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Integration
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HIGHLIGHTS

•	 Scenario-adaptive design principles for extreme-mechanics hydrogels, connecting application-specific mechanical requirements with 
multiscale material and structural design.

•	 Mechanistic integration of extreme mechanical performance and multi-environmental responsiveness, enabled by dynamic networks, 
nanocomposite hybridization, and biomimetic hardsoft architectures.

•	 System-level perspective on hydrogels as active components in intelligent systems, emphasizing multiscale structuring and closed-
loop “sense–think–act” functionality.

ABSTRACT  Hydrogels, as water-rich, three-dimensional polymer networks, 
have emerged as essential materials across diverse fields including bio-integrated 
electronics, load-bearing biomedical implants, and soft robotics. However, conven-
tional hydrogels often fail under mechanical extremes, limiting their deployment in 
mechanically demanding environments. This review bridges this gap by presenting a 
transformative design paradigm that shifts the focus from merely robust hydrogels to 
intelligently adaptive systems capable of withstanding and dynamically responding 
to extreme mechanical environments. We first deconstruct the fundamental toughen-
ing mechanisms—including sacrificial bonding, topological entanglements, and nanocomposite reinforcement—that form the foundation 
of mechanical robustness. Moving beyond static strength, we critically examine how stimuli-responsive elements (e.g., temperature, light, 
pH, magnetic fields) can be integrated to enable real-time, dynamic modulation of mechanical properties. Advanced fabrication strategies, 
particularly bioinspired structuring and 3D printing, are highlighted as essential tools for achieving hierarchical architectures that optimize 
stress distribution and functional integration. Finally, we showcase pioneering applications in artificial muscles, wearable sensors, and 
adaptive tissue scaffolds, culminating in a forward-looking perspective on the convergence of artificial intelligence, multiscale modeling, 
and self-growing materials to guide the development of next-generation autonomous hydrogel systems.
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Abbreviations
AAc	� Acrylic acid
AAm	� Acrylamide
ACMO	� Acryloylmorpholine
ACP	� Calcium phosphate
AIE	� Aggregation-induced luminescence
Alg	� Alginate
AMPS	� 2-Acrylamido-2-methyl-1-propane-

sulfonicacid
ANFs	� Aramid nanofibers
CA	� Carrageenan
CAD	� Computer-aided design
Ce-MOFs	� Cerium-based metal–organic 

skeletons
CIJ	� Continuous inkjet printing
CMCT	� Carboxymethyl chitosan
CNCs	� Cellulose nanocrystals
CNS	� Inorganic(clay) network structure
CNTs	� Carbon nanotubes
CS	� Chitosan
DIW	� Direct ink writing
DLP	� Digital light processing
DMAEA-Q	� Methyl chloride quaternized N,N-

dimethylamino ethylacrylate
DMD	� Digital micromirror device
DMSO	� Dimethyl sulfoxide
DMx	� Quaternary ammonium ionic liquids
DNA	� Deoxynucleic acid
DOD	� Drop-on-demand inkjet printing
dPEDOT	� Dopamine methacrylate-hybridized 

poly(3,4-ethylenedioxythiophene) 
nanoparticles

dsDNA	� Double-stranded DNA
ECM	� Extracellular matrix
EMIES	� 1-Ethyl-3-methylimidazole ethyl 

sulfate
F-127	� Pluronic F-127
f-BNNS	� Functionalized-boron nitride 

nanosheets
fc-DN	� Fibrillar connected double networks
FDA-SNF	� Freeze-dried and annealed-flexible 

SiO2 nanofibers
Fe3O4@CNCs	� Fe3O4-modified cellulose 

nanocrystals
g-C3N4	� Graphitic carbon nitride
GO	� Graphene oxide
GQDs	� Graphene quantum dots
HA	� Hyaluronic acid
HAPAAm	� Hydrophobically associated 

polyacrylamide
HBPL	� Hyperbranched polylysine

HIVE	� Hive-structured assemblable 
bespoke scaffold

HPC	� Hydroxypropyl cellulose
HP-α-CD	� Hydroxypropyl-α-cyclodextrin
LAP	� Laser-assisted printing
LCST	� Lower critical solution temperature
Lig–Ag NPs	� Lignin–silver hybrid nanoparticles
MAAc	� Methacrylic acid
MAAm	� Methacrylamide
MACNF	� β-Chitosan nanofiber
MMT	� Montmorillonite
MOF (V-ZIF-8)	� Metal–organic framework (vinyl-

functional zeolitic imidazole 
framework-8)

mPEG	� Poly(ethylene glycol)
mPEG 480-acrylate	� Poly(ethylene glycol) 480 methyl 

ether acrylate
MPS-CS	� 3-(Trimethoxysilyl) propyl meth-

acrylate (MPS)-functionalized 
upconversion (UC)fluorescent 
NaREF4: Ln3+@NaYF4 core−shell 
nanoparticles

NaSS	� Sodium p-styrenesulfonate
NIR	� Infrared
NPs	� Nanoparticles
P(AAm-co-AAc)	� Poly(acrylamide-co-acrylic acid)
P(AAm-co-MAH)	� Poly(acrylamide-co-methacryloyl-

hydrazide
PAAc	� Polyacrylic acid
PAM/PAAm	� Polydopamin–polyacrylamid
PAMPS	� Ploy(2-acrylamido-2-methyl-1-pro-

panesulfonic acid)
PANI	� Polyaniline
PAPBA	� Poly(3-acrylamidophenylboronic 

acid)
pBP nanosheets	� Polydopamine-modified black phos-

phorus nanosheets
PCL	� Polycaprolactone
PDA	� Polydopamine
PDMAEA-Q	� Poly(2-(dimethylamino)ethyl-

acrylate) methyl chloride quaternary 
salt

PDMS	� Polydimethylsiloxane
PEG	� Polyethylene glycol
PEG	� Polyethylene glycol
PEGDA	� Poly(ethylene glycol) diacrylate
PEGDA	� Polyethylene glycol diacrylate
PHEAA	� Poly(N-methylol acrylamide)
pKa	� Acid dissociation constant
PMAA	� Poly(methylacrylic acid)
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PMAD	� Copolymerization of acrylamide 
(AM), acrylic acid (AA), and 
[2-(methacryloyloxy)ethyl] trime-
thyl ammonium chloride solution 
(DMC)

PNIPAAm	� Poly(N-isopropylacrylamide)
PNMA	� Poly(N-methylol acrylamide)
POx	� Poly(2-oxazoline)
PR	� Polyrotaxane
PSBMA	� Poly(sulfobetaine methacrylate)
PTHF	� Polytetrahydrofuran
PVA	� Polyvinyl alcohol
PVA-PI	� Poly(vinyl alcohol)-poly(imide)
QACNF	� Quaternized cellulose nanofibers
rGO	� Reduced graphene oxide
ROS	� Reactive oxygen species
SA	� Sodium alginate
SiNPs	� Silicon nanoparticles
SLA	� Stereolithography
SMA	� Stearyl methacrylate
ssDNA	� Single-stranded DNA
TA	� Tannic acid
TOCNF	� TEMPO-oxidized cellulose 

nanofibers
TPP	� Two-photon polymerization
TPU	� Thermoplastic polyurethane
UCST	� Upper critical solution temperature
UV	� Ultraviolet
XLG	� LAPONITE’s XLG nanosheet
β-CD-TCNCs	� β-Cyclodextrin-modified bundled 

cellulose nanocrystals
κ-Car	� κ-Carrageenan

1  Introduction

In 1952, Otto Wichterle and Drahoslav Lim successfully 
synthesized the world’s first hydrophilic polymer mate-
rial–polyhydroxyethyl methacrylate (PHEMA), and based 
on this, they developed the first batch of soft contact lenses 
[1]. This pioneering achievement marked the beginning of 
research on hydrogel materials. Hydrogels, due to their high-
water content and three-dimensional crosslinked polymer 
network structure, possess good permeability and process-
ability while maintaining flexibility and tissue compatibility. 
They have become a key material with high adaptability 
and potential for multiple functions. Since Tanaka et al. [2] 
first reported their volumetric phase transition behavior, 
significant efforts have been devoted to developing smart 

hydrogels capable of responding to diverse external stimuli. 
These stimulus-responsive systems have enabled dynamic 
modulation of hydrogel structure, morphology, and func-
tionality, opening new avenues in applications such as arti-
ficial muscles [3], intelligent monitoring [4], soft actuators 
[5], information encryption [6], smart switches [7], wound 
healing [8], targeted drug delivery [9], and smart adaptive 
stealth [10]. Driven by this multifunctionality, the field has 
rapidly progressed from single-stimulus to multi-responsive 
hydrogels [11]. Parallel advancements in conductive hydro-
gels [12], self-healing materials, and self-growing systems 
[13] have further enriched their application potential in next-
generation bioelectronics and adaptive systems. However, 
despite these sophisticated functional attributes, traditional 
hydrogels remain mechanically vulnerable, exhibiting low 
fracture stress, limited extensibility, and poor fatigue resist-
ance. Most conventional hydrogels display fracture stresses 
below 1  MPa, stretchability under 100%, and fracture 
energy < 10 J m−2 [14, 15], rendering them unsuitable for 
mechanically demanding environments. Emerging applica-
tions demand hydrogels with extreme mechanical resilience, 
where toughness, strength, and fatigue resistance must rival 
or surpass natural tissues. For example, artificial muscles 
must simultaneously exhibit high toughness, rapid respon-
siveness, and durability under repeated strain [16]. Smart 
wearables and textile sensors require flexibility, large defor-
mation tolerance, and long-term cyclic stability [4]. Hydro-
gel-based robotic grippers must endure repetitive gripping 
forces without structural failure [17]. In addition, hydrogel 
implants may be subjected to excessive stretching, stress 
fatigue, and internal microcracks caused by the frequent and 
continuous movements of human organs and joints (such 
as the continuous contraction and expansion of the heart 
or blood vessels), which poses a challenge for the applica-
tion of hydrogel electronics. In contrast, biological cartilage 
withstands over one million compressive cycles annually 
at 4–9 MPa stress levels, with fracture energy exceeding 
1000 J m−2 [18], setting a mechanical benchmark that syn-
thetic hydrogels must approach or exceed. These escalating 
mechanical demands have catalyzed the development of 
diverse toughening theories and structural design strategies 
aimed at engineering hydrogels with resilience comparable 
to natural load-bearing tissues (Fig. 1a).

Despite the rapid evolution of smart hydrogel tech-
nologies, the development of hydrogels with both high 
strength and toughness, capable of performing reliably in 
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mechanically extreme environments, remains relatively 
underexplored. As illustrated in Fig. 1b, the number of pub-
lications specifically addressing strong and tough hydrogels 

between 2010 and 2024 remains modest compared to the 
broader surge in hydrogel research. This disparity highlights 
a critical research gap: While hydrogel functionalities such 

Fig. 1   a Historical evolution of hydrogel research highlighting the development of intelligent functionalities, mechanical performance, and 
associated enhancement strategies. b Publication trends in hydrogel subfields (2011–2024) from WOS Core Collection, showing exponen-
tial growth in mechanical resilience investigations. c Citation evolution of hydrogel categories (2011–2024) via WOS, confirming  paradigm 
shift toward mechanically enhanced systems. Reproduced with permission from [20–30]
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as stimuli responsiveness, conductivity, and bioactivity 
have seen widespread attention, the mechanical durabil-
ity required for demanding applications is still in its early 
stages of systematic investigation. Driven by the increasing 
demand for high-performance intelligent systems, researches 
are now shifting focus toward the design of intelligent hydro-
gels with enhanced mechanical robustness, i.e., integrating 
toughness, stretchability, and fatigue resistance into mul-
tifunctional frameworks. Concurrently, a growing body of 
work is investigating how external environmental stimuli 
[19] such as temperature, pH, light, and magnetic fields can 
dynamically modulate hydrogel structure and mechanical 
behavior, enabling adaptive performance in complex envi-
ronments (Fig. 1c).

Building upon groundbreaking prior research (e.g., 
Gong’s comprehensive treatise on design principles for 
robust hydrogels [31], Nika Petelinšek and Stefan Mom-
mer’s seminal work on load-bearing hydrogel solution 
[32], and Stephanie Fuchs, Kaavian Shariati, and Minglin 
Ma’s contributions to biomedical applications of specialty 
tough hydrogels [33]), this review bridges critical gaps by 
systematically analyzing polymer network structures and 
fabrication strategies for mechanically extreme hydrogels. 
We first outline five core toughening theories—nanocom-
posite interface strengthening, dynamic reconstruction of 
sacrificial bonds, topological optimization of homogeneous 
networks, biomimetic configurations of hard/soft phases, 
and self-growing environmental adaptability, revealing 
how each governs mechanical characteristics (e.g., fracture 
toughness, resilience, strain tolerance). Next, we categorize 
hydrogel systems (double-network, nanocomposite, slide-
ring) by structural principles and performance metrics, 
then review three key fabrication pathways: biomimetic 
design, microphase separation, and advanced 3D printing, 
emphasizing their role in multiscale mechanical optimiza-
tion. We further discuss harnessing environmental stimuli to 
actively regulate mechanical behavior for smart-responsive 
systems. Finally, we introduce a scenario-adaptive design 
framework that prioritizes mechanical properties according 
to specific operational environments, such as marine, wear-
able, aerospace, and biomedical settings, thereby providing 
a guided roadmap for material selection. We then highlight 
breakthrough applications that fulfill these scenario-specific 
mechanical demands, spanning soft robotics, wearable elec-
tronics, and bio-integrated devices, thereby demonstrating 

the cross-disciplinary potential of extreme-mechanics hydro-
gels, which refer to systems engineered to reliably withstand 
demanding conditions including tensile or compressive 
strength exceeding 1 MPa, fracture energy over 1000 J m−2, 
elongation greater than 500%, or high-cycle fatigue loading. 
By elucidating the interplay between polymer architecture, 
processing, and performance, this review provides a com-
prehensive roadmap for designing next-generation hydro-
gels that withstand mechanical extremes while delivering 
intelligent functionality. Following the conceptual frame-
work outlined by Zheng et al. [34], we regard the ultimate 
objective as intelligent system integration. This entails the 
construction of intelligent hydrogel systems with a “sens-
ing–decision–actuation” closed-loop capability. This entails 
the functional coupling of advanced hydrogels with external 
electronic, optical, or mechanical modules to form adaptive 
devices capable of autonomous perception, feedback, and 
actuation. By elucidating the interplay between polymer 
architecture, processing, and performance, this review aims 
to bridge the gap from fundamental toughening mechanisms 
to such sophisticated system-level implementations.

2 � Toughening Mechanisms for Mechanically 
Extreme Hydrogels

The rational design of hydrogels with exceptional mechani-
cal performance has become a critical focus in materials 
science. Achieving this goal requires guidance from funda-
mental toughening theories that inform the structural opti-
mization and functional enhancement of hydrogel networks. 
Among these, five representative frameworks, including 
concentrated crosslinking point theory, sacrificial bond the-
ory, homogeneous network theory, hard–soft phase structure 
theory, and self-growth theory, have provided essential para-
digms for engineering mechanically robust and responsive 
hydrogels.

These theories have led to the development of various 
hydrogel systems, including nanocomposite (NC) hydrogels, 
double-network (DN) hydrogels, slide-ring (SR) hydro-
gels, high-entanglement (HE) hydrogels, self-growth (SG) 
hydrogels, and poly(amphoteric electrolyte) (PA) hydrogels 
(Fig. 2). Each system embodies distinct molecular strate-
gies to achieve extreme mechanical properties, such as high 
fracture toughness, large stretchability, and environmental 
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adaptability under cyclic or high-load conditions (Tables 1, 
2). In practice, these theories are often used synergistically: 
Concentrated crosslinking and homogeneous network 

strategies enhance structural strength and dimensional sta-
bility; sacrificial bonds and hard–soft phase configurations 
improve toughness, elasticity, and energy dissipation; and 

Fig. 2   Overview of key hydrogel toughening theories, including concentrated crosslinking, sacrificial bonding, homogeneous networks, hard–
soft phase structuring, and self-growth, and the representative hydrogel types they guide, such as nanocomposite, double-network, slide-ring, 
high-entanglement, and self-growing systems. Reproduced with permission from [20, 35–43]



Nano-Micro Lett.          (2026) 18:328 	 Page 7 of 70    328 

self-growth theory introduces dynamic remodeling and 
repairability. This section reviews the five major toughening 
theories and their corresponding hydrogel systems, provid-
ing a theoretical foundation for the development of next-
generation hydrogels engineered for mechanical extremes.

2.1 � Concentrated Crosslinking Point Theory

The concentrated crosslinking point theory describes a 
toughening mechanism wherein polymer chains are physi-
cally or chemically tethered to nanomaterials that act as 
multifunctional crosslinking nodes. These nanomaterials, 
often modified at the surface, form covalent bonds or strong 
physical interactions with surrounding polymer chains, cre-
ating a dense and robust crosslinked network. The resulting 
architecture enhances mechanical performance by promoting 
load transfer, reducing stress concentration, and improving 
network uniformity. This concept underpins the design of 
NC hydrogels, which are among the earliest and most promi-
nent hydrogel systems engineered for mechanical reinforce-
ment. Haraguchi et al. [25] first reported an NC hydrogel 
composed of poly(N-isopropylacrylamide) (PNIPAAm) and 
clay nanosheets (CNS), synthesized without any traditional 
chemical crosslinker. In this system, clay platelets serve dual 
functions: They physically adsorb numerous polymer chains 
and act as inorganic crosslinkers bridging distinct polymer 
segments. The resulting hydrogel exhibited exceptional 
mechanical properties, including an elongation at break 
exceeding 1000% and a tensile strength reaching 100 kPa, 
while maintaining excellent flexibility and bendability.

2.1.1 � 0D Nanocomposite Hydrogels

Zero-dimensional (0D) nanomaterials are characterized by 
nanoscale dimensions in all directions, typically existing as 
spherical nanoparticles or nanoclusters. These materials, 
encompassing polymers, metals, metal oxides, and semi-
conductors, exhibit distinctive physicochemical properties, 
including size-dependent magnetic, optical, and electronic 
behavior [116]. Owing to their tunable surface chemistry and 
large surface-area-to-volume ratio, 0D nanomaterials have 
been widely employed as reinforcing agents in the fabrica-
tion of mechanically extreme hydrogels. Through chemical 
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modification or surface functionalization, these nanoparti-
cles can form robust interfacial interactions with polymer 
networks such as covalent bonding, hydrogen bonding, or 
coordination interactions, which significantly improve stress 
transfer efficiency and network integrity. By physically 
embedding 0D nanoparticles as dissipation sites, hydrogels 
gain enhanced fracture toughness and fatigue resistance, 
while acquiring multifunctional responsiveness like thermo-
sensitivity or conductivity, paving the way for applications 
in smart actuators and wearable sensors. Zhai et al. [62] 
engineered magnetically responsive hydrogel fibers using 
Fe3O4-modified cellulose nanocrystals (Fe3O4@CNCs). 
Under an applied magnetic field, the Fe3O4@CNCs aligned 
within the hydrogel matrix, generating an anisotropic inter-
nal structure that endowed the fibers with excellent tensile 
properties (tensile strength and Young’s modulus both 
reaching 28.9 MPa, and toughness of 18.2 MJ m−3) and fast 
deformation under magnetic stimuli. Unlike SiNPs, which 
primarily enhance stiffness and water transport, Fe3O4@
CNCs serve as magneto-responsive agents, enabling struc-
tural orientation and remote actuation through magnetic field 
control and ionic coordination interactions (Fig. 3a).

