility, bioactivity, physiological stabil-
ity, and biodegradability are the major requirements, which are
still rarely observed in reported tough hydrogels. The hydrogels
utilized in tissue engineering are mostly acellular scaffolds, as
tough hydrogels often restrict cell activities. To this end, orthogo-
nal design implemented on multiscale structures of hydrogels is
a promising approach to achieve multiple properties combined in
a synergistic manner. For wearable and on-skin applications, cur-
rent smart stimuli-responsive hydrogel devices usually need to
work in aqueous environments. Although encapsulation of func-
tional hydrogel devices can alleviate the dehydration and loss of
water under an external stimulus in air, novel material systems
should be explored, such as devising hygroscopic hydrogels ca-
pable of self-retaining moisture on the surface of human skins,
and developing stimulus-responsive functionalities based on re-
versible water redistribution within the hydrogel networks. The
pursuit for further polymer science and technological innova-
tions for improved properties of hydrogels and adaptive, reliable
functionalities of biointegrated hydrogel devices, requires con-
tinuous and collective efforts from researchers in multiple disci-
plines.
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