2.1.2 � 1D Nanocomposite Hydrogels

One-dimensional (1D) nanomaterials are characterized by 
nanoscale dimensions in one direction and extended lengths 
in the other two, typically forming fibrous, rod-like, or tubu-
lar structures. Their high aspect ratios and anisotropic geom-
etries make them particularly effective in enhancing the 
mechanical strength and toughness of hydrogels by promot-
ing efficient stress transfer and crack deflection under tension 
or compression. These materials exhibit excellent intrinsic 
mechanical properties such as high tensile strength, stiff-
ness, and energy dissipation capacity, which are imparted 
to the hydrogel matrix through strong interfacial interac-
tions, including hydrogen bonding, electrostatic interac-
tions, or covalent linkages. Following this, Shen et al. [53] 
successfully achieved the uniform dispersion of CNTs in 
aqueous solution by utilizing a synthetic layered silicate of 
LAPONITE@ XLG nanosheets as surfactants. They subse-
quently synthesized P(AAM-APBA)-XLG/CNT hydrogels 
via a one-step free-radical copolymerization process. The 
resulting hydrogel exhibited excellent elasticity and fatigue 
resistance, enabled by B-N coordination, hydrogen bonding, 

and polymer chain entanglement. Remarkably, the material 
maintained mechanical integrity over 1,000 consecutive ten-
sile and compressive cycles, underscoring its potential for 
durable applications in high-strain environments (Fig. 3b). 
Additionally, the hydrogel demonstrated outstanding sens-
ing capabilities, accurately detecting strain levels from 1 to 
300% and pressure changes in the range of 1–80 kPa, making 
it highly suitable for wearable sensing and soft electronic 
interfaces. In a parallel study, Xing et al. [117] incorporated 
ANFs into a UV-curable hydrogel precursor, enabling the 
fabrication of ANF-reinforced 3D-printable hydrogel com-
posites. With only 0.3 wt% ANFs, the composite exhibited 
a 30-fold increase in elastic modulus, a tenfold enhancement 
in tensile strength, nearly an order-of-magnitude improve-
ment in fracture energy, and a 5.3–12.6 times higher fatigue 
threshold compared to the pure hydrogel.

2.1.3 � 2D Nanocomposite Hydrogels

Two-dimensional (2D) nanomaterials are defined by their 
nanoscale thickness (typically 1–100 nm) and extended 
lateral dimensions in the other two directions, forming 
sheet-like structures with ultrahigh aspect ratios. First, their 
large surface area and high surface energy promote strong 
interfacial interactions such as hydrogen bonding, electro-
static attraction, or π-π stacking with polymer chains [118]. 
This improves load transfer efficiency, reduces interfacial 
slippage, and reinforces the gel network at both nano- and 
microscales. Second, the layered architecture formed by 
aligned or randomly dispersed nanosheets creates tortu-
ous paths for crack propagation, which effectively hinders 
microcrack extension and enhances toughness. In some sys-
tems, 2D fillers can also promote network rearrangement or 
induce physical crosslinking, further contributing to energy 
dissipation and enhanced structural integrity. Additionally, 
the strong attraction between nanosheets and surrounding 
hydrogel components can lead to localized densification 
and the formation of interconnected gel domains, which 
restrict molecular mobility, increase cohesive strength, and 
allow stress coupling across the matrix [119]. This pro-
duces a comprehensive hardening effect that enhances ten-
sile strength, compressive modulus, and fatigue resistance, 
thereby providing key characteristics of hydrogels specifi-
cally engineered for extreme mechanical environments.
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Following these strategies, Wang et al. [61] developed a 
MXene-reinforced DN hydrogel by incorporating MXene 
nanosheets into a polyacrylamide (PAM) and sodium algi-
nate (SA) matrix. The MXene nanosheets not only provided 
a large specific surface area, promoting strong interfacial 
interactions with the polymer network, but also facilitated 
the formation of an “egg-carton” crosslinked architecture, 
which significantly enhanced mechanical resilience. As a 
result, the hydrogel’s compressive strength increased from 
0.17 to 0.35 MPa, and it retained 90.9% recovery after 50 
compression cycles at 80% strain, demonstrating outstand-
ing elastic recovery and fatigue resistance. Additionally, the 
tensile strength was remarkably improved from 28.1 kPa 
to 2.19 MPa, highlighting the robust reinforcement capa-
bility of 2D MXene fillers (Fig. 3c). In a complementary 
study, Chen et al. [120] engineered a high-stiffness, fast-
response hydrogel actuator using GO and deoxyribonucleic 
acid (DNA). In this system, GO sheets induced a layered 
heterogeneous structure, comprising two GO outer lay-
ers and a central layer of double-stranded DNA (dsDNA). 
Upon stimulus, dsDNA was reversibly converted into single-
stranded DNA (ssDNA), and the resulting structure, stabi-
lized by extensive hydrogen bonding interactions, conferred 
an ultrahigh Young’s modulus of up to 10 GPa alongside 
rapid volumetric swelling. This design exemplifies how 2D 
materials can be leveraged not only for mechanical strength-
ening but also for stimulus-induced structural transforma-
tion, achieving multi-responsive performance beyond con-
ventional hydrogels.

While 0D, 1D, and 2D nanofillers all operate through the 
concentrated crosslinking point mechanism, their geometric 
dimensionality fundamentally dictates distinct toughening 
mechanisms and performance profiles. This “dimensionality 
effect” means that nanomaterials of different shapes enhance 
hydrogels in unique ways, as systematically compared in 
Table 1. Leveraging this effect, the combined use of multi-
dimensional nanofillers presents a powerful strategy for cre-
ating smart hydrogels with simultaneous reinforcement and 
advanced functionality (Table 3). Rooted in the concentrated 
crosslinking point theory, nanofillers enhance the mechani-
cal performance of hydrogels by increasing crosslinking 
density and introducing synergistic mechanisms such as 
traction strengthening [121] and void-bridging toughening 
[122]. This multiscale approach significantly improves ten-
sile strength, crack resistance, and overall structural integ-
rity, which are properties essential for hydrogels in extreme Ta
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mechanical environments. Furthermore, by combining 
dimensions, materials gain integrated functional properties 
such as electrical conductivity, optical responsiveness, and 
sensitivity to smart responses [123].

In the toughening strategies of hydrogels, 0D, 1D, and 2D 
nanomaterials have been widely studied due to their unique 
structures and properties. However, these nanomaterials still 
face numerous challenges and limitations in practical appli-
cations. For instance, 0D nanomaterials tend to agglomer-
ate, which affects their uniform dispersion in the hydrogel 
network and thus reduces the toughening effect. Addition-
ally, insufficient interfacial interactions between nanopar-
ticles and the polymer matrix may lead to low stress trans-
fer efficiency, thereby impacting the overall performance 
of the material. 1D nanomaterials can effectively disperse 
stress and limit crack propagation, but they may fail under 

high-strain conditions due to structural damage. 2D nano-
materials, although possessing excellent mechanical proper-
ties, may reduce the transparency and biocompatibility of 
hydrogels, limiting their application in the biomedical field. 
Therefore, when designing mechanically extreme hydrogels, 
it is crucial to balance reinforcement efficiency, functional 
integration, and safety considerations. A comprehensive 
understanding of nanomaterial interactions at molecular and 
network scales will be essential to optimize both mechanical 
toughness and application-specific viability.

2.2 � Sacrificial Bond Theory

The sacrificial bond theory, first conceptualized in hydrogels 
by Gong et al. in 2003 [26], has since become a foundational 
framework for designing mechanically extreme hydrogels 

Fig. 3   Mechanisms of mechanical enhancement in nanocomposite hydrogels reinforced with nanofillers of different dimensionalities. a 0D fill-
ers: Fe3O4 NPs enabling magnetic responsiveness and network reinforcement. b 1D fillers: CNTs, and ANFs enhancing tensile strength, fatigue 
resistance, and structural entanglement. c 2D fillers: MXene nanosheets forming layered “egg-carton” structures for compressive strengthening 
and interfacial adhesion. Reproduced with permission from [45, 53, 61, 117]
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with high toughness and energy dissipation capabilities. 
In their pioneering study, bilayered poly(2-acrylamido-
2-methyl-1-propanesulfonic acid) (PAMPS)/PAM double-
network hydrogels were synthesized, demonstrating remark-
able mechanical enhancement through the introduction of 
hierarchical bonding interactions. The principle of sacrificial 
bonding is based on the strategic incorporation of “weak” 
and “strong” bonds within the hydrogel network. Upon 
mechanical loading, weak, reversible bonds such as ionic 
interactions or hydrogen bonds act as sacrificial units, break-
ing first and dissipating energy to delay catastrophic failure. 
These bonds absorb deformation energy and prevent imme-
diate structural collapse. Meanwhile, strong covalent bonds 
serve to maintain network integrity, supporting the load after 
the sacrificial bonds are ruptured. In the case of PAMPS/
PAAm DN hydrogels, the first network comprised of densely 
crosslinked PAMPS is highly brittle and composed of pre-
stretched polymer chains that cannot accommodate further 
deformation. When stress is applied, this brittle network 
fractures early, functioning as the sacrificial phase. In con-
trast, the second network, based on loosely entangled PAAm 
chains, remains intact under deformation. These long, flex-
ible chains gradually straighten under load and eventually 
sustain stress via covalent bond rupture, enabling the hydro-
gel to maintain structural continuity and stretchability. This 
double-network architecture thus couples brittle energy dis-
sipation with elastic resilience, producing a hydrogel with 
high fracture energy and extreme deformation tolerance.

2.2.1 � Double‑Network Hydrogel

Double-network (DN) hydrogels are a class of polymeric 
materials consisting of two interpenetrating or semi-inter-
penetrating three-dimensional networks, each with distinct 
mechanical roles and bonding characteristics. This unique 
architecture effectively addresses the intrinsic mechani-
cal limitations of single-network hydrogels, offering a 
robust balance between strength, toughness, and flexibil-
ity. DN hydrogels are typically categorized based on their 
crosslinking mechanisms into three types: (1) fully chemi-
cally crosslinked, (2) fully physically crosslinked, and (3) 
physically–chemically hybrid crosslinked systems. While 
chemically crosslinked DN hydrogels exhibit high mechani-
cal strength, they are often prone to irreversible damage due 
to the permanent nature of covalent bonds. In contrast, the 

latter two types incorporate dynamic non-covalent inter-
actions, such as hydrogen bonding, ionic coordination, or 
hydrophobic associations, which function as sacrificial 
bonds capable of reversible breakage and reformation. In 
hybrid double-network systems, the primary network is typi-
cally covalently crosslinked and acts as a structural back-
bone, while the secondary network, composed of reversible 
physical bonds, provides a dissipative phase that absorbs 
deformation energy under stress. This hierarchical bonding 
strategy prevents stress overshoot and crack propagation, 
significantly enhancing both fracture energy and fatigue 
resistance [111, 112]. The reversible nature of the physical 
bonds also contributes to self-recovery and damage toler-
ance, which are essential for applications involving cyclic 
or high-impact mechanical loading.

Specifically, Fang et al. [69] developed a fiber-connected 
double-network (fc-DN) hydrogel by integrating PAM with 
an acrylic acid-modified agarose (PA) fiber network. The 
introduction of interconnected fiber structures facilitated 
improved stress transfer, enhanced network alignment, and 
load-bearing capacity, resulting in a hydrogel with a tensile 
strength of 8 MPa and an exceptional toughness exceed-
ing 55 MJ m−3 (Fig. 4a). This design strategy demonstrates 
remarkable potential for mechanically extreme applications, 
such as damping materials in robotic landing gear, where 
impact absorption and energy dissipation are critical. In a 
parallel effort, Paola et al. [70] engineered a double-network 
hydrogel composed of crosslinked poly(2-oxazoline) (POx) 
and PAAm. In this system, reversible hydrogen bonding 
functions as a sacrificial network, dissipating stress during 
deformation and preserving the structural integrity of the 
chemically crosslinked backbone. The resulting hydrogel 
exhibited a compressive strength of 60 MPa, reflecting its 
ability to withstand extreme compressive loading.

Gong et al. [26] were the first to construct a typical 
DN hydrogel system through a two-step free-radical 
polymerization strategy: the highly crosslinked, rigid, 
and brittle poly-2-acrylamide-2-methylpropanesulfonic 
acid (PAMPS) as the first network, which serves as a 
sacrificial network to dissipate the energy; and the low-
crosslinked, flexible, and ductile PAM as the second net-
work to maintain the overall stability of the structure. The 
system exhibits excellent mechanical properties: toughness 
up to 102–103 J m−2, fracture stress up to 1–10 MPa, and 
tensile strain up to 1000%-2000%. On this basis, Gong’s 
team [22] further proposed key design principles for DN 
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hydrogels: The first network should be a rigid, highly 
crosslinked brittle polymer to assume the sacrificial role; 
the second network should be a soft, highly ductile neu-
tral polymer with a molar concentration 20–30 times that 
of the first network; the crosslinking densities of the two 
networks should be significantly. The crosslinking density 
of the two networks should be significantly differentiated, 
with the first network being used for energy dissipation 
and the second network ensuring elasticity and integrity. 
Subsequently, Suo et al. [124] systematically investigated 
the fatigue fracture behavior of PAMPS/PAAm double-
network hydrogels proposed by Gong’s group. The results 
show that the fatigue fracture threshold of the material 
decreases significantly when the chain length of the sec-
ond network (PAAm) is shortened, indicating that the 

flexible chain segments play a key role in crack extension 
inhibition.

Although double-network and multilayer network 
hydrogels exhibit excellent toughness, they have signifi-
cant limitations: First, pronounced hysteresis effects hin-
der full recovery during stretch-relax cycles, limiting their 
use in dynamic load environments like soft robotics. Sec-
ond, they often undergo permanent softening after large 
deformations due to irreversible bond fracture in the first 
network, leading to performance decline. Third, while sac-
rificial bond fracture dissipates energy, it can also trigger 
macroscopic irreversible damage during crack propaga-
tion. Fourth, increasing network layers enhances tough-
ness but introduces structural complexity, manufacturing 
challenges, and new failure modes like interfacial debond-
ing. Thus, these designs still face practical challenges, 

Fig. 4   Representative hydrogel systems based on the sacrificial bond theory. a Fiber-connected double-network (fc-DN) hydrogel with 
enhanced stress transfer and fiber alignment for improved toughness and tensile strength. b Dual-crosslinked hydrogel incorporating hydrazone–
Zn2+ coordination complexes as dynamic crosslinkers, enabling both mechanical reinforcement and autonomous repair. c Spider silk-inspired 
hydrogel microfibers, fabricated via a drawing-spinning technique, featuring hydrogen-bonded networks for high fracture energy and rapid self-
healing. Reproduced with permission from [69, 74, 76]
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necessitating new toughening mechanisms for more effi-
cient and stable hydrogel materials.

2.2.2 � Dual‑Crosslinked Hydrogel

Dual-crosslinked hydrogels are engineered by synergis-
tically integrating covalent crosslinks and dynamic non-
covalent crosslinks. Defined by a stable covalent network 
framework coupled with reversible non-covalent bonds 
acting as sacrificial motifs, their toughening mechanism 
relies on efficient hierarchical energy dissipation. Under 
mechanical load, dynamic bonds reversibly rupture to 
dissipate energy, redistributing stress concentrations and 
shielding the covalent network from catastrophic failure. 
This process effectively suppresses crack propagation and 
enhances fracture energy.

Specifically, Ju et al. [76] developed a poly(acrylamide-
co-methylacrylamidrazone) [P(AAm-co-MAH)] hydrogel 
reinforced with hydrazone–Zn2+ coordination complexes 
(Fig. 4b). These metal–ligand complexes serve as dynamic 
and reversible physical crosslinks, enabling efficient energy 
dissipation during mechanical deformation while preserving 
the network integrity. By tuning the copolymer composi-
tion and Zn2+ ion concentration, the mechanical and self-
healing properties of the hydrogel can be systematically 
optimized. The hydrogel also exhibited shape memory 
behavior, expanding its potential for programmable and mul-
tifunctional soft devices. In a parallel approach inspired by 
the mechanics of spider silk, Shi et al. [74] fabricated self-
healing hydrogel microfibers via an energy-efficient draw-
ing–spinning method using poly(methacrylic acid) (PMAA) 
and poly(2-(dimethylamino)ethyl methacrylate) methyl chlo-
ride salt (PDMAEA-Q). These fibers form hydrogen-bonded 
supramolecular networks, which contribute to high fracture 
energy, rapid self-repair, and damping behavior under cyclic 
loading (Fig. 4c). The resulting microfibers demonstrated 
superior toughness and durability, making them promising 
for applications involving repetitive motion, shock absorp-
tion, or structural deformation.

Double-crosslinked hydrogels have emerged as a prom-
ising strategy to enhance the mechanical properties of 
hydrogels, exhibiting significant potential in biomedical 
fields such as tissue engineering and drug delivery. How-
ever, their practical application is still hindered by several 

challenges, including the irreversible nature of covalent 
crosslinking networks, the insufficient stability of physi-
cal crosslinking networks, complex fabrication processes, 
and issues related to biocompatibility. In particular, when 
applied under physiological conditions, double-crosslinked 
hydrogels often suffer from problems such as fracture, lim-
ited self-healing ability, unstable swelling behavior, and 
inadequate energy dissipation mechanisms. Future research 
should focus on optimizing the structural design of double-
crosslinked hydrogels to enhance their stability and func-
tionality in complex physiological environments, thereby 
promoting their widespread use in biomedical applications. 
In physiological conditions, the performance of hydrogels 
can be influenced by various factors, including temperature, 
pH value, and ionic concentration. The stimulus-responsive 
behavior of double-crosslinked hydrogels can be achieved by 
introducing dynamic crosslinking networks, such as borate 
ester bonds and disulfide bonds. However, further research 
is needed to improve the response speed and controllability 
of these systems.

2.3 � Homogeneous Network Theory

As research on DN hydrogels has advanced, attention has 
turned to a critical limitation of conventional systems, that 
is, network inhomogeneity at the nanoscale. During random 
polymerization processes, DN hydrogels often exhibit struc-
tural defects such as polymer chain looping [125], entan-
glement [126], and chain isolation [127]. These imperfec-
tions result in uneven polymer chain lengths and irregular 
crosslinking densities, which compromise the gel’s struc-
tural uniformity. Under mechanical loading, stress tends to 
concentrate in these defect regions, accelerating crack ini-
tiation and propagation, ultimately leading to catastrophic 
failure. To address this, the homogeneous network theory 
was proposed, serving as a guiding principle for the design 
of topological hydrogels, i.e., a new class of materials char-
acterized by well-defined, defect-minimized network archi-
tectures. While the sacrificial bond theory achieves energy 
dissipation through the introduction of breakable “weak 
bonds,” the homogeneous network theory enhances mechan-
ical robustness by focusing on the topological structure of 
the network itself. Its core concept does not rely on local-
ized, predetermined sacrificial sites, but aims to construct 
uniform, reversible networks with distinctive topological 
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features (e.g., high entanglement or slide-ring structures). 
This enables homogeneous stress distribution (stress homog-
enization) and highly efficient, reversible energy dissipation. 
As a result, it significantly reduces hysteresis and improves 
fatigue recovery, functioning in a complementary manner 
to sacrificial bonding.

2.3.1 � High‑Entanglement Hydrogel

High-entanglement hydrogels are characterized by polymer 
networks in which chain entanglements far outnumber chem-
ical crosslinking points. The dense entanglement network 
enables stress to be effectively transferred along the contour 
length of polymer chains and shared among neighboring 
chains. In contrast, sparsely distributed chemical crosslinks 
serve mainly to maintain overall network cohesion without 
restricting chain mobility. This architecture yields hydrogels 
with enhanced toughness, greater extensibility, and superior 
fatigue resistance under repeated deformation. When sub-
jected to external loading, the deformation energy in high-
entanglement hydrogels is partitioned: A portion is stored 
elastically within the entangled network due to the inherent 
elasticity of the polymer chains, while the remainder is dis-
sipated through viscous flow and internal friction, providing 
effective energy dissipation and damage delay mechanisms. 
This design strategy rooted in the homogeneous network 
theory provides a robust framework for engineering hydro-
gels with mechanical resilience.

Specifically, Norioka et  al. [128] enhanced hydrogel 
toughness by reducing the use of chemical crosslinking 
agents, thereby promoting the formation of a physically 
crosslinked, entanglement-rich network (Fig.  5a). This 
architecture increased the hydrogel’s viscous response, 
allowing part of the mechanical energy to be dissipated 
through chain mobility and internal friction, which miti-
gated stress concentration and delayed crack propagation. 
During stretching, the entangled network efficiently dis-
tributed stress and facilitated energy dissipation, resulting 
in excellent mechanical recovery and improved toughness. 
Building upon this principle, Zhu et al. [83] developed a 
double-network hydrogel in which the first network was 
created using a high monomer concentration with minimal 
crosslinking, followed by immersion in a second monomer 
solution to form the secondary network (Fig. 5b). By tuning 
the electrolyte content in the primary network, they precisely 

controlled the swelling behavior of the second network, 
thereby regulating the hydrogel’s mechanical properties. The 
physical entanglements in the first network played a crucial 
role during deformation, promoting uniform alignment and 
significantly enhancing tensile strength and fracture energy. 
In a complementary approach, Kim et al. [38] focused on 
the role of polymer chain entanglement in single-network 
hydrogels, showing that when chains are sufficiently long 
and the number of crosslinking points is kept low, the mate-
rial achieves a favorable balance of rigidity and ductility. 
In such systems, entangled polymer chains act as sliding 
filaments, enabling effective stress redistribution without 
sacrificing deformability.

Despite the excellent toughening performance of entan-
glement strategies in hydrogels, they also exhibit significant 
limitations and failure modes. First, entanglement strate-
gies may lead to performance degradation under extreme 
environmental conditions. For example, in low-temperature 
conditions, the elastic modulus of hydrogels may signifi-
cantly increase, making them too rigid at low temperatures 
and thus affecting their application in cold environments. 
Second, entanglement strategies may result in structural 
instability during long-term use. For example, under cyclic 
loading or extreme environmental conditions, the destruction 
of entangled structures may lead to irreversible degradation 
of material performance.

2.3.2 � Slide‑Ring Hydrogel

Slide-ring (SR) hydrogels are a class of supramolecular 
materials characterized by topologically interlocked polymer 
networks in which cyclic molecules (rings), typically cyclo-
dextrins, thread through linear polymer chains and form 
movable crosslinking points. These unique “figure of eight” 
or sliding crosslinks can reposition themselves along the pol-
ymer backbone when subjected to stress, enabling a pulley-
like effect that dynamically redistributes mechanical forces 
across the networks [129]. This property imparts SR hydro-
gels with exceptional extensibility, toughness, and energy 
dissipation, making them ideal candidates for mechanically 
extreme and multifunctional applications. A pioneering 
example was reported by Okumura et al. [20] in 2001, who 
constructed a topologically connected hydrogel by threading 
poly(ethylene glycol) (PEG) chains through α-cyclodextrin 
rings, which were then capped and chemically crosslinked to 
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form sliding crosslinking nodes. Under external load, these 
nodes could slide freely, reducing localized stress concentra-
tions and preventing single-chain rupture. As a result, the 
hydrogel exhibited extraordinary mechanical properties, 
including elongation up to 2,000% and a swelling capacity 
exceeding 400 times its dry weight, a testament to its flex-
ible yet structurally stable design. Further advancing this 
concept, Tang et al. [89] developed SR hydrogels using PEG 
chains with methacrylate–azobenzene termini that formed 

dual-penetration complexes with γ-cyclodextrins (Fig. 5c). 
This design enabled photo-responsive crystallization and 
chemically tunable mechanical properties, enhancing both 
the Young’s modulus and elongation capacity. These hydro-
gels also showed excellent compatibility with multi-material 
3D printing and demonstrated potential for use in flexible 
stress sensors and adaptive structural materials. In sum-
mary, the slide-ring topology offers a versatile platform for 
designing homogeneous, stretchable, and fatigue-resistant 

Fig. 5   Representative hydrogel systems based on the homogeneous network theory. a High-entanglement hydrogel formed through physical 
crosslinking, enabling efficient energy dissipation and enhanced stress distribution under deformation. b Double-network high-entanglement 
hydrogel, in which swelling of the second network is controlled via electrolyte modulation in the first network, allowing tunable mechanical 
properties. c Slide-ring hydrogel formed by PEG with methacrylate–azobenzene end groups and γ-cyclodextrin, introducing double-penetration 
architecture and crystallization to improve elongation and toughness. Reproduced with permission from [83, 89, 128]
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hydrogels. By integrating sliding crosslinks, dynamic crys-
tallization, and stimuli-responsive motifs, SR hydrogels 
bridge the gap between mechanical performance and smart 
material functionality, expanding their utility in soft robot-
ics, wearable electronics, high-strain actuators, and bio-inte-
grated devices operating under mechanical extremes.

Beyond the design of chain viscosity and length in highly 
entangled and slide-ring hydrogels, recent advances in mac-
romolecular topology have opened promising avenues for 
constructing novel high-performance hydrogel networks. 
In the realm of discrete molecular topology, four primary 
classes have been identified: branched structures, multicyclic 
structures, knots, and links [39]. Branched topologies, par-
ticularly hyperbranched polymers, offer unique advantages 
for hydrogel reinforcement due to their three-dimensional 
architecture, highly branched backbones, and multifunc-
tional end groups. These features enhance chain flexibility, 
network uniformity, and crosslinking efficiency, leading to 
mechanically robust and highly tunable materials. For exam-
ple, Jiang et al. [130] synthesized macromolecular crosslink-
ers using carboxyl-functionalized, acrylate-terminated 
hyperbranched polycaprolactone (PCL) to fabricate super-
strong and tough ionic hydrogels. Meanwhile, dynamic non-
covalent interactions, including Fe3+-COO− coordination 
bonds and hydrophobic domain aggregation of PCL, intro-
duced energy-dissipating mechanisms that further enhanced 
toughness and durability.

While topological hydrogels (e.g., highly entangled and 
slide-ring structures) show great promise in mechanical per-
formance, their translation from the laboratory to practical 
use faces significant hurdles. The precise control of crosslink-
ing density to balance strength and flexibility remains a pri-
mary challenge, especially in complex, multi-step synthesis 
systems. Furthermore, the material’s performance is highly 
sensitive to its hydration state; variations in environmental 
humidity or excessive swelling can compromise network 
integrity, leading to unstable mechanical properties under 
dynamic loading. Additionally, intricate synthesis processes, 
stringent reaction conditions, and high costs severely limit 
scalable production and batch-to-batch consistency.

2.4 � Hard–Soft Phase Structure Theory

The hard–soft phase structure theory is a relatively recent 
design concept introduced in the year of 2020, originating 

from studies on polyampholyte (PA) hydrogels that dem-
onstrated exceptional toughness through phase-separated, 
bicontinuous network architectures [131]. This theory is 
based on the principle of mechanical synergy between a 
rigid, energy-dissipative “hard phase” and a ductile, load-
absorbing “soft phase.” It can be regarded as a specific and 
advanced manifestation of the sacrificial bond theory at the 
microscale phase separation level, while also incorporating 
the design philosophy of structural synergy.

In this theory, the “hard phase” (such as ionic clusters 
or crystalline regions) essentially acts as high-strength, 
nanoscale “sacrificial regions,” whose rupture dissipates 
energy. Meanwhile, the “soft phase” provides a continuous, 
deformable matrix that transmits loads and accommodates 
deformation. However, its uniqueness lies in emphasizing 
the regulation of phase separation thermodynamics and 
kinetics to construct long-term stable, interpenetrating 
bicontinuous phase structures. Such structures enable syn-
ergistic crack resistance and multi-level energy dissipation, 
surpassing designs relying on single-type sacrificial bonds.

Mechanistically, the hard phase is typically constructed 
from strongly physically crosslinked domains, including 
crystalline regions [121], glassy polymer cores [132], or 
self-assembled helical structures [48]. These elements act as 
quasi-permanent crosslinks, offering mechanical rigidity and 
dimensional stability under high stress. The hard–soft phase 
design approach is highly adaptable and has been applied 
to various hydrogel systems to enhance their mechanical 
robustness, fatigue resistance, and fracture energy.

2.4.1 � PA Hydrogel

Poly(amphoteric electrolyte) (PA) hydrogels are formed 
through random copolymerization of oppositely charged 
monomers, resulting in polymer chains bearing alternat-
ing polycationic and polyanionic units. These ionic groups 
interact via inter- and intra-chain electrostatic complexation, 
giving rise to heterogeneous ionic clusters that vary widely 
in both size and binding strength. This structural inhomoge-
neity forms the basis for the hard–soft phase separation that 
defines the mechanical behavior of PA hydrogels. Within the 
hydrogel network, ionic clusters are categorized based on the 
number and strength of ion-pair interactions. Large clusters, 
composed of hundreds of ion pairs, function as hard phases, 
i.e., rigid domains that act as quasi-permanent physical 
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crosslinks. These domains provide structural reinforcement 
and serve as primary obstacles to crack propagation. In con-
trast, smaller clusters, consisting of a dozen or fewer ion 
pairs, constitute the soft phases, which behave more flexibly 
and allow for reversible deformation under load. This dual-
phase structure enables the hydrogel to exhibit mechani-
cal synergy: Under external stress, the hard domains resist 
deformation and dissipate high-energy impacts, while the 
soft domains accommodate strain and reversibly reorgan-
ize to prevent catastrophic failure. As a result, PA hydro-
gels display excellent toughness, extensibility, and fatigue 
resistance, even under complex and dynamic mechanical 
environments.

One of the major advantages of PA hydrogels is their sim-
plicity of fabrication. They can be synthesized through free-
radical copolymerization of cationic and anionic monomers 
at optimized ratios, without the need for post-processing 
or complex structural templating. In the studies by Li et al. 
[131] and Yin et al. [133], the concept of hard–soft phase 
structuring was employed to simultaneously enhance the 
mechanical strength, energy dissipation, and self-healing 
capabilities of hydrogels through different material design 
routes. Briefly, Li et al. [131] synthesized PA hydrogels by 
chemically crosslinking oppositely charged monomers of 
sodium polystyrene sulfonate (NaSS) and chloromethyl-qua-
ternary N,N-dimethylaminoethyl methacrylate (DMAEA-
Q). Upon removal of the small counterions (Na+ and Cl−), 
strong ionic bonds spontaneously formed between oppo-
sitely charged polymer chains, driving local ionic aggre-
gation and inducing microphase separation into hard and 
soft domains. The hard phase, composed of densely packed, 
high-strength ionic clusters, contributed significantly to the 
gel’s rigidity and mechanical integrity, while the soft phase, 
formed by weaker and more reversible ionic interactions, 
served as a dissipative domain that could undergo break-
age and reformation under stress, enhancing the material’s 
toughness and flexibility. In a complementary approach, Yin 
et al. [133] developed a high-strength, high-toughness zwit-
terionic hydrogel based on poly(sulfobetaine methacrylate) 
(PSBMA) via the synergistic combination of liquid–liquid 
phase separation and polymer chain entanglement (Fig. 6a). 
This hydrogel similarly formed hard–soft phase-separated 
domains, with the hard phase imparting high compres-
sive strength and dimensional stability, and the soft phase 
contributing to strain adaptability, toughness, and recov-
ery dynamics. Despite differences in chemistry and phase 

formation mechanisms, both studies highlight the crucial 
mechanical synergy achieved through the coexistence of 
hard and soft phases. The hard domains, formed via strong 
ionic bonding or phase-separated dense networks, provide 
structural reinforcement and crack resistance, while the 
soft domains, consisting of flexible, reversibly interacting 
segments, enable energy dissipation, self-repair, and stress 
redistribution under mechanical loading.

As a toughening strategy for hydrogels, polyelectrolyte-
based hydrogels do have certain limitations in raw material 
selection and preparation. In terms of raw material selection, 
the high hydration of zwitterionic groups in these hydrogels 
leads to weak inter-chain interactions, resulting in limited 
mechanical properties. Additionally, traditional zwitteri-
onic hydrogels are difficult to achieve injectability, limiting 
their use in dynamic environments. To address these issues, 
researchers have explored methods such as introducing 
dynamic crosslinks, hybrid materials, or elastic polymers 
to enhance toughness while maintaining biocompatibility 
and flexibility. Beyond material selection and preparation, 
zwitterionic hydrogels also face limitations in other aspects 
of toughening strategies. For instance, their toughening 
mechanism primarily relies on the breaking and reforma-
tion of ionic bonds, which may fail under extreme conditions 
(e.g., high temperature, high humidity), leading to irrevers-
ible degradation of material properties. Additionally, zwit-
terionic hydrogels undergo irreversible softening after large 
deformations, which limits their use in applications requir-
ing high stability and long-term performance. Therefore, 
despite their excellent toughening capabilities, zwitterionic 
hydrogels still require further research and optimization to 
overcome these challenges in practical applications.

2.4.2 � Other Hydrogels

The hard–soft phase concept has been successfully extended 
beyond conventional hydrogels to a broad range of ionic 
liquid gels, organic hydrogels, and elastomers, enabling the 
design of mechanically robust, adaptable, and multifunc-
tional materials. For instance, Wang et al. [134] enhanced 
ionic liquid P(AAm-co-AAc) hydrogels by engineering 
a double-continuous phase structure composed of hard 
AAm-rich domains (stabilized by hydrogen bonding) and 
soft AAc-rich solvent domains (Fig. 6b). This architecture 
significantly improved the gel’s tensile strength, toughness, 
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and self-healing capability. Physically, the homogeneous dis-
tribution of ionic liquids facilitated stress dispersion, inhib-
ited crack formation, and enhanced long-term durability. 

Chemically, the ionic liquids reacted with functional groups 
in the polymer network to promote crosslinking or structural 
rearrangement, further boosting mechanical performance. 

Fig. 6   Representative materials illustrating the hard–soft phase structure theory in hydrogel and elastomer systems. a Poly(amphoteric electro-
lyte) hydrogel, exhibiting microphase-separated hard and soft domains, where hard phases provide compressive strength and rigidity, and soft 
phases enable toughness and recovery. b Ionic liquid hydrogel with a double-continuous phase structure composed of AAm-rich hard segments 
(via hydrogen bonding) and AAc-rich soft solvent domains, enhancing strength, toughness, and self-healing behavior. c Elastomer system com-
prising hard segments formed by strong hydrogen bonding (amino and carbonyl groups) and soft segments from polyester/polyether copolymers, 
offering flexibility, energy dissipation, and biodegradability. Reproduced with permission from [133, 134, 136]
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Similarly, Zhou et al. [135] developed double-crosslinked 
PVA-PI organic hydrogels, in which the hard phase was com-
posed of PVA crystalline domains and covalent crosslink-
ing points, while the soft phase consisted of poly(imide) 
(PI) chains that imparted flexibility and extensibility. In this 
system, the hard domains benefit from solvent-induced crys-
tallization and uniform crosslinking, while the soft domains 
gain enhanced fluidity and ductility, collectively contribut-
ing to a highly durable and adaptable gel network. In the 
domain of elastomers, Xun et al. [136] achieved substantial 
improvements in self-healing and mechanical performance 
of the TDSE elastomer by tailoring interactions between 
hard segments formed through strong hydrogen bonding 
between amino and carbonyl groups and soft segments 
comprising polyester/polyether copolymers (Fig. 6c). This 
optimized distribution of hard and soft domains enabled 
effective energy dissipation under mechanical stress while 
maintaining elasticity, flexibility, and biodegradability.

In the design of microphase-separated hydrogels, 
researchers commonly employ the hard–soft phase struc-
ture as a key concept to construct heterogeneous networks, 
synergistically enhancing mechanical properties. By inte-
grating sacrificial bonding mechanisms with hard and soft 
microdomains, such hydrogels can effectively resist fracture, 
dissipate energy efficiently, and maintain structural integrity 
under large deformations. The reinforcement and toughening 
mechanisms primarily stem from the formation of discrete 
hard domains—typically composed of crystalline, glassy, 
or highly crosslinked segments embedded within a compli-
ant soft matrix. Under mechanical loading, the soft phase 
absorbs and dissipates energy through reversible interactions 
or chain rearrangements, while the hard phase bears the load 
and suppresses crack propagation. Their synergistic interac-
tion endows the material with outstanding overall perfor-
mance. It is worth noting that the hard–soft phase structure, 
as a prevalent design strategy, is not limited to typical hydro-
gel systems but also extends to various polymer materials 
such as ionic liquid gels, organic gels, and elastomers, where 
it helps balance strength, flexibility, and functional respon-
siveness. In later sections of this paper, we will further dis-
cuss preparation methods for microphase separation, where 
the concept of hard–soft phase structure will be illustrated in 
concrete experimental design and structural control.

2.5 � Self‑Growth Theory

Self-growth hydrogels represent a novel class of dynamic 
materials capable of autonomously increasing in volume, 
structure, or network complexity under specific external 
stimuli or internal chemical triggers. Analogous to biologi-
cal growth, these hydrogels exhibit expansion through mech-
anisms such as water absorption, monomer polymerization, 
or mechanically induced chemical reactions. Critically, 
the core of self-growth lies in stimulus-triggered in situ 
chemical reactions (e.g., mechanoradical polymerization, 
interface-initiated polymerization, catalytic crosslinking), 
rather than simple physical swelling. Environmental condi-
tions (e.g., pH, temperature, ionic strength) act as essential 
“triggers” or “modulators” for these processes, dictating 
their initiation, kinetics, and outcome. This growth behav-
ior not only expands the spatial footprint of the hydrogel 
but also enhances its mechanical properties, adaptability, 
and longevity.

A pioneering example was introduced by Gong et al. in 
2019 [28], who developed a mechanically activated self-
growth double-network hydrogel system. The hydrogel 
consisted of a brittle primary network formed from poly 
(2-acrylamido-2-methylpropanesulfonic acid sodium salt) 
(PNaAMPS) and a ductile secondary network based on 
poly(acrylamide) (PAAm). Upon application of mechani-
cal force, the brittle PNaAMPS network undergoes bond 
scission, generating free radicals that trigger the in situ 
polymerization of monomers in the surrounding medium. 
Simultaneously, the extensible PAAm network maintains the 
overall structural integrity, allowing the material to grow 
internally while remaining functionally intact. This mecha-
noradical polymerization mechanism enables the hydrogel 
to “self-grow” in both mass and complexity in response to 
mechanical stimuli. Such behavior provides a feedback loop 
between mechanical damage and structural reinforcement, 
endowing the material with autonomous adaptability, pro-
longed service life, and potential self-repair capabilities. The 
self-growth theory introduces a new paradigm in hydrogel 
design, moving beyond passive structural resilience toward 
active mechanical regeneration and programmable growth. 
It holds great promise for applications in tissue engineer-
ing, regenerative soft robotics, and adaptive biointerfaces, 
where materials must respond dynamically to stress, wear, 
or environmental change.
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In nature, living organisms possess the remarkable ability 
to grow, repair, and evolve complex architectures without 
continuous external energy input. Inspired by these biologi-
cal principles, recent research has demonstrated that self-
growth hydrogels can be designed to autonomously expand, 
reinforce, or morphologically adapt in response to environ-
mental or mechanical stimuli, offering exciting prospects for 
next-generation smart materials. For instance, Jian et al. [43] 
developed a self-growth double-network hydrogel in which 
new polymer networks are formed via radical polymeriza-
tion at the interface between liquid metal (eutectic gallium 
indium, EGaIn) and an acrylamide (AAm) precursor solu-
tion (Fig. 7a). Under mechanical activation, the hydrogel 
continuously expands its network, mimicking the dynamic 
growth observed in biological tissues. In a complementary 
strategy, Zhao et al. [137] fabricated a hydrogel capable of 
forming a self-growing protective crystalline layer through 
surface crystallization of sodium acetate (Fig. 7b). This 
protective shell not only self-repairs upon damage but also 
enhances the mechanical durability of the hydrogel, offer-
ing potential for harsh-environment applications. Wei et al. 
[138] proposed a self-catalyzing hydrogel system, where 
plant-derived polyphenols complexed with Fe3+ ions ena-
ble the hydrogel matrix to incorporate new monomers via 
catalytic reactions (Fig. 7c). This chemical design allows 
the material to regenerate and expand its internal network 
in  situ, enabling both structural renewal and functional 
enhancement. Further extending the concept, Maity et al. 
[139] utilized urease-catalyzed reactions to direct the growth 
of hydrogel spheres, allowing the fabrication of complex 3D 
hydrogel geometries with high precision (Fig. 7d).

The study of self-growth hydrogels, although initiated 
relatively recently, has developed rapidly in recent years, 
particularly in the fields of biomimetic material design and 
smart-responsive materials. These investigations have not 
only expanded the application scope of hydrogels but also 
provided new insights for the design of high-performance 
hydrogels in the future. However, due to the complexity of 
the preparation process, which involves the synergistic inter-
action of multiple chemical and physical mechanisms, cur-
rent research remains largely at the laboratory scale and has 
not yet established a mature industrial application system. 
Self-growth hydrogels exhibit irreversible softening after 
large deformations. Although the introduction of sacrificial 
bonds or dissipative structures can enhance the self-healing 
capability of the material, their recovery capacity under 

continuous cyclic loading remains limited. Furthermore, the 
stability of self-growth hydrogels under extreme conditions, 
such as high temperature, high humidity, or strong mechani-
cal stress, is also a concern. A pivotal, unresolved question 
is whether the self-growth mechanism, over many cycles, 
leads to a more homogeneous and robust network, or if it 
inadvertently introduces compositional drift and structural 
heterogeneity that ultimately undermine the long-term per-
formance. As an emerging method for toughening hydrogels, 
self-growth hydrogels hold significant potential, but their 
research is still in a developmental stage and faces certain 
limitations. Future studies should concentrate on gaining a 
deeper understanding of their toughening mechanisms and 
exploring more efficient preparation methods and broader 
application scenarios.

3 � Further Toughing Strategies

The growing application of hydrogels in fields such as bio-
medicine, soft robotics, and wearable sensors has driven a 
surge of research focused on improving their mechanical 
strength, durability, and multifunctionality. To meet these 
demands, recent strategies have increasingly drawn inspi-
ration from nature’s high-performance structural materials, 
such as spider silk, silkworm silk, tendon, wood, shells, 
and corals, all of which exhibit exceptional combinations 
of toughness, flexibility, and hierarchical architecture. In 
addition to by leveraging these biomimetic design princi-
ples, researchers have implemented various approaches to 
enhance hydrogel performance, including: (1) externally 
induced microphase separation, (2) temperature-regulated 
or solvent-mediated phase reorganization, and (3) advanced 
fabrication techniques, such as 3D printing, which enables 
precise spatial control of material composition and archi-
tecture. This section will explore the biomimetic inspira-
tions, phase separation techniques, and emerging fabrication 
methods that are shaping the development of next-generation 
hydrogels engineered to perform under mechanical extremes 
and dynamic functional demands.

3.1 � Bioinspired Structural Design

Nature provides powerful design cues through hierarchi-
cally organized biological structures, such as spider silk, silk 
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fibers, and plant tissues, which exhibit exceptional combi-
nations of mechanical toughness, extensibility, and energy 
dissipation. Unlike traditional hydrogels with randomly 

distributed polymer networks, these natural materials lev-
erage ordered, multiscale architectures to achieve superior 
mechanical performance. This has led to the emergence of 

Fig. 7   Representative systems illustrating the self-growth theory in hydrogel materials. a Bioinspired self-growth hydrogel initiated by liquid 
metal (EGaIn), which triggers free-radical polymerization to mimic keratin-like growth under mechanical stimulation. b Sodium acetate crys-
tallization on the hydrogel surface forms a self-growing protective layer, capable of autonomous repair after damage. c Autocatalytic hydro-
gel matrix based on plant polyphenol-Fe.3+ complexes, enabling monomer incorporation and network expansion via self-catalyzed reactions. d 
Urease-catalyzed hydrogel system guiding morphological evolution of hydrogel spheres in response to environmental stimuli. Reproduced with 
permission from [43, 137–139]
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bioinspired ordered-structure hydrogels, which aim to rep-
licate the mechanical strategies of natural soft tissues, such 
as high tensile strength, enhanced fracture toughness, and 
superior fatigue resistance, along with intelligent stimuli 
responsiveness. This section explores key biological arche-
types, such as protein-based fibers (e.g., spider silk, silk), 
plant-derived architectures (e.g., wood, lotus fibers), and 
human tissue analogues (e.g., skin, ligaments), to highlight 
recent advances in mechanically adaptive hydrogel design. 
By analyzing how biological systems achieve multiscale 
toughness and durability, we provide a conceptual and prac-
tical framework for the next generation of hydrogels tailored 
for use in biomedicine, soft robotics, and advanced structural 
materials.

3.1.1 � Spider Silk/Worm Silk

Spider silk and silkworm silk are renowned for their excep-
tional mechanical properties, which arise from their hier-
archical structural organization, molecular alignment, and 
controlled self-assembly processes. These natural protein 
fibers serve as biomimetic models for designing tough, 
strong, and resilient hydrogels, offering insights into how 
multiscale architectures can be leveraged to achieve mechan-
ical extremes [130]. From the nanoscale β-sheet crystalline 
domains to micron-scale fibrillar assemblies, silk materials 
exhibit a layered hierarchical structure that enables effective 
stress distribution across multiple length scales [140, 141]. 
This architecture not only enhances energy dissipation and 
fracture resistance but also supports dynamic adaptability in 
response to external stimuli.

Inspired by these natural structures, researchers have 
developed various strategies to mimic the mechanical 
behavior of silk. Liu et al. [142] engineered a nanocon-
fined hydrogel using polyvinyl alcohol to replicate amor-
phous protein domains and aramid nanofibers to mimic 
β-sheet nanocrystals. This biomimetic design achieves 
simultaneous high tensile strength (2.07 MPa), exten-
sibility (1084%), toughness (12.66 MJ m−3), fracture 
energy (3196 J m−2), and fatigue threshold (157 J m−2), 
offering a robust platform for soft robotics and artificial 
tendons (Fig. 8a). This natural paradigm inspires bioin-
spired hydrogel fabrication where tailored temperature, 
pH, and ionic strength direct microstructural organization 
for enhanced mechanical performance [143]. Mimicking 

silkworm silk’s solution spinning and phase separation, 
Lu et al. [144] fabricated sericin-based ionic hydrogel 
fibers with semicrystalline alignment via continuous wet-
spinning, achieving 55 MPa tensile strength, 530% ductil-
ity, and 0.45 S m−1 conductivity for flexible transparent 
electrodes. In spider silk spinning, inorganic salt ions also 
play a key role by inducing protein aggregation, stabi-
lizing crystalline domains, and modulating mechanical 
behavior [145]. Inspired by salt-regulated spider silk spin-
ning, Wu et al. [146] developed a biomimetic spinning-
structure-environment strategy where ionic crosslinking 
and crystalline domains synergistically impart 162.25 MJ 
m−3 toughness, with Young’s modulus tunable from 0.27 
to 118.53 MPa. These fibers maintain 0.0014 mS cm-1 
conductivity at − 40 °C, exceed 50 MPa strength with 
200% elongation.

The design of bioinspired hydrogels often involves multi-
scale engineering, such as aligning polymer chains through air-
drying or freeze-casting techniques to form hierarchical struc-
tures from nanoscale to microscale. These methods not only 
enhance mechanical properties but also provide a generalizable 
framework for designing ordered hydrogels. By understand-
ing and emulating these principles, researchers can develop 
materials with superior mechanical and functional properties 
for a wide range of applications.

3.1.2 � Wood/lotus Fibers

Wood exhibits multiscale hierarchical architecture spanning 
macroscopic trunks/growth rings, cellular wall layers (includ-
ing middle lamella and secondary walls), and microscale 
crystalline microfibrils ordered within lignocellulosic matri-
ces. This anisotropic composite, formed through sequential 
cellulose/lignin deposition during growth, delivers excep-
tional compressive strength, crack propagation resistance, and 
mechanical resilience.

In situ self-assembly of cellulose into crystalline microfi-
brils within lignin–hemicellulose matrices creates laminated 
anisotropic composites. This growth-coupled consolidation 
process confers inherent compressive strength (~ 60 MPa), 
crack deflection capacity, and deformation energy dissipation 
to wood [147]. Mimicking wood’s anisotropic toughening 
mechanism, Wu et al. [148] engineered PVA/CNF hydrogels 
via salt-induced phase separation coupled with pre-stress align-
ment, bio-replicating hierarchical cellulose-lignin architecture. 



	 Nano-Micro Lett.          (2026) 18:328   328   Page 32 of 70

https://doi.org/10.1007/s40820-026-02179-8© The authors

Achieving breakthrough tensile strength (> 40 MPa), elonga-
tion (> 250%), and toughness (61.8 MJ m−3). Guan et al. [149] 
engineered spiral hydrogel fibers via tangential-force-induced 
hydrogen bond reconfiguration in bacterial cellulose, achieving 

116.3 MJ m−3 toughness (9 × untreated fibers) and > 90 MPa 
tensile strength, and controllable deformation recovery for revo-
lutionary surgical sutures (Fig. 8b). The structural features of 
both wood and lotus fibers demonstrate the optimization of 

Fig. 8   Biomimetic strategies inspired by natural materials for enhancing the mechanical properties of hydrogels. a Spider silk-inspired design: 
Mimicking the β-sheet nanocrystal and amorphous domain hierarchy to improve strength and toughness. b Lotus root fiber-inspired helical struc-
ture: Tangentially deformed bacterial cellulose hydrogel replicating spiral morphology for enhanced stretchability and crack resistance. c Ten-
don-inspired triple-network hydrogel: Anisotropic alignment and interfacial adhesion mimicking hierarchical soft tissues for robust energy dissi-
pation and fatigue resistance. d Pearl formation-inspired mineralization: Alternating deposition of calcium carbonate on wood scaffolds to create 
layered mineral-polymer composites with improved mechanical integrity. Reproduced with permission from [142, 149, 154, 156]
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structure–function relationships, emphasizing the critical role 
of microstructural alignment, phase separation, and geometric 
configuration in improving material performance.

3.1.3 � Human Soft Tissues and Muscle Ligaments

Human soft tissues exhibit unique mechanical behav-
ior through multiscale hierarchical architecture, ani-
sotropy, and high-water content (70–90%). The epider-
mal–dermal–hypodermal tri-layer system exemplifies 
protection–elasticity–energy dissipation synergy, offer-
ing fundamental biomimetic principles for tough adap-
tive hydrogels [150]. Inspired by skin’s multiscale ani-
sotropy, Fu et al. [151] applied directional freezing to 
enhance toughness parallel to freezing while achieving 
high responsiveness perpendicularly. This architecture 
replicates dermal mechanical gradients with directional 
functionality. Such biomimetic systems enable tough-yet-
compliant solutions for artificial ligaments and muscle 
actuators, advancing bio-integrated applications.

Moreover, inspired by the highly organized collagen 
fiber alignment in human soft tissues, often in parallel or 
staggered configurations enabling simultaneous high ten-
sile strength and elasticity, bioinspired designs can emu-
late this structural [152]. Emulating the oriented collagen 
fiber architecture of natural skin to boost mechanical resil-
ience, the PVA-Gp/TA-CaCl2 hydrogel attains 5.79 MPa 
tensile strength and high toughness via salt-assisted 
freeze–thaw crosslinking, while integrating conductivity, 
UV-blocking capability, and recyclability for multifunc-
tional e-skin systems [153]. Inspired by the hierarchical 
dissipative architecture of tendon tissue, Choi et al.’s tri-
ple-network hydrogel integrates ionic/covalent/supramo-
lecular interactions, achieving tendon-like anisotropy via 
stretch-mediated remodeling (Fig. 8c) [154].

3.1.4 � Underwater Creature

In recent years, the structural ingenuity of marine organ-
isms has offered a powerful biomimetic framework for the 
design of strong and tough hydrogels. Marine organisms 
offer biomimetic paradigms for tough hydrogel design 
through stratified soft–hard architectures, where alter-
nating phase interfaces enhance compressive/fracture 

resistance via crack-arresting and energy dissipation [155]. 
Their layered composite materials combine calcium-based 
minerals with organic polymers, enabling the hydrogel to 
achieve synergistic stiffness and toughness.

One of the most iconic biomineralization processes in 
nature is the formation of pearls, wherein calcium carbon-
ate is gradually deposited onto an organic matrix scaffold, 
forming a smooth, compact, and highly durable structure. 
Mimicking this mechanism, Qiu et al. [156] developed a 
bioinspired mineralized scaffold by alternately immersing 
wood substrates in calcium chloride (CaCl2) and sodium 
bicarbonate (NaHCO3) solutions (Fig. 8d). Nacre-wood 
bionic coupling via alternating mineralization yields 
millimeter-thick artificial nacre with 93.31 MPa bending 
strength, 122.59 MPa tensile strength, 7.40 MPa m1/2 frac-
ture toughness, and 4.61 MJ m−3 work of fracture, whose 
1.59 g cm−3 density enables specific strength surpassing 
natural nacre and analogs for structural engineering. Bio-
logical core–shell architectures synergize rigid exteriors 
for high hardness/compressive strength with deformable 
energy-absorbing cores, enabling materials to achieve 
impact resistance, structural protection, and damage tol-
erance under complex loading. Mimicking the rigid–duc-
tile synergy of marine shells and cortical bone, Xu et al.’s 
core–shell hydrogel integrates stiff protective exteriors 
with dissipative cores to achieve extreme mechanical 
properties: 55.3 MPa compressive strength, 1031 MJ m−3 
toughness, and 40.9 kJ m−2 fatigue threshold, positioning 
it as an ideal platform for impact-absorbing biomateri-
als and adaptive composites [157]. The hollow porous 
architecture of coral skeletons synergistically provides 
mechanical stability and high surface area, enabling effi-
cient mass/heat transfer and environmental interactions 
in biological-aqueous systems. Liu et al. [158] developed 
coral-channel-inspired hollow microneedles that synergize 
wound exudate absorption with pathogen-responsive drug 
release, where therapeutic delivery automatically adjusts 
to infection severity while enabling real-time monitoring.

3.2 � Microphase Separation

3.2.1 � External Force‑Driven Orientation

External mechanical forces during hydrogel fabrication 
induce microphase separation and polymer chain alignment, 
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enhancing anisotropy to improve stress distribution, energy 
dissipation, and resistance to mechanical degradation. For 
example, Li et al. [159] utilized cyclic stretching to induce 
progressive reorganization and alignment of polymer 
chains in polyelectrolyte hydrogels, significantly enhanc-
ing mechanical energy dissipation, fatigue resistance, and 
mechanical durability (Fig. 9a). Similarly, Liu et al. [160] 
employed mechanical training to transform κ-carrageenan 
hydrogels into ordered rigid structures, achieving 396% 
fracture strain, 0.55 MPa tensile strength, and 1.52 MJ m−3 
toughness while enhancing crystallinity and anisotropy.

By physically deforming the hydrogel during or after 
synthesis, pre-stretching promotes fiber orientation, crys-
tallinity, and intermolecular interactions, thereby signifi-
cantly improving strength, toughness, and durability, espe-
cially under dynamic loading conditions. In a representative 
study, Sun et al. [161] proposed a “salt-induced coordina-
tion-locking” strategy that combines pre-stretching with 
salting-out effects to mimic the hierarchical nanostructure 
of spider silk (Fig. 9b). The hydrogel was first mechanically 
stretched to orient its internal network and then stabilized by 
salt-induced locking, effectively “freezing” the anisotropic 
architecture. This approach led to dramatic enhancements 
in mechanical performance, with increases in tensile stress, 
toughness, and modulus by approximately 940-, 1075-, and 
2830-fold, respectively. Similarly, Jing et al. [162] employed 
pre-stretching combined with metal coordination bonds 
to align cellulose microfibers and reinforce the network, 
achieving a tensile strength of 52.79 MPa, Young’s modu-
lus of 287 MPa, and fracture toughness of 34.41 MJ m−3 for 
enhanced load-bearing performance (Fig. 9c).

3.2.2 � Solvent Immersion

As a critical fabrication strategy for hydrogel toughening, 
solvent immersion leverages diffusion-driven exchange to 
remove unreacted monomers and by-products, enhancing 
network purity and structural uniformity while strengthen-
ing mechanical properties across diverse media. By precisely 
modulating crosslinking density and inducing microphase 
rearrangement, this technique enables organic solvents to 
trigger polymer densification, and salt/metal ion solutions 
to activate ionic crosslinking and coordination reinforce-
ment, thereby concurrently enhancing strength, stiffness, 

and swelling stability (Table 4). Furthermore, its capacity 
for functional dopant incorporation establishes a versatile 
platform for developing smart hydrogels with integrated 
sensing, actuation, and self-healing capabilities.

In the pursuit of enhancing hydrogel mechanical perfor-
mance, the organic solvent substitution strategy has emerged 
as a widely adopted and efficient post-treatment technique. 
Commonly employed organic solvents include glycerol 
[163], ethylene glycol [164], formic acid [165], and dime-
thyl sulfoxide (DMSO) [166]. Xu et al. [29] demonstrated 
that DMSO-to-water solvent exchange maintains extended 
PVA chain conformations while rebuilding crosslinks, sig-
nificantly enhancing hydrogel toughness and anti-swelling 
properties. Zhang et  al. [165] further employed formic 
acid/water exchange to reorganize nanofiber networks and 
elevate β-sheet content, yielding silk hydrogels with modu-
lus 5.88 ± 0.82 MPa, tensile strength 1.55 ± 0.06 MPa, and 
toughness 0.85 ± 0.03 MJ m−3. Similarly, He et al. [166] 
engineered a salt-compatible PVA hydrogel electrolyte for 
zinc anode stabilization, utilizing DMSO as the substitu-
tion solvent. In DMSO, the PVA chains were maintained in 
an extended and evenly dispersed conformation, whereas 
in water, the chains adopted folded, aggregated structures 
(Fig. 10a). This electrolyte delivered exceptional perfor-
mance in energy storage systems. A Zn/Zn symmetric pouch 
cell demonstrated stable cycling for over 1300 h at 1 mA 
cm-2, while a Zn/MnO2 full cell retained 98.4% capacity 
after 100 cycles, confirming the effectiveness of solvent-
mediated structural control for electrochemical applications.

The mechanism of ion diffusion-induced microphase 
separation in salt solutions is fundamentally governed by 
the Hofmeister series, which describes the ion-specific regu-
lation of salt-out and de-salting effects in polymer systems, 
particularly proteins. This principle has been broadly applied 
to various hydrogel-forming polymers. Salt ions, depending 
on their position in the Hofmeister series, influence poly-
mer–solvent interactions, leading to phase reorganization, 
network densification, and enhanced mechanical and func-
tional properties. In a systematic investigation, Wu et al. 
[167] achieved mechanically robust phase-separated gels via 
saturated sodium sulfate bath immersion, where sulfate ion-
hydroxyl dipole interactions triggered chain aggregation to 
reinforce the matrix. In a related study, Cui et al. [168] inves-
tigated the role of salt immersion in tuning the properties of 
physically crosslinked double-network hydrogels (Fig. 10b, 
c). Upon immersion in selected salt solutions, the hydrogels 
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underwent secondary crosslinking and salt crystallization, 
resulting in profound enhancements in both mechanical and 
conductive performance. After treatment, the hydrogels 
exhibited a tensile strength increase of 530-fold, fracture 

energy enhancement by 1100-fold, and a 4.9-fold rise in 
ionic conductivity, ultimately achieving a tensile strength of 
15 MPa, fracture energy of 39 kJ m−2, and ionic conductivity 

Fig. 9   Mechanical external force-induced strategies for enhancing the mechanical properties of hydrogels. a Cyclic stretching training improves 
the stress–strain behavior and fatigue resistance of polyelectrolyte hydrogels by inducing dynamic chain reorganization and microphase adjust-
ment. b Pre-stretching combined with salting-out effects locks anisotropic chain orientation, mimicking the hierarchical structure of spider silk 
and dramatically enhancing mechanical performance. c Metal ion coordination-reinforced cellulose-based hydrogel, formed by pre-stretching 
the initial network followed by metal ion infusion, exhibits significantly increased strength and fracture toughness. Reproduced with permission 
from [159–162]
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of ~ 1.5 S m−1, valuing that surpass most conventional high-
conductivity hydrogels.

Currently, by modulating the type, concentration, or coor-
dination environment of metal ions and ligands in solution, 
researchers can precisely control the crosslinking density, 
enabling fine-tuning of both the mechanical performance and 
stimuli-responsive behavior of hydrogels. These metal ions 
form coordination networks or metal–organic frameworks 
(MOFs) within the hydrogel matrix, significantly enhancing 
structural integrity, toughness, and functional adaptability. 
For instance, in previous work by Zhen and Wu’s group [17], 
Zr4+ ions were shown to form stable coordination bonds with 
sulfonate groups, dramatically improving the mechanical 

robustness of sulfonated polyelectrolyte hydrogels. Expand-
ing upon this, Yu et al. [169] developed high-transparency 
hydrogel films by initiating acrylic acid polymerization in 
the presence of Zr4+ (Fig. 10d). The resulting COO−-Zr4+ 
coordination bonds served as dynamic yet stable physical 
crosslinking sites, effectively enhancing the tensile strength, 
Young’s modulus, and elongation at break of the hydrogel 
films. Chen and Cui et al. [170] engineered mechanically 
robust fluorescent hydrogels (tensile strength: 3.9 MPa, 
Young’s modulus: 0.66 MPa) via synergistic lanthanide 
coordination/hydrogen bonding in solution. Precise tuning 
of Eu3+/Tb3+ ratios enabled emission-color control, while 
acid–base reversible coordination granted cycling-stable 

Table 4   Impact of four solvent immersion strategies on hydrogel toughness and functionality

Types Solvent Aspect Effects and Pros/Cons

Water Immersion Water Toughness Pros: High extensibility (swollen state); Cons: Lowest 
strength/modulus, extreme brittleness below 0 °C; Mecha-
nism: No efficient energy dissipation

Functionality Pros: Optimal biocompatibility, high conductivity, trans-
parency; Cons: Rapid dehydration, microbial growth, no 
freeze-resistance

Key Limitation Poor mechanical properties, low environmental stability
Applications Cell culture, biosensors, drug delivery carriers

Organic Solvent Immersion Glycerol, DMSO, Formic acid, 
etc.

Toughness Pros: Drastically toughness (plasticization + energy dis-
sipation), cryogenic flexibility (-50 °C); Cons: Potential 
strength reduction at high concentrations

Functionality Pros: Superior freeze/desiccation resistance, mild antimi-
crobial effect (glycerol); Cons: Biocompatibility (DMSO/
formic acid toxicity), conductivity

Key Advantage Top strategy for toughening, extreme environmental stability
Applications Cryogenic flexible electronics, soft robotics, cryopreservation

Metal Ion Immersion Ca2⁺, Fe3⁺, Al3⁺, etc. Toughness Pros: Ultimate strength/modulus (coordination crosslinks), 
toughness via dynamic bonds; Cons: Drastic extensibility, 
brittleness from over-crosslinking

Functionality Pros: Enables magnetism (Fe3⁺), self-healing, antimicrobial-
ity (Ag⁺/Zn2⁺); Cons: Cytotoxicity risk (heavy metals), 
transparency

Key Advantage Most significant mechanical enhancement, multifunctionality
Applications Self-healing hydrogels, magnetic actuators, antibacterial 

wound dressings
Salt Solution Immersion NaCl, NaSO4, KCl, etc. Toughness Pros: Strength/modulus (“salting-out”), improved low-tem-

perature flexibility; Cons: Limited toughness enhancement, 
extensibility

Functionality Pros: Highest ionic conductivity, cost-effective freeze-resist-
ance (freezing point); Cons: Hyperosmotic stress to cells, 
long-term instability (salt crystallization)

Key Advantage Optimal conductivity, low-cost cryoprotection
Applications Flexible conductors, electrolyte membranes, low-cost cryo-

materials
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fluorescence for information encryption and optical sensing. 
These multivalent coordination interactions typically involve 
functional groups such as carboxyl (-COOH) [171], amine 
(-NH2) [172], and hydroxyl (-OH) groups [173], which are 
abundant in natural and synthetic polymer matrices. This 

modular crosslinking strategy enables tunable mechanics for 
applications including soft robotics, stretchable electronics, 
and injectable therapeutics.

Fig. 10   Solvent immersion strategies for tuning hydrogel structure and mechanical properties. a Organic solvent treatment: DMSO regulates 
polymer chain conformation, enhancing crystallinity and electrochemical performance in hydrophilic salt-compatible PVA hydrogels. b, c Salt 
solution immersion: Ion diffusion induces crosslinking and microphase separation in physical double-network hydrogels, significantly improv-
ing tensile strength, fracture energy, and conductivity. d Metal ion coordination: Zr4+ ions form stable coordination bonds with sulfonate groups, 
enhancing mechanical strength and transparency of polyelectrolyte hydrogels. Reproduced with permission from [166, 168, 169]
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3.2.3 � Temperature‑Induced Microphase Separation

Temperature-induced microphase separation is a widely 
employed and highly effective strategy for enhancing the 
mechanical strength, structural stability, and functional 
robustness of hydrogels. Precise regulation of thermal gra-
dients during sol–gel transition induces thermodynamic 
phase separation within the polymer network. The core 
mechanism involves temperature-dependent changes in the 
solubility and mobility of polymer chains or fillers, leading 
to domain formation, pore alignment, and localized densifi-
cation. Recently, temperature-induced phase separation has 
been synergistically combined with techniques like freeze-
casting, cyclic freeze–thaw, and wet annealing to further 
tune network architecture and mechanical performance. 
This section outlines several representative methods based 
on temperature-induced phase separation and discusses their 
progress and applications in the preparation of strong, tough, 
and multifunctional hydrogels.

Freeze-casting is a temperature-driven technique that 
exploits the directional solidification of hydrogel precursor 
solutions at subzero temperatures to fabricate anisotropic, 
porous structures. During the freezing process, ice crystals 
act as dynamic templates, guiding the alignment of polymer 
chains and creating ordered microchannels. Upon sublima-
tion of the ice, the hydrogel retains a directionally aligned 
porous architecture, which greatly enhances its mechanical 
performance, particularly in the direction parallel to the 
ice growth front. For example, Guo et al. [174] developed 
a freeze-casting-assisted solution substitution strategy to 
fabricate hydrogels with a multiscale hierarchical network 
(Fig. 11a). The resulting structure consisted of anisotropic 
fiber-honeycomb frameworks, nano-gridded fiber bundles, 
and PVA molecular chains reinforced by both hydrogen-
bonded crystallites and metal coordination bonds. These 
interconnected structural elements synergistically contrib-
uted to exceptional mechanical properties, including a ten-
sile strain of 1623%, tensile strength of 7.11 MPa, and frac-
ture toughness of 58.9 MJ m−3. Notably, the elastic modulus 
of the aligned fiber bundles was 12.3 times higher than that 
of the surrounding matrix. In parallel, the cyclic freeze–thaw 
technique is widely used to reinforce hydrogel networks. 
During the process, ice crystal formation compresses the 
polymer network, promoting additional physical crosslink-
ing points and resulting in a tighter, more robust struc-
ture. This increases hydrogen bonding density and chain 

entanglement, ultimately enhancing structural integrity and 
mechanical resilience. Chen et al. [175] developed hydro-
gel-reinforced cement scaffolds with unidirectional lamellar 
pores using ice-templating combined with two freeze–thaw 
cycles (Fig. 11b). This processing induced nanoscale stretch-
ing and deflection of microcracks, enhancing toughness by 
175-fold and flexural strength by more than twofold.

Wet annealing is a powerful post-treatment strategy by 
precisely controlling annealing temperature, solvent envi-
ronment, and chain mobility, and wet annealing rearranges 
and densifies the internal polymer network, enhancing 
crosslinking density, crystallinity, and mechanical anisot-
ropy. The process involves heating the hydrogel in a liquid 
medium, often after solvent exchange, to promote chain 
relaxation and reorganization. This facilitates chain align-
ment, increased entanglement, and sometimes crystalline 
domain formation, substantially improving tensile strength, 
toughness, and fatigue threshold. In a notable example, Wu 
et al. [176] developed a dual-step strategy combining wet 
annealing with solvent substitution to engineer ultra-tough 
PVA-based hydrogels (Fig. 11c). The resulting hydrogels 
exhibited remarkable mechanical performance, including 
a tensile strength of 11.19 ± 0.27 MPa, fracture toughness 
of 82.28 ± 2.89 MJ m−3, and elongation at break exceeding 
1879%. Additionally, the hydrogel showed a high fatigue 
threshold (~ 1233 J m−2), confirming its robustness under 
cyclic mechanical loading. Similarly, Wei et  al. [177] 
combined wet annealing and solution annealing to opti-
mize cellulose-based hydrogels, significantly enhancing 
polymer chain aggregation, hydrogen bonding, cellulose 
crystallization, and network densification during low-
temperature annealing. This process yielded substantial 
strength improvements, achieving compressive strength of 
21 ± 3 MPa and tensile strength of 7.2 ± 0.7 MPa.

3.3 � 3D Printing Strategies for Mechanically Extreme 
Hydrogels

With the rapid evolution of additive manufacturing tech-
nologies, 3D printing has emerged as a transformative 
tool for fabricating mechanically robust and architectur-
ally complex hydrogels. 3D printing enables bioinspired 
replication of extracellular matrix architectures via pro-
grammable patterning, enhancing hydrogel mechanical 
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compliance for biomedical and robotic applications. It 
surpasses traditional methods with three key merits: pre-
cise material deposition for gradient heterogeneity, archi-
tectural freedom for stress optimization, and rheologi-
cal tunability for reinforcement integration. Synergistic 
coupling of material composition with geometric design 
drives breakthrough mechanical enhancements. In the fol-
lowing sections, we explore major 3D printing strategies 
applied to tough hydrogel fabrication including photo-
curing, extrusion-based, inkjet, and laser-assisted printing 
and discuss how printing parameters, ink formulations, 

and architectural designs contribute to the realization of 
mechanically resilient and functional hydrogels.

In the formulation design of hydrogel-based bioinks for 
3D printing, a wide range of natural and synthetic polymers 
serve as the foundational matrix materials (Fig. 12a). Natural 
polymers, such as collagen [178], gelatin [179], silk fibroin 
[180], hyaluronic acid (HA) [181], alginate (Alg) [182], 
chitosan (CS) [183], and cellulose [184], are frequently 
selected for their biocompatibility, biodegradability, and 
physiological relevance. These materials exhibit excellent 
cytocompatibility and are particularly effective in replicating 

Fig. 11   Temperature-induced phase separation strategies for enhancing hydrogel mechanical properties. a Freeze-casting-assisted solution 
substitution produces hydrogels with a multiscale hierarchical structure, including anisotropic fiber honeycombs and nano-grid reinforcements, 
resulting in superior toughness and tensile strength. b Cyclic freeze-thawing using ice crystal templating fabricates lamellar cement–hydro-
gel composites with improved microcrack deflection and significantly enhanced toughness and flexural strength. c Wet annealing via solution 
exchange increases macromolecular chain mobility, promoting densification, crystallinity, and high-performance mechanical behavior in PVA-
based hydrogels. Reproduced with permission from [174–176]
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the structure–function relationships of native extracellular 
matrices, making them ideal for tissue engineering, organ 
printing, and bioactive wound healing applications. In con-
trast, synthetic polymers such as polyethylene glycol (PEG) 
[185], polyvinyl alcohol (PVA) [186], and polycaprolac-
tone (PCL) [187] offer greater design flexibility, enabling 

the fine-tuning of mechanical strength, swelling behavior, 
and degradation rates. Their molecular structure can be pre-
cisely modified to meet application-specific requirements, 
especially in scenarios that demand enhanced mechani-
cal resilience, controlled release profiles, or load-bearing 
capabilities.

Fig. 12   3D printing strategies for the fabrication of strong and tough hydrogels. a Common bioink components used in hydrogel 3D printing, 
including natural and synthetic polymers as well as reinforcing nanomaterials. b DLP-printed metal–organic supramolecular hydrogels capable 
of absorbing high-impact forces and exhibiting excellent compressive resilience under large strains. c A 3D-printed octopus-shaped double-net-
work (DN) ion gel, stained with purple dye, demonstrating high stretchability, toughness, and shape fidelity. Reproduced with permission from 
[191, 192]
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3D printing optimizes hydrogel mechanics and function-
ality by precise control of critical structural parameters—
porosity, fiber alignment, and network architecture—which 
govern stress distribution, energy dissipation, and functional 
integration under mechanical robustness and environmental 
adaptability demands. These include honeycomb structures 
[188] (designed for isotropic load-bearing), interconnected 
network structures [189] (that facilitate uniform stress propa-
gation), fiber-based architectures [190] (that mimic collagen 
bundles or muscle fascicles), and highly porous scaffolds 
[189] (that enhance compressibility and mass transport). The 
ability to fabricate such structures with micrometer-scale 
resolution allows for tailored anisotropy, tunable modulus 
gradients, and programmable deformation behavior, mak-
ing them indispensable in applications ranging from soft 
robotics and flexible electronics to bio-integrated implants 
and artificial organs.

In the following subsections, we explore four major 3D 
printing modalities particularly well suited for construct-
ing strong and tough hydrogel systems: (1) photo-curing 3D 
printing based on UV or visible light–induced polymeri-
zation; (2) extrusion-based printing, which offers material 
versatility and filament continuity; (3) inkjet-based printing, 
enabling high-resolution patterning and multi-material inte-
gration; (4) laser-assisted printing, leveraging energy deposi-
tion for rapid structuring and localized reinforcement. These 
techniques will be discussed in detail with a focus on their 
working principles, suitability for hydrogel formulations, 
and their role in enabling mechanically extreme performance 
through structural and material design.

3.3.1 � Photo‑Curing 3D Printing

Photo-curing 3D printing is a light-assisted additive manu-
facturing technique that utilizes photopolymerizable hydro-
gel precursors, enabling layer-by-layer solidification through 
spatially controlled light exposure. This process provides 
exceptional resolution and architectural fidelity, making it 
particularly suitable for fabricating complex, mechanically 
reinforced hydrogel structures. The primary photo-curing 
modalities include stereolithography (SLA) [193], digital 
light processing (DLP) [194], and two-photon polymeriza-
tion (TPP) [195]. These technologies rely on light-sensi-
tive photoinitiators embedded within the hydrogel matrix, 
which initiate chain-growth polymerization or crosslinking 

reactions upon exposure to specific wavelengths [196]. 
Among these, DLP-based hydrogel printing has gained 
increasing attention for its speed, scalability, and ability 
to achieve microscale resolution. For instance, Wang et al. 
[196] developed a DLP printing platform integrated with a 
microfluidic mixer, enabling real-time modulation of bioink 
composition. This approach allowed the fabrication of tough 
hydrogels with spatially graded properties, including cell 
density, chemical composition, mechanical modulus, and 
porosity, closely mimicking the hierarchical heterogeneity of 
native tissues. The printing system projected patterned light 
via a digital micromirror device (DMD), initiating layer-by-
layer photopolymerization to form intricate, gradient-struc-
tured hydrogels ideal for applications in tissue engineering 
and regenerative medicine.

To address limitations in resolution and throughput, Wu 
et al. [197] introduced a soft, deformable separation inter-
face to accelerate the printing process while maintaining 
high aspect ratios. This enabled rapid DLP printing of 
high-fidelity cylindrical structures (500 µm in diameter) at 
a speed of 400 mm h−1, showcasing the compatibility of 
photo-curing strategies with complex, large-volume hydro-
gel constructs. Moreover, Dong et al. [191] demonstrated the 
potential of DLP printing for tough supramolecular hydro-
gels based on carboxyl–Zr4+ coordination complexes. The 
printed structures exhibited low initial stiffness and a capac-
ity to absorb impact through sequential deformation of struc-
tural units (Fig. 12b). This design enabled the development 
of digitally patterned soft impact buffers, capable of dissipat-
ing mechanical energy efficiently under compression, high-
lighting the synergy between structural programmability and 
supramolecular chemistry in enhancing mechanical perfor-
mance. In summary, photo-curing 3D printing, particularly 
DLP technology, enables the precise fabrication of hydrogels 
with spatially programmed composition, mechanical gradi-
ents, and architectural complexity. These features are crucial 
for realizing hydrogels that meet the mechanical demands 
of real-world applications, from load-bearing implants to 
impact-tolerant soft devices.

3.3.2 � Extrusion 3D Printing

Extrusion-based 3D printing, also known as pressure-assisted 
or direct ink writing (DIW), is a widely adopted method for 
constructing mechanically robust, cell-compatible hydrogel 
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architectures. In this technique, viscous hydrogel inks typi-
cally composed of polymer solutions or particle-laden suspen-
sions are extruded through syringes or precision nozzles driven 
by pneumatic, piston, or screw-based systems. As the nozzle 
traverses the X–Y–Z coordinates based on a CAD design, the 
hydrogel is deposited layer by layer to form three-dimensional 
structures with tunable architecture and mechanical perfor-
mance [198]. A major advantage of extrusion printing lies in 
its compatibility with a wide range of viscoelastic bioinks, 
including those with embedded nanofillers, reinforcing net-
works, or living cells. This technique also allows for multi-
material co-printing, enabling the integration of mechanical 
gradients, conductive pathways, or biological interfaces in a 
single construct.

Zheng et  al. [199] demonstrated that incorporating 
β-chitosan nanofibers significantly enhanced the rheologi-
cal and mechanical properties of a chitosan-based hydrogel 
ink. By tuning the nanofiber content optimally to 5–10 wt%, 
they achieved high print fidelity, self-supporting capacity, 
and structural stability during direct ink writing. This strategy 
effectively combined biodegradability with mechanical tough-
ness, making the printed scaffolds suitable for biomedical 
implants. Furthermore, Yao et al. [192] developed a double-
network (DN) ion gel ink with exceptional mechanical proper-
ties. Amphoteric ion hydrogels were synthesized, freeze-dried, 
ground into microparticles, and re-swollen in ionic liquids to 
form a printable matrix. Subsequent monomer infusion, UV 
crosslinking, and DIW printing enabled the formation of octo-
pus-shaped DN gels with > 600% stretchability and fracture 
energy exceeding 10 kJ m−2 (Fig. 12c). These architectures 
demonstrated programmable deformation, resilience, and ionic 
conductivity.

Extrusion-based 3D printing offers a versatile and scalable 
route to fabricating tough, functional, and structurally com-
plex hydrogels. Through precise control over ink formulation, 
deposition path, and post-treatment, this technique enables 
the creation of biomimetic structures with enhanced Young’s 
modulus, fracture toughness, energy dissipation, and bio-inte-
gration capacity, pushing the boundaries of hydrogel perfor-
mance under mechanical and functional demands.

3.3.3 � Inkjet 3D Printing

Inkjet 3D printing is a non-contact additive manufactur-
ing technique that evolved from traditional 2D industrial 

printing. As one of the earliest methods adapted for bio-
printing, inkjet printing offers high-resolution deposition, 
rapid material switching, and minimal material waste, 
making it particularly advantageous for applications 
requiring precise patterning, multi-material integration, 
and bioactive encapsulation. Inkjet printing systems are 
primarily categorized into two modes of continuous inkjet 
(CIJ) and drop on demand (DOD) [200]. In CIJ printing, 
a continuous pressurized liquid stream is ejected through 
a micro-nozzle, and due to Rayleigh–Plateau instability, 
the jet breaks into droplets [200]. These droplets are selec-
tively charged via an electrode and deflected onto a sub-
strate using an electric field. Non-deposited droplets are 
recirculated, ensuring material efficiency. However, due 
to its complexity and droplet control limitations, CIJ is 
less commonly used in hydrogel bioprinting. DOD print-
ing, on the other hand, ejects droplets only when triggered 
by a pulse signal, usually from a piezoelectric actuator. 
This enables precise spatial control, reduced shear stress, 
and compatibility with biological materials. DOD sys-
tems often incorporate multiple printheads, allowing for 
the co-deposition of different materials or cells within 
complex hydrogel matrices. For example, Peng et  al. 
[201] utilized drop-on-demand inkjet printing to deposit 
bioinks containing cells and functional biomaterials onto 
predefined substrates. Subsequent photopolymerization 
or thermal curing produced 3D hydrogel constructs with 
high mechanical integrity and biocompatibility. This pro-
cess enabled the fabrication of tough, patterned constructs 
suitable for tissue engineering scaffolds and biomedical 
device coatings. Kim et al. [202] demonstrated the use 
of a piezoelectric inkjet printer to precisely deposit poly-
ethylene glycol diacrylate (PEGDA) hydrogel precursors 
onto a micropillar-patterned PDMS elastomer substrate. 
Following UV-induced photopolymerization, the resulting 
hydrogel-elastomer composite exhibited strong interfacial 
adhesion, excellent mechanical robustness, and anti-fog-
ging capabilities. The printed micropattern retained optical 
transparency and mechanical stability under high humid-
ity and thermal stress, illustrating the potential of inkjet-
printed hydrogels for advanced surface engineering and 
optical applications.

In summary, inkjet-based 3D printing offers a precise, 
versatile, and contactless strategy for fabricating micro-
scale hydrogel architectures. Though somewhat limited by 
the rheological constraints of printable inks, this technique 
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excels in scenarios demanding high-resolution patterning, 
localized property modulation, and biologically compatible 
constructs.

3.3.4 � Laser‑Assisted Printing

Laser-assisted printing (LAP) is a high-precision, non-con-
tact fabrication technique originally developed for metal 
deposition via laser-induced forward transfer (LIFT). Since 
its successful adaptation for biological systems in the year 
of 2004 including the transfer of cells, DNA, and bioinks 
[203], LAP has emerged as a powerful tool for micro- and 
nanoscale patterning of functional hydrogels. The standard 
LAP setup comprises three core components of (1) a laser 
source, (2) a ribbon (donor substrate) coated with the desired 
bioink atop a thin metal absorbing layer, and (3) a receiving 
substrate onto which the material is deposited. When the 
laser irradiates the metal layer, it generates localized heating 
and pressure, propelling a droplet of the bioink forward onto 
the target substrate without direct contact. Beyond droplet 
transfer, LAP is increasingly being used for direct laser 
structuring and microscale patterning within soft hydrogel 
matrices. For example, Fan et al. [204] utilized femtosec-
ond lasers to induce volume phase transitions in thermore-
sponsive hydrogels such as PNIPAAm and PEGDA. Point-
by-point scanning led to nanoscale wrinkle formation via 
localized heating and subsequent cooling-induced stress 
mismatch. This technique enabled the generation of hier-
archical wrinkle structures in a single step and single mate-
rial system, providing a path toward hydrogels with tunable 
surface morphology, enhanced surface area, and improved 
mechanical behavior. In another study, Li et al. [205] applied 
LAP for layer-by-layer 3D structuring of hydrogels. By 
finely adjusting the laser power and scan rate, they induced 
localized gelation within liquid hydrogel precursors, ena-
bling the construction of complex three-dimensional net-
works. This method preserved the inherent biocompatibil-
ity and porosity of the hydrogel while offering control over 
internal architecture, which translated into notable improve-
ments in tensile strength, compressive modulus, and fracture 
toughness. The resulting hydrogels showed excellent shape 
fidelity and were particularly well suited for soft electron-
ics, microscale actuators, and cell-laden constructs requiring 
extreme mechanical resilience. Laser-assisted printing offers 
unique advantages for fabricating mechanically enhanced 

hydrogels with micro- and nanoscale spatial resolution. Its 
ability to pattern internal microstructures, induce dynamic 
surface features, and trigger localized crosslinking without 
physical contact makes it an ideal platform for next-genera-
tion smart hydrogel systems.

3.4 � Stimulus‑Responsive Modulation of Mechanical 
Properties

Inspired by adaptive behaviors observed in biological sys-
tems, stimuli-responsive materials have emerged as a com-
pelling class of bioinspired platforms capable of dynami-
cally adjusting their structure and function in response to 
environmental changes. Notably, when tailored for mechani-
cal extremity, such hydrogels offer unique advantages for 
applications requiring adaptive stiffness, real-time actuation, 
and damage mitigation under variable operating conditions.

A fundamental feature of these smart hydrogels is their 
ability to transduce external physical or chemical stimuli 
into mechanical responses. These hydrogels are exposed to 
changes in temperature, pH, ion concentration, electric or 
magnetic fields, or even biochemical signals. Such exposure 
triggers internal reconfigurations, including the reorganiza-
tion of polymer chains, shifts in water distribution, or altera-
tions in dynamic crosslinks, which ultimately modulate the 
hydrogel’s modulus, strength, and toughness. This micro-
structural reconfiguration allows external cues to directly 
influence macroscale mechanical behaviors. Consequently, 
it enables new functionalities such as tunable elasticity, pro-
grammable damping, and strain-adaptive energy dissipation. 
During these stimuli-induced transitions between hard and 
soft states, additional functional attributes such as volume 
change, optical clarity, hydrophilicity, and ionic/electronic 
conductivity are often concurrently modulated. Although 
extensive studies have focused on the swelling behavior, 
optical response, and conductivity modulation of stimuli-
responsive hydrogels, research into the precise regulation 
of their mechanical properties by external stimuli remains 
comparatively underdeveloped. Particularly, the mechanis-
tic understanding of how external fields manipulate internal 
network topology, dynamic bond kinetics, or phase behavior 
to achieve predictable changes in tensile strength, compres-
sive modulus, or fracture energy is still in its early stages.

In this section, we aim to systematically explore how 
external stimuli modulate the mechanical properties of tough 
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hydrogels, focusing on four representative categories of ther-
mal responsiveness, pH responsiveness, electric field respon-
siveness, and magnetic field responsiveness. By examining 
the underlying mechanochemical coupling mechanisms 
and the resulting macro-mechanical performance shifts, 
this discussion seeks to provide both theoretical insight and 
engineering guidance for the design of next-generation adap-
tive hydrogels tailored for extreme mechanical demands in 
dynamic environments.

3.4.1 � Temperature‑Responsive

Temperature-responsive hydrogels exhibit a pronounced 
ability to modulate their structure and properties in response 
to thermal stimuli. These materials undergo a reversible 
sol–gel phase transition at a specific critical solution temper-
ature, making them highly attractive for applications in soft 
actuators, drug delivery, and adaptive biomedical scaffolds. 
Thermoresponsive hydrogels are typically classified into two 
main categories based on their response direction: (1) lower 
critical solution temperature (LCST)-type hydrogels (nega-
tively thermoresponsive), which collapse or shrink when the 
ambient temperature exceeds the LCST, and swell when the 
temperature drops below it; (2) upper critical solution tem-
perature (UCST)-type hydrogels (positively thermorespon-
sive), which in contrast swell upon heating above the UCST 
and shrink when cooled below this threshold. The LCST and 
UCST thus define the characteristic temperatures at which 
reversible phase transitions occur, dictating the direction of 
thermoresponsive swelling or collapse. The thermorespon-
siveness of such systems is governed primarily by the bal-
ance between hydrophilic and hydrophobic interactions and 
is strongly influenced by the formation and disruption of 
hydrogen bonds. As temperature increases, hydrogen bond-
ing may be weakened, promoting hydrophobic interactions 
and triggering polymer chain aggregation or collapse, which 
is the central mechanism behind the volume phase transition. 
These thermally tunable characteristics not only allow pre-
cise control over mechanical stiffness, toughness, and resil-
ience, but also support integration into environments with 
cyclical thermal loads or on-demand actuation requirements. 
Importantly, temperature-responsive tough hydrogels offer 
pathways for engineering reversible hard–soft transitions, 
localized mechanical reinforcement, and stimuli-adaptive 
damping behaviors, making them promising candidates for 

wearable devices, tissue mimics, and robotic components 
operating under varying thermal conditions.

One of the key mechanisms by which temperature-
responsive hydrogels achieve enhanced mechanical perfor-
mance is through polymer phase separation, which facili-
tates the self-assembly of polymer chains into physically 
reinforced frameworks. This microstructural reorganization 
increases the network’s stiffness, toughness, and resistance 
to deformation, providing a robust strategy for mechani-
cally strengthening smart hydrogels under thermal stimuli. 
Yang et al. [206] developed a fast-response bilayer hydro-
gel actuator by combining hydrogels with distinct LCSTs. 
The device exhibited thermally tunable bending behavior, 
where the deformation rate was governed by both tempera-
ture elevation and thickness ratio between the layers. Upon 
heating to the LCST, phase separation induced localized 
contraction, producing rapid shape transformation due to 
differential strain between the bilayers. At the molecular 
level, PNIPAAm chains self-associated into a polymer-rich 
phase, forming a dense. In a related study, Zhang et al. [19] 
leveraged temperature to reversibly modulate hydrogen 
bonding interactions between poly(acrylic acid-acrylamide) 
copolymers and cellulose nanofibrils. By thermally driving 
the association and dissociation of hydrogen bonds, they 
enabled on-demand control over interfacial toughness and 
mechanical stiffness, with the compressive modulus tunable 
from 0.14 to 0.02 MPa (Fig. 13a).

Another critical mechanism underlying the thermal 
adaptability of tough hydrogels is the glass transition, a 
phenomenon wherein the polymer matrix undergoes a 
reversible shift from a rigid, glassy state to a soft, rubbery 
state as the temperature crosses a defined glass transition 
temperature (Tg). Hou et al. [207] designed a poly(AAm-
co-MAAc) supramolecular hydrogel that exhibits a glassy 
nature at room temperature, driven by dense intermolecular 
hydrogen bonding networks. Interestingly, upon cooling to 
– 45 °C, the hydrogel becomes stronger and stiffer with a 
Young’s modulus of 900 MPa, tensile strength of 30 MPa, 
and elongation at break of 35%, yet retains sufficient ductil-
ity. This counterintuitive enhancement under subzero condi-
tions is enabled by the strengthening of hydrogen bonds dur-
ing cooling, coupled with a glass transition-induced energy 
dissipation mechanism. The result is a material capable of 
operating under extreme cold environments without loss of 
mechanical reliability or optical clarity. The exploitation of 
glass transition dynamics provides an effective strategy to 
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design temperature-adaptive hydrogels capable of maintain-
ing extreme mechanical performance across diverse environ-
mental conditions, particularly in cold climates or applica-
tions demanding impact resistance and dimensional stability.

The incorporation of fusible linkages has emerged as a com-
pelling strategy to enhance both the thermal responsiveness 
and mechanical extremity of hydrogels. Inspired by the ther-
mal behavior of crystalline materials that soften upon heating 

Fig. 13   Various stimuli regulating the mechanical properties of hydrogels. a Temperature-induced stress–strain behavior modulation in ther-
moresponsive hydrogels, highlighting the effects of hydrogen bonding and phase separation mechanisms. b pH-sensitive hydrogels exhibit-
ing substantial modulus variation in response to minimal pH shifts, driven by ionization and osmotic pressure effects. c Visible light-triggered 
polymerization using a graphene-based photocatalyst, enabling the fabrication of mechanically robust and low-hysteresis hydrogels. d Mag-
netic field-guided alignment of nanoparticles within the hydrogel matrix, forming an anisotropic architecture that significantly enhances tensile 
strength, compressive resilience, and tribological performance. Reproduced with permission from [19, 210, 218, 222]
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above their melting point, this design principle leverages ther-
modynamic phase transitions to achieve reversible modula-
tion of mechanical properties. By engineering semicrystalline 
polymer networks or introducing crystallization-promoting 
additives, hydrogels can dynamically transition between rigid 
and soft states, enabling functionalities such as shape memory, 
self-healing, and thermal actuation. Okay et al. [208] devel-
oped a class of thermoresponsive hydrogels by copolymer-
izing acrylic acid with 20–50 mol% of crystalline acrylic acid 
octadecyl ester. Within these networks, hydrophilic segments 
conferred flexibility, while hydrophobic crystalline domains 
served as thermally fusible crosslinks, providing rigidity 
and structural reinforcement. Upon heating, these crystalline 
domains undergo melting, temporarily softening the material. 
Upon cooling, recrystallization restores the original stiffness, 
yielding a material with remarkable compressive strength (up 
to 90 MPa) and an extraordinarily high Young’s modulus (26 
GPa). In addition, these hydrogels exhibited shape memory 
behavior and self-healing capabilities, facilitated by the revers-
ible nature of the crystalline crosslinks. In a similar approach, 
Zhao et al. [209] designed hydrogels embedded with semic-
rystalline comb-like polymer networks derived from stearyl 
methacrylate (SMA). These SMA-based networks incorporate 
microphase-separated crystalline side chains, which undergo 
melting upon heating, transitioning the material into a soft and 
elastic state. This results in a sharp drop in elastic modulus 
from 7.2 MPa (at 20 °C) to 0.47 MPa (at 60 °C). Conversely, 
upon cooling, the reformation of crystalline domains reinstates 
the hydrogel’s rigidity and load-bearing capacity, allowing it to 
recover its mechanical strength without structural degradation.

Studying the temperature-responsive hydrogels holds both 
theoretical and applied significance. Theoretically, it elucidates 
how thermally driven processes including polymer phase sepa-
ration and glass transitions govern the network dynamics and 
energy dissipation of hydrogels. Practically, this understand-
ing enables adaptive hydrogels that meet dynamic mechanical 
demands in tissue engineering, achieve temperature-triggered 
drug release, and serve as smart materials in wearables and 
soft robotics capable of real-time response to thermal changes.

3.4.2 � pH‑Responsive

The pH-responsive hydrogels enable on-demand mechani-
cal tuning through real-time performance adaptation, mak-
ing them promising for targeted delivery, smart diagnostics, 

and environmentally responsive devices. The pH-responsive 
hydrogels are polymeric networks that undergo conforma-
tional and volumetric changes in response to variations in 
environmental pH, due to the presence of ionizable func-
tional groups along the polymer backbone. These materials 
exhibit reversible swelling and contraction behavior driven 
by the gain or loss of protons, making them particularly 
attractive for applications requiring stimulus-dependent 
mechanical modulation. In anionic hydrogels which incor-
porate acidic moieties such as carboxylic or sulfonic acid 
groups, an increase in pH above the polymer’s acid dissocia-
tion constant (pKa) leads to deprotonation, generating nega-
tively charged sites. This increases electrostatic repulsion, 
resulting in network expansion and macroscopic swelling. 
In contrast, cationic hydrogels containing basic groups (e.g., 
amines) become protonated under acidic conditions, simi-
larly triggering swelling due to Coulombic repulsion among 
positively charged chains. These pH-mediated changes in 
ionic density and osmotic pressure significantly influence 
the mechanical stiffness, toughness, and resilience of the 
hydrogel. Three key mechanisms underlie the mechani-
cal modulation of pH-responsive hydrogels, including: (1) 
ionization-induced swelling enhances chain separation and 
network porosity, modulating stress transfer pathways [210], 
(2) charge shielding, especially in buffered environments, 
reduces electrostatic interactions and enables tunable soften-
ing or stiffening responses [211], and (3) hydrogen bonding 
disruption or formation at specific pH values contributes to 
dynamic crosslinking behavior, providing reversible energy 
dissipation and recovery under load [212].

In the study by Yang et al. [213], the mechanical prop-
erties of the hydrogel were precisely modulated through 
pH-responsive network dynamics. The system employed 
Pluronic F-127 (F-127) micelles and poly(2-hydroxyethyl 
methacrylate) (PHEMA) chains to form a phase-separated 
cluster architecture stabilized by hydrogen bonding and 
hydrophobic interactions. These clusters imparted the 
hydrogel with high toughness and anti-swelling behavior. 
Upon the introduction of hydrochloric acid (HCl), proto-
nation of hydroxyl and carbonyl groups on the PHEMA 
chains disrupted the interfacial hydrogen bonds with F-127, 
thereby reducing the interaction strength. This transition 
led to swelling-induced softening and optical transpar-
ency changes, showcasing the reversible tuning of hydrogel 
mechanics via pH control. When neutralized with NaOH, the 
original mechanical state was restored, highlighting a robust 
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and fully reversible pH-driven mechanical switch. Similarly, 
Wang et al. [210] demonstrated ultrasensitive pH-dependent 
stiffness modulation, although the underlying mechanism 
differed. Their hydrogel system exhibited a 50-fold change 
in modulus in response to a minute pH variation of just 0.06 
units (Fig. 13b).

3.4.3 � Light‑Responsive

Light serves as a compelling external stimulus in hydrogel 
design due to its non-contact nature, high spatial–temporal 
resolution, and minimal biological interference. These char-
acteristics make it an ideal tool for modulating the mechani-
cal behavior of hydrogels with precision. The mechanical 
enhancement or tuning mechanisms in light-responsive 
hydrogels fall into three main domains of (1) double bond 
isomerization [214] (altering chain rigidity or conformation 
to switch between soft and stiff states); (2) photosensitive 
group reactions [215] (triggering crosslinking or degrada-
tion based on photochemical cleavage or bonding); and (3) 
additive reinforcement [216] (where nanofillers or photo-
active compounds modulate mechanical strength, enabling 
dynamic shape memory or adaptive damping).

The mechanical performance of light-responsive hydro-
gels is primarily governed by light-induced crosslinking 
reactions, molecular conformational changes, and photother-
mal effects. Variations in light wavelength, intensity, and 
duration can trigger distinct physical and chemical transi-
tions within the polymer network, significantly modulating 
its modulus, toughness, elasticity, and recovery behavior. 
Zheng et al. [217] demonstrated a multistimuli-responsive 
hydrogel system incorporating spirobenzopyran as a hydro-
phobic crosslinker into a hydrophilic polymer matrix via 
UV-induced polymerization and micellar copolymeriza-
tion. Upon UV exposure, the spirobenzopyran undergoes 
cleavage and ring-opening reactions, which reinforce the 
network structure. These transitions, initiated not only by 
light but also by thermal and mechanical stimuli, provide 
a multistage, mechanically adaptive hydrogel. et al. [218] 
utilized a graphitic carbon nitride (g-C3N4) photocatalyst 
to initiate acrylamide polymerization under visible light, 
forming hydrogels with low hysteresis and high elasticity 
(Fig. 13c). The g-C3N4 not only facilitated efficient photopo-
lymerization but also enhanced polymer chain entanglement, 
increasing the hydrogel’s tensile strength by over 1000%. 

To circumvent the penetration limitations of UV and visible 
light in biomedical settings, Ryan et al. [219] introduced a 
near-infrared (NIR) triggered crosslinking system using gold 
nanorods. These nanostructures convert NIR light into local-
ized heat, facilitating the release of calcium ions or chelating 
agents that dynamically elevate crosslinking density. This 
process not only boosts the Young’s modulus of the hydro-
gel but also mimics dynamic extracellular matrix (ECM) 
stiffening, which plays a critical role in cell proliferation, 
migration, and differentiation.

Light-responsive hydrogels exhibit exceptional potential 
for programmable modulation of mechanical properties, 
offering a noninvasive, spatiotemporally precise, and tun-
able approach to material adaptability. By leveraging diverse 
light sources including ultraviolet (UV), visible (Vis), and 
near-infrared (NIR) light, these systems enable real-time 
adjustment of stiffness, toughness, and elasticity through a 
variety of mechanisms, such as photo-initiated crosslinking, 
molecular isomerization, and localized photothermal effects. 
Importantly, light-responsive hydrogels enable on-demand 
mechanical actuation, anisotropic stiffness gradients, or 
localized reinforcement, offering unique capabilities for pre-
cision mechanical control in real time. These features are 
particularly advantageous for mechanically extreme appli-
cations, where adaptability under cyclic or variable stress 
is essential.

3.4.4 � Magnetic‑Responsive

Magnetic-responsive hydrogels are a class of smart mate-
rials that integrate the soft, hydrated nature of traditional 
hydrogels with magnetically tunable mechanical behavior 
[220]. These materials typically consist of a polymeric net-
work embedded with magnetic nanoparticles (MNPs) such 
as Fe3O4. When exposed to an external magnetic field, the 
magnetic particles undergo orientation, alignment, or aggre-
gation, inducing localized changes in the hydrogel’s micro-
structure [221]. For instance, Chen et al. [222] developed a 
strategy to precisely modulate the mechanical properties of 
hydrogels through magnetic field-assisted structural induc-
tion. In their design, polydopamine (PDA) was employed 
as a chelating interface to facilitate the in situ growth of 
Fe3O4 nanoparticles on montmorillonite (MMT) surfaces, 
utilizing mussel-inspired adhesion chemistry. These PDA- 
Fe3O4-MMT nanohybrids were uniformly dispersed within 
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a poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAAc) 
hydrogel matrix. Upon application of an external magnetic 
field, the embedded nanoparticles self-organized into an 
anisotropic alignment, which was subsequently fixed via 
freeze–thaw cycles and thermal annealing (Fig. 13d). This 
process yielded a hydrogel with a directionally structured 
network, resulting in significant improvements in mechani-
cal performance: a tensile strength of 10.65 MPa, toughness 
of 52.2 MJ m−3, and compressive strength of 4.86 MPa. In 
another example, Wang et al. [223] engineered an ultra-tough 
magnetic hydrogel with uniformly distributed Fe3O4 nano-
particles embedded within a poly(N,N-dimethylacrylamide) 
(PDMA) matrix crosslinked by titanium dioxide (TiO2) nan-
oclay. The Fe3O4 nanoparticles served as dynamic crosslink-
ing agents, engaging in non-covalent interactions with the 
PDMA chains. During phase separation induced in a NaOH 
environment, an applied magnetic field further aligned the 
nanoparticle network, promoting hierarchical reinforcement. 
This led to a toughness of 11 kJ m−2, a marked enhancement 
compared to non-magnetic counterparts.

The imposed anisotropy via magnetic alignment not only 
optimizes the internal architecture of the hydrogel but also 
endows it with adaptive responsiveness to diverse external 
stimuli, such as mechanical load, temperature, or electro-
magnetic signals. This programmable responsiveness greatly 
expands the functional landscape of magnetic hydrogels, 
particularly for applications in biomedical engineering (e.g., 
targeted drug delivery, implantable soft robotics), smart 
adaptive materials, and high-sensitivity sensor platforms. A 
fundamental yet unresolved question is how competing or 
synergistic effects from multiple simultaneous stimuli (e.g., 
temperature and magnetic field) affect the mechanical integ-
rity and fatigue life of these hydrogels, which is critical for 
applications in complex, real-world environments.

4 � Applications of Mechanically Extreme 
Hydrogels

In recent years, mechanically extreme hydrogels, character-
ized by their exceptional strength, toughness, and functional 
adaptability, have attracted considerable attention across a 
wide range of disciplines. Inspired by structural dynamics 
in biological systems, these programmable deformations 
endow hydrogels with significant application potential in 
responsive and multifunctional environments. As research 

continues to advance, the integration of mechanical resil-
ience with multimodal responsiveness is expected to trans-
form hydrogels into pivotal materials for emerging tech-
nologies in bioelectronics, human–machine interfaces, and 
adaptive infrastructure. This chapter provides a comprehen-
sive overview of the key application domains for mechani-
cally extreme hydrogels, outlining their practical advan-
tages, current challenges, and future opportunities (Fig. 14).

4.1 � Tailoring Mechanical Properties for Targeted 
Extreme Environments

The pursuit of mechanically extreme hydrogels must be 
guided by a fundamental principle: Mechanical perfor-
mance is not an absolute metric but a context-dependent 
requirement. As highlighted in this review, while sig-
nificant advances have been made in enhancing strength, 
toughness, and fatigue resistance (Sects. 2 and 3), the ulti-
mate measure of success lies in how well these properties 
align with the specific demands of the intended operating 
environment. Hydrogels designed for deep-sea explora-
tion face drastically different mechanical challenges than 
those intended for epidermal electronics, neural interfaces, 
or aerospace applications. This section establishes a sce-
nario-adaptive design framework that prioritizes mechani-
cal properties based on four major categories of extreme 
environments, providing a roadmap for translating funda-
mental advances into practical, high-performance systems 
(Table 5).

The diversity of requirements outlined in Table  4 
necessitates equally diverse material strategies. It is not 
merely a matter of achieving higher values in traditional 
metrics, but rather strategically prioritizing certain prop-
erties while accepting necessary trade-offs in others. For 
instance, a hydrogel optimized for neural interfaces may 
sacrifice compressive strength to achieve ultralow modu-
lus and minimal mechanical mismatch with brain tissue 
[232], while a marine actuator might prioritize pressure 
resistance and low swelling over extreme stretchability 
[233]. Nam et al. [232] developed a soft neural interface 
based on a supramolecular β‑peptide hydrogel. This mate-
rial possesses an elastic modulus of approximately 1500 
Pa, which matches the softness of neural tissue and helps 
minimize mechanical damage during implantation. Fur-
thermore, the hydrogel exhibits an impedance below 0.2 
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MΩ within the physiologically relevant frequency range 
(0–200 Hz), demonstrating excellent electrical properties 
suitable for stable neural signal recording. Ren et al. [233] 
successfully fabricated a high-strength hydrogel actuator 
with anti-swelling capability by blending the pH-responsive 
copolymer [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfo-
propyl) ammonium hydroxide/2-hydroxyethyl methacrylate 
(SBMA-HEMA) with PVA. This hydrogel actuator exhibits 

a high compressive modulus of up to 8.12 MPa, along with 
a toughness of 518 kJ m−3. Its high strength originates from 
the effective energy dissipation mechanism of the blended 
network. Meanwhile, the protonation (positively charged) 
of SBMA units in acidic environments reduces osmotic 
pressure and enhances electrostatic repulsion, which drives 
water molecules out, resulting in a low equilibrium swelling 
ratio of only 9% after 30 days in water.

Fig. 14   Intelligent applications of extreme-mechanics hydrogels. Reproduced with permission from [3, 7, 224–227]
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4.2 � Biomedical Applications

4.2.1 � Drug Delivery

Mechanically extreme hydrogels serve as critical enablers 
in advanced drug delivery systems, particularly in localized 
therapy, sustained-release platforms, and stimuli-responsive 
targeted delivery [9]. Their outstanding mechanical strength 
and toughness ensure structural integrity under physiological 
stresses, effectively preventing deformation, rupture, or mate-
rial degradation during application. This mechanical resil-
ience is pivotal for maintaining carrier stability and enabling 
temporally controlled drug release across diverse physiologi-
cal environments. For instance, Giovanni Traversa’s group 
[234] introduced an innovative oral drug delivery strategy 
termed LIFT (liquid in situ-forming and tough) hydrogels, 
wherein liquid formulations transform into robust hydrogels 
within the gastric environment. This transformation is driven 
by ionic crosslinking between alginate and functionalized 
polyethylene glycol (PEG), triggered by gastric acid.

Moreover, mechanically extreme hydrogels demonstrate 
substantial promise in advancing cancer therapies particularly 
in overcoming the limitations of traditional treatments such as 
high-dose systemic chemotherapy and multidrug resistance. 
Similarly, Zhang et al. [235] designed a hydrogel platform 
incorporating aggregation-induced emission (AIE) photosen-
sitizers, which undergo deformation upon near-infrared (NIR) 
laser activation (Fig. 15a). This deformation enhances rapid, 
localized drug release through photothermal heating, signifi-
cantly improving delivery efficiency to deep-seated tumor tis-
sues such as those in breast cancer. These approaches illustrate 
how the integration of mechanical toughness and functional 
responsiveness can transform hydrogels into potent platforms 
for intelligent cancer therapeutics.

In conclusion, the integration of mechanically extreme 
hydrogels into drug delivery platforms has demonstrated 
remarkable promise in advancing precision medicine by ena-
bling controlled, localized, and sustained therapeutic release 
under physiologically demanding conditions. Their superior 
mechanical resilience, resistance to deformation, and capac-
ity to maintain functional integrity under stress allow these 
hydrogels to operate effectively in dynamic and often harsh 
biological environments. Across a wide spectrum of applica-
tions including localized therapy, extended-release formula-
tions, ophthalmic treatments, and tumor-targeted delivery, 
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these hydrogels exhibit enhanced therapeutic efficacy, 
reduced systemic toxicity, and improved patient compliance.

4.2.2 � Wound Healing

Skin wounds, particularly chronic and large-area injuries, 
require materials that can adapt to complex healing dynam-
ics while withstanding mechanical perturbations from move-
ment, swelling, or external contact. Hydrogels with extreme 
mechanical properties, defined by high tensile strength, 
toughness, and fatigue resistance, can act as dynamic scaf-
folds that remain functional throughout the healing process, 
even in mechanically challenging environments [236]. These 
materials not only protect against microbial invasion and 

desiccation but also act as bioactive substrates to stimulate 
angiogenesis and dermal regeneration under biomechanical 
strain. With the growing demand for wound care solutions 
in mobile, wearable, and extreme environments (e.g., in bat-
tlefield medicine, space exploration, or wearable healthcare), 
mechanically extreme hydrogels represent a transformative 
material class. Their ability to couple robust mechanical 
performance with bioactivity positions them as ideal candi-
dates for high-performance wound management technolo-
gies. For example, Liu et al. [237] developed a strong and 
tough hydrogel dressing based on a double-network of PVA 
and agarose, reinforced by hyperbranched polylysine and 
tannic acid (Fig. 15b). This hybrid system not only demon-
strated potent antimicrobial and antioxidant functions but 

Fig. 15   Biomedical applications of mechanically extreme hydrogels. a NIR-triggered hydrogel photothermal effects enhance localized drug 
release for deep tumor therapy. b PVA-agarose hydrogel reinforced with HBPL/TA demonstrates antibacterial, antioxidant, and scar-free wound 
healing properties, with robust mechanical performance. c Polyaspartate hydrogel stabilizes ACP via Ca.2⁺ chelation, forming a mechanically 
robust mineralizable scaffold that supports bioactive integration for bone regeneration. Reproduced with permission from [235, 237, 239]
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also promoted rapid healing in infected wounds while reduc-
ing scar formation. Inspired by bamboo, Zhang et al. [238] 
developed hollow hydrogel fiber dressings. Wall-thickness 
tuning enables controlled drug release, while H-bond/Ca2⁺ 
crosslinking enhances mechanical strength, allowing func-
tionality under daily mechanical stress.

Mechanically extreme hydrogels advance wound healing 
by integrating robust mechanical properties with smart-
responsive functions such as on‑demand drug release, 
real‑time monitoring, and antimicrobial action. This mech-
ano‑functional synergy enhances healing precision and 
safety while extending applicability to complex clinical 
scenarios beyond the reach of conventional dressings.

4.2.3 � Hydrogel Scaffolds

Mechanically extreme hydrogels, when employed as thera-
peutic scaffolds, offer critical advantages in the regenera-
tion of load-bearing and structurally sensitive tissues such as 
articular cartilage, skeletal muscle, organs, and bone [231].
For instance, amorphous calcium phosphate (ACP), a key 
precursor in bone mineralization, plays a central role in guid-
ing bottom-up collagen mineralization. Zhang et al. [239] 
successfully stabilized ACP within a polyacrylamidoaspartic 
acid (PASP) hydrogel network containing repeating dicar-
boxylate units (Fig. 15c). The hydrogel matrix chelates cal-
cium ions and forms hydrogen bonds with ACP, delaying its 
crystallization and enabling controlled mineral deposition. 
The hydrogel achieved a compressive strength of 1.2 MPa, 
significantly surpassing that of conventional scaffolds and 
preventing collapse under physiological loading. Siebert 
et al. [240] developed a 3D-printed hydrogel scaffold embed-
ded with light-activated ZnO microparticles functionalized 
with vascular endothelial growth factor (VEGF), combin-
ing antibacterial functionality, angiogenesis promotion, and 
moisture retention within a single matrix. The combination 
of extreme mechanical performance with biological function 
modulation makes hydrogel scaffolds a cornerstone in next-
generation tissue engineering platforms.

4.2.4 � Bioelectronics

In addition to its wide range of applications in tissue engi-
neering and biomedical materials, hydrogel has also shown 
great potential in the field of flexible bioelectronics in recent 

years. In particular, in self-powered and implantable patch 
systems, hydrogels are widely used as key functional units 
due to their excellent flexibility, conductivity, and biocom-
patibility [14, 241].

In terms of biological self-powered devices, hydrogels can 
be used to construct triboelectric effect-based nanoelectric 
generators (TENGs) for energy harvesting without external 
power supply. Excellent interfacial connectivity performance is 
crucial for the stable operation of TENG devices. For example, 
Wang et al. [242] enhanced the interfacial bonding between 
hydrophilic hydrogel (electrode layer) and hydrophobic polydi-
methylsiloxane (PDMS, electrified layer) by introducing phe-
nylphenyl ketone molecules on the hydrogel surface, thereby 
constructing a flexible tension power generation device that 
can efficiently harvest energy and light up to 20 LEDs by 
pressing, bending, stretching, and other mechanical means. 
On the other hand, MXene nanosheets were introduced to sig-
nificantly enhance the conductivity and mechanical properties 
of hydrogels. In 2020, Lee et al. [243] developed a tissue-mim-
icking implantable hair generator based on MXene-poly(vinyl 
alcohol) (PVA) hydrogel, which can respond to a wide range of 
common clinical and home ultrasound sources, achieve stable 
electrical output, and show promising applications in imaging 
and physical therapy (Fig. 16a).

Unlike noninvasive devices, implantable hydrogel devices 
need to be in direct contact with biological tissues for a long 
period of time, thus putting higher requirements on the bio-
compatibility and mechanical matching of materials [244]. 
Zhao et al. [245] designed a hydrogel tape that is resistant 
to shedding and mechanical damage, combining a biopoly-
mer with polyacrylic acid grafted with NHS ester groups to 
achieve high toughness through a double-network structure, 
which can be stretched up to 16 times of the original length 
and can crosslink with tissues in situ after the interface has 
absorbed water, which significantly enhances the adhesion 
properties (Fig. 16b). In terms of electrode materials, Guo 
et al. [246] constructed PEDOT: PSS/PVA double-network 
hydrogel electrodes with high conductivity (~ 10 S cm−1) 
and high stretchability (150%) for implantable electromyo-
graphy (EMG) signal acquisition by introducing PVA into the 
PEDOT/PSS system (Fig. 16c). Further, the adhesive layer 
formed by surface photopolymerization achieves a robust 
bond with the tissue (interfacial toughness of 600 J m−2), 
and high signal-to-noise signal acquisition with low-voltage 
neurostimulation has been successfully achieved in animal 
models. Bioelectronic systems based on hydrogel materials 
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are breaking through the key bottlenecks of mechanical prop-
erties, biocompatibility and interfacial integration, and are 
showing broad development prospects in the fields of flexible 
electronics and implantable medical devices.

4.3 � Bioinspired Actuation and Robotic Applications

4.3.1 � Artificial Muscle

Mechanically extreme hydrogels represent a new class of 
materials ideally suited for artificial muscle systems, offering 
a rare combination of high toughness, resilience, and rapid 

Fig. 16   Mechanical behavior of mechanically extreme hydrogels and its applications in implantable bioelectronics. a T An M-gel generator 
encapsulated in beef tissue with voltage/current measurements at 10 MΩ and 100 kΩ loads. b Adhesion performance of a DST–strain-sensor 
hybrid on a beating ex  vivo porcine heart: Photographs and nominal stress–stretch relationship. c EMG recording via implanted conducting 
hydrogel electrodes on muscle at days 7 and 14 post-implantations. Reproduced with permission from [242, 245, 246]
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response to stimuli. These hydrogels can undergo reversible, 
large-amplitude deformations in response to external trig-
gers such as electric fields, temperature shifts, pH changes, 
and light irradiation, closely mimicking the contraction-
extension dynamics of natural muscle tissues. For instance, 
hydrogels engineered with electroactive polymers or pho-
tothermal nanomaterials can convert electrical or optical 
energy into mechanical work, delivering programmable 
deformation suitable for soft robotic grippers, biomimetic 
limbs, or adaptive wearable devices. As research in this area 
progresses, the development of hydrogels capable of sus-
taining large mechanical loads under extreme environmental 
conditions will continue to expand their utility in advanced 
actuation platforms. These hydrogels not only bridge the gap 

between biological function and synthetic design but also 
enable next-generation bioinspired motion systems that are 
lightweight, compliant, and highly functional.

Recent advancements in hydrogel-based actuators have 
demonstrated remarkable progress in bridging the per-
formance gap between synthetic materials and biological 
muscles. For example, the research team led by Sitti [247], 
proposed a micro-superstructure conformational transforma-
tion strategy based on linearly responsive hydrogel artificial 
muscles (Fig. 17a).

To enhance actuation efficiency and long-term operabil-
ity under ambient conditions, Jiang et al. [248] incorpo-
rated hydrophilic poly(ethylene glycol) (PEG) segments 
into a liquid crystal-crosslinked network. The introduction 

Fig. 17   Bioinspired actuation and robotic applications of mechanically extreme hydrogels. a Two-photon printed microstructures in thermore-
sponsive hydrogels enable submicron reversible actuation for artificial muscles. b NIR-responsive conductive hydrogel actuators enable direc-
tional grasping and ultrafast expansion, offering robust biomimetic actuation for soft robotics. c Humidity-responsive smart textiles with durable 
hydrogel networks dynamically adjust moisture absorption and porosity. Reproduced with permission from [247, 249, 253]
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of just 10 mol% PEG enabled the material to achieve a 
solvent uptake of 78 wt%, reducing the phase transition 
temperature of the liquid crystalline domains and slowing 
solvent evaporation. This approach preserved actuation 
performance even in dry environments, with the resulting 
polymer–organogels achieving a high deformation ampli-
tude (66%), rapid deformation rate (275% s−1), and power 
density (438 kW  m−3). Notably, the Young’s modulus 
(~ 133 kPa) of these hydrogels approaches that of human 
skin, making them well suited for integration in soft wear-
able systems. These breakthroughs collectively underscore 
the capacity of mechanically extreme hydrogels to match 
and potentially exceed the functional performance of 
natural skeletal muscle, offering powerful platforms for 
next-generation soft robotics, bioinspired machinery, and 
wearable exoskeletal systems.

4.3.2 � Soft Robotics

Mechanically extreme hydrogels have emerged as foun-
dational materials in the development of next-generation 
soft robotics, offering a unique combination of compli-
ance, toughness, and stimuli responsiveness. For instance, 
hydrogel actuators can mimic biological musculature by 
dynamically bending, twisting, or elongating in response to 
localized stimulation, making them suitable for multi-arm 
manipulators, bioinspired grippers, or autonomous locomo-
tion units. As the field progresses, incorporating hydrogels 
with multimodal responsiveness and integrated sensing 
capabilities will allow soft robots to transition from passive 
deformation to intelligent and interactive systems, pushing 
the boundaries of what soft machines can achieve in extreme 
mechanical and physiological conditions.

He et al. [249] developed a flexible tactile actuator based 
on a conductive polymer double-network hydrogel, specifi-
cally engineered to mimic the extension and contraction 
of octopus tentacles through closed-loop feedback control 
(Fig. 17b). The actuator exhibits reliable object sensing and 
gripping functionality, driven by asymmetric shape trans-
formation triggered via near-infrared (NIR) light irradia-
tion. The incident NIR light creates a temperature gradient 
across the hydrogel, inducing directional bending that ena-
bles precise grasping motions. Beyond this, recent research 
has shown that cellulose nanofibers organized into an aniso-
tropic network form a reinforcing scaffold that dramatically 

improves tensile properties and directional actuation [250]. 
In such designs, hydrogels are capable of ultrafast expan-
sion rates (100–150% s−1) and maximum expansion ratios up 
to 250-fold, far exceeding those of conventional polymeric 
gels. Moreover, the incorporation of strong hydrogels signifi-
cantly enhances the precision, robustness, and environmental 
adaptability of soft robots [251]. Responsive to light, heat, 
and magnetic fields, these hydrogels are task-programmable 
for stable operation in complex settings. Their mechanical 
reliability in gripping biological tissues, minimally invasive 
surgery, and high-speed precision operations establishes 
them as a core material for next-generation robotic systems.

4.3.3 � Smart Switch

Integrating strong, tough hydrogels into smart switching 
systems significantly enhances response speed, operational 
durability, and structural stability. With high fatigue resist-
ance, programmable deformation, and stimuli-responsive 
actuation, these hydrogels are well suited for frequent 
cycling under varying environmental conditions. The key 
lies in balancing strength and toughness to ensure long-term 
cyclic reliability, maintaining precise and efficient switching 
performance over extended service life. For example, Xie 
et al. [7] enhanced the thermal stability of thermochromic 
hydrogels by optimizing glycerol content. This adjustment 
improved the hydrogel’s ability to maintain electrical con-
ductivity and chromic behavior under extreme temperature 
variations, allowing the smart switch to generate a stable 
current despite thermal cycling. The resulting smart win-
dow platform demonstrated improved responsiveness and 
reliability, crucial for energy-efficient climate regulation in 
building environments [252].

In the expanding field of smart textiles, strong and tough 
hydrogels play a pivotal role in achieving responsive, dura-
ble, and mechanically robust fabric-based systems. For 
instance, Lao et al. [253] developed smart fabrics incorporat-
ing humidity-responsive hydrogels, which dynamically regu-
late water absorption and pore opening based on environ-
mental humidity levels (Fig. 17c). These textiles rely on the 
swelling–deswelling behavior of the hydrogel to adaptively 
alter fabric permeability. The incorporation of mechanically 
strong hydrogel networks ensures that these smart fabrics 
maintain structural integrity and functional consistency, 
even after repeated washing, stretching, and daily use.
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Beyond textiles, the integration of strong hydrogels into 
fluidic regulation systems, such as smart hydrogel water 
valves, further illustrates their multifunctional adaptabil-
ity. These systems exploit the stimuli-responsive volume 
changes of hydrogels to autonomously control water flow 
based on thermal or chemical triggers, thereby enabling the 
development of self-regulating, programmable valve plat-
forms. Notably, researchers have engineered a 2D hydrogel 
by combining hydroxypropyl cellulose (HPC) with graphene 
oxide (GO), achieving a high-performance material that 
simultaneously exhibits rapid swelling kinetics, electrother-
mal actuation, and superior mechanical resilience [254]. The 
resulting hydrogel demonstrates a Young’s modulus of up 
to 2.5 GPa, a significant milestone for polymer-based soft 
materials.

4.4 � Smart Sensing and Security Applications

4.4.1 � Intelligent Monitoring

Strong and tough hydrogels are emerging as critical ena-
blers in the next generation of intelligent sensing technolo-
gies, particularly in applications requiring high resilience, 
adaptability, and precision such as health monitoring, injury 
detection, motion tracking, and disease diagnostics [255]. 
Hydrogel-based sensors operate by transducing external 
mechanical deformations (such as stretching, pressure, or 
strain) into measurable electrical, chemical, or optical sig-
nals. Their programmable responsiveness to environmental 
cues allows them to dynamically adjust characteristics such 
as shape, conductivity, and mechanical stiffness, providing 
highly accurate, flexible, and real-time monitoring in both 
wearable and implantable platforms.

One particularly impactful application is in biophysical 
signal detection, where strong and tough hydrogels are used 
to monitor arterial pulse waves, a vital biomarker for assess-
ing blood pressure, vascular health, and cardiac function 
[256]. For example, Peng et al. [87] developed a high-perfor-
mance ion gel featuring a layered mesh structure reinforced 
by ion hybridization, designed specifically for flexible strain 
sensing applications (Fig. 18a). This ion gel sensor not only 
achieved a fast-response time of 36 ms but also demonstrated 
remarkable durability, maintaining consistent signal output 
after over 4000 mechanical cycles. Furthermore, its ther-
mal resilience allowed stable performance under extreme 

temperature conditions, ranging from subzero environments 
to as high as 200 °C, exhibiting great adaptability for harsh 
or biomedical environments.

As the demand for early-stage diagnosis and chronic dis-
ease management intensifies, the ability to continuously and 
noninvasively monitor non-cognitive biomarkers becomes 
increasingly vital. Traditional diagnostic techniques are 
often invasive, inconvenient, or unsuitable for long-term 
use, particularly in home healthcare or wearable applications 
[257, 258]. Wang et al. [259] developed a highly elastic and 
conductive hydrogel sensor by copolymerizing PAM with 
tris(hydroxymethyl)methyl acrylamide (THMA) and cati-
onic imidazolium-based ionic liquids (ILs), all embedded in 
a core–shell conductive matrix of PEDOT:PSS (Fig. 18b). 
The resulting hydrogel exhibited a tensile strength of 
0.25 MPa, an exceptional fracture strain of 1015%, and 
robust resilience and fatigue resistance. It maintained high-
fidelity signal detection across a broad strain range (1–900%) 
and pressure sensitivity from 0.05 to 100 kPa, enabling pre-
cise detection of minute physiological movements, such as 
pulse fluctuations and joint flexion.

Strong and tough hydrogels are ideal for high-fidelity 
monitoring due to their mechanical properties that enable 
seamless adaptation to the complex dynamics of the human 
body. Through strategies like hierarchical crosslinking and 
supramolecular assembly, they achieve both high mechani-
cal integrity and adaptive responsiveness. This makes them 
central to next-generation sensor applications such as real-
time health monitoring and noninvasive diagnostics, driving 
the evolution of wearable, intelligent biomedical systems.

4.4.2 � Information Encryption and Anti‑Counterfeiting

The advent of mechanically extreme hydrogels, which com-
bine structural robustness with dynamic responsiveness, has 
opened new frontiers in the fields of information encryption, 
identity verification, and anti-counterfeiting [6]. Shang et al. 
[260] developed a printable multicolor fluorescent microgel 
system with rapid water responsiveness by copolymerizing 
N-isopropylacrylamide (NIPAM), acrylic acid (AAc), and 
anthracene derivatives (Fig. 18c). These microgels exhibit pro-
grammable fluorescence behavior based on Förster Resonance 
Energy Transfer (FRET) interactions between anthracene moi-
eties and cationic fluorescent dyes. In the dry state, distinct 
multicolor fluorescence is observed. Upon exposure to water, 
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swelling disrupts the FRET pathway by diluting Rhodamine B 
aggregates, resulting in a sharp shift in emission color.

Further advancing the field, Hou et al. [261] developed 
a chemical-triggered phase separation encryption strategy 
based on mechanically reinforced poly(N-vinylcaprolactam) 
(PNVCL) hydrogels (Fig. 18d). By applying chemical inks 
containing carboxyl groups such as citric acid or polyacrylic 
acid, the team disrupted local hydrogen bonding, inducing 
phase separation and creating opaque regions that served to 
conceal information. Their method offered two main encryp-
tion modes: (1) dynamic encryption, wherein small-molecule 
inks produce self-erasing messages via diffusion-mediated 
re-equilibration; (2) permanent encryption, using polymer 

inks or photopolymerizable monomers to form durable, 
phase-separated structures for long-term information storage.

Leveraging multi-stimulus responsiveness and mechani-
cal robustness, strong and tough hydrogels have become 
key materials for next-generation encryption and anti-coun-
terfeiting. They enable reversible, condition-dependent 
information display/concealment and offer tamper-evident, 
durable performance, making them suitable for high-security 
applications such as financial instruments, legal documents, 
and pharmaceutical packaging, thereby driving the evolution 
of intelligent security platforms.

Fig. 18   Smart sensing and security applications of mechanically extreme hydrogels. a Ion-hybridized hierarchical ionogel sensor shows ultra-
fast response and robust cyclability. b THMA/ILs-enhanced double-network hydrogel exhibits both high strength, ultrahigh extensibility, and 
wide-range sensing capabilities, enabling precise monitoring of pulse and speech. c Stimuli-responsive multicolor fluorescent hydrogel inks for 
advanced information encryption. d Chemically triggered phase separation encryption strategy based on PNVCL hydrogels achieves dual-mode 
(dynamic/permanent) encryption by disrupting local interactions through carboxyl-group inks to induce phase transition. Reproduced with per-
mission from [87, 259–261]
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5 � Conclusion and Future Perspectives

5.1 � Conclusion

Conventional hydrogels, due to their sparse polymer net-
works and high-water content, often suffer from poor 
mechanical strength, limiting their performance under 
demanding application conditions. As a result, the devel-
opment of mechanically extreme hydrogels (materials that 
combine exceptional toughness, strength, and resilience) has 
become a core objective in hydrogel research. These Adv. 
Mater. not only overcome traditional mechanical limitations 
but also retain essential features such as high biocompatibil-
ity, tunable responsiveness, and environmental adaptability.

Looking ahead, the future development of tough and 
intelligent hydrogels will be fundamentally guided by 
the scenario-adaptive design philosophy established in 
Sect. 4.1. This will shift the focus toward multiscale struc-
tural design informed by operational demands, bioinspired 
dynamic adaptability to environmental fluctuations, and 
the creation of energy-efficient material systems that main-
tain function under specific extremes. Innovations in raw 
material chemistry, composite interfaces, and multistimuli 
responsiveness will continue to be driven by the need to 
meet these scenario-specific performance profiles. Fur-
thermore, the integration of artificial intelligence, machine 
learning, and computational modeling into hydrogel design 
pipelines may accelerate the discovery of novel formula-
tions with predictive and adaptive mechanical behaviors 
tailored to complex, real-world environments. In summary, 
the field of mechanically extreme hydrogels is transition-
ing from foundational research to real-world deployment 
across healthcare, soft robotics, wearable electronics, and 
environmental technologies. As material science, biomedi-
cal engineering, and soft matter physics converge, strong 
and tough hydrogels are poised to serve as a cornerstone 
in the development of next-generation smart systems that 
demand simultaneous mechanical robustness and intelli-
gent functionality.

This review systematically presents the theoretical 
frameworks and preparation strategies that underpin 
the development of mechanically extreme hydrogels, 
emphasizing their unique capabilities in sustaining high-
strength performance under diverse mechanical loads 
such as stretching, compression, twisting, and knotting. 

By analyzing various reinforcement mechanisms from 
network architecture and crosslinking chemistry to mul-
tiscale structural design, this review highlights the critical 
principles guiding the synthesis of tough hydrogels and 
the translation of these materials into a broad range of 
high-performance applications. These include biomedi-
cine, wearable sensors, soft robotics, and smart control 
systems where materials are required to maintain struc-
tural integrity and functionality under complex dynamic 
conditions.

5.2 � Perspective

In the next decade, the study of ultra-mechanical hydrogels 
may transition from a traditional material-centric design para-
digm to a function-driven, scenario-aware, and intelligent feed-
back model. This evolution, building upon the framework of 
Sect. 4.1, hinges on moving beyond optimizing static mechani-
cal properties and toward achieving real-time environmental 
adaptation, multifunctional responsiveness, and long-term dura-
bility within defined operational envelopes. For instance, inte-
grating scenario-specific adaptive mechanics with intelligent 
feedback loops could elevate hydrogels from passive structural 
materials to active components capable of perception, decision-
making, and actuation within their target environment.

5.2.1 � Challenges and Opportunities in Multi‑scale 
Design

The future of ultra-mechanical hydrogels hinges on mov-
ing beyond optimizing static mechanical properties and 
toward achieving real-time environmental adaptation, 
multifunctional responsiveness, and long-term durability 
within defined operational envelopes. This requires coher-
ent integration across scales—from molecular design to 
macroscopic performance. For instance, at the molecular 
level, precise control of dynamic bond kinetics is essential. 
On the microstructural scale, orchestrating phase separa-
tion or nanoparticle alignment to simultaneously achieve 
high toughness, rapid stimulus response, and functional 
properties remains a key challenge. Bridging these scales 
to ensure robust and reproducible macroscopic perfor-
mance is a fundamental hurdle for scalable manufacturing.
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5.2.2 � New Frontiers in Intelligent Integration

Machine learning algorithms can accelerate high-through-
put screening and optimization of hydrogel formulations 
for target scenarios by leveraging predictive modeling and 
structure–property relationship under specific environmen-
tal conditions. For instance, inverse design approaches allow 
researchers to start with a desired set of mechanical proper-
ties (e.g., a specific toughness and swelling ratio) and use AI 
to identify feasible polymer compositions and crosslinking 
strategies that meet those targets. Furthermore, active learn-
ing frameworks can iteratively guide experimental synthesis 
by prioritizing the most informative compositions to test 
next, dramatically reducing the number of required trials. 
For example, AI-driven simulations can predict hydrogel 
behavior under diverse environmental conditions, reducing 
experimental trial-and-error costs and enabling customized 
design of ultra-mechanical hydrogels. These approaches 
move beyond simple prediction toward truly goal-oriented 
material discovery. However, challenges such as data qual-
ity, model interpretability, and large-scale manufacturing 
remain bottlenecks.

5.2.3 � Pathways for Sustainability and Scalability

Translating laboratory breakthroughs into sustainable, 
real-world applications demands concurrent advances in 
biocompatibility, standardized manufacturing, and safety. 
Breakthroughs in biomedical applications are critical. 
To address toxicity and swelling issues during long-term 
implantation, future research will focus on developing 
more biocompatible ultra-mechanical hydrogels. For 
instance, molecular design can regulate crosslinked net-
works to achieve controlled swelling, preventing mechani-
cal failure due to excessive expansion. Additionally, self-
growth and self-strengthening mechanisms will enable 
hydrogels to repair their structures post-damage, thereby 
reducing potential toxic release risks. However, balancing 
biodegradability and immunocompatibility remains essen-
tial for personalized medicine, regenerative medicine, and 
other needs. Beyond material design, clinical translation 
faces tangible hurdles in standardization. A fundamental 
requirement for clinical translation is the precise con-
trol of crosslinking density across production batches to 
ensure identical swelling behavior and degradation rates. 

Furthermore, comprehensive safety profiles are required. 
This means not only testing for cytotoxicity but also 
assessing specific risks like in vivo hemolysis, comple-
ment activation, and the long-term inflammatory response 
to degradation fragments. For biomedical applications, 
breakthroughs depend on developing more biocompatible 
hydrogels and establishing rigorous standards for fabri-
cation and safety evaluation. Furthermore, cross-disci-
plinary integration of technologies like 3D printing and 
bioorthogonal chemistry is crucial to drive industrializa-
tion. By converging these pathways, the next generation 
of hydrogels will not only be mechanically extreme but 
also manufacturable, safe, and sustainably integrated into 
advanced technologies.
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