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SUMMARY

Hydrogels, three-dimensional crosslinked polymer networks with high water content, have attracted signif-

icant attention in flexible electronics owing to their tissue-like mechanical properties, tunable electrical 
behavior, and excellent biocompatibility. However, achieving both low hysteresis and high toughness re-

mains a significant challenge, as these properties are often mutually exclusive. This review summarizes 
design strategies to address this limitation by emphasizing the importance of maintaining network integrity 
and uniform stress distribution. Approaches such as optimizing network structures, modifying crosslinking 
mechanisms, incorporating nanostructures, and introducing higher-order architectures are discussed. The 
potential applications of these hydrogels in sensors, energy-harvesting devices, supercapacitors, and bio-

electronics are highlighted, along with future challenges. This work aims to guide the development of 
high-performance hydrogels and advance their practical use in flexible electronic devices.

INTRODUCTION

Hydrogels are macromolecular materials comprising three-

dimensional, crosslinked polymer networks with high water con-

tent. 1 These networks incorporate numerous hydrophilic groups, 

enabling versatile tuning of chemical composition, network ar-

chitecture, mechanical properties, and biological functionality. 2,3 

The porous structure of hydrogels facilitates efficient water
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toughness is often accompanied by substantial energy dissipation (hysteresis), resulting in fatigue and even-

tual failure over time. This review delineates innovative strategies (such as optimizing network architectures, 

incorporating dynamic crosslinks, reinforcing with nanomaterials, and designing higher-order structures) 

that effectively mitigate this challenge. These methodologies enable hydrogels to achieve both high toughness 

and low hysteresis concurrently, thereby enhancing their reliability for prolonged applications.
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gence for expedited property tuning, and enhance material durability under extreme conditions (such as sub-
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molecule transport within polymer matrix. With an elastic 

modulus akin to natural tissues and excellent biocompatibility, 

hydrogels are extensively utilized in applications such as wear-

able devices, implantable sensors, artificial skin, drug delivery 

systems, and wound dressings. 4–8 Recent advancements have 

led to the development of functional hydrogels that respond to 

environmental stimuli, including light, temperature, pH levels, 

electric fields, magnetic fields, and mechanical forces, keeping 

pace with the rapid evolution of smart materials. 9–13

Despite the significant potential of hydrogels for diverse appli-

cations, critical challenges must be addressed to enable their 

practical implementation. Hydrogels often experience complex, 

long-term deformation in applications, making mechanical prop-

erties critical. 14 Conventional hydrogels typically exhibit limited 

mechanical strength or flexibility due to heterogeneous polymer 

density, irregular crosslinked networks, or inadequate energy 

dissipation, constraining their utility. 15 Most hydrogels show a 

positive correlation between hysteresis and toughness. Low-

toughness hydrogels have limited reversible energy dissipation 

during deformation, and their weak intrinsic bond strength com-

promises mechanical performance. Consequently, developing 

hydrogels with high toughness (defined by high tensile strength 

and strain) has become a research priority. Mechanical proper-

ties can be enhanced by tailoring chemical structures, optimizing 

microstructures, or introducing effective energy dissipation 

mechanisms. 16,17 However, substantial energy loss (hysteresis 

phenomenon) is often observed during the stretching process 

of these high-toughness hydrogels under large deformation. 18 

Bond breakage induced by deformation reorganizes slowly, 

leading to unrecoverable energy dissipation. Over thousands 

of deformation cycles, accumulated energy loss can cause 

structural damage and failure. 19 Minimizing energy dissipation 

is thus essential for optimizing hydrogel performance in practical 

applications.

The hysteresis of a hydrogel is defined as the fraction of energy 

dissipated during the recovery phase of deformation relative to 

the total energy required for deformation. 20 The calculation is ex-

pressed as follows 21 :

ΔU i = 

∫ 

Loading 

σdε − 
∫ 

Unloading

σdε; (Equation 1)

H = 
ΔU i∫ 

Loading
σdε 

; (Equation 2)

where ΔU i represents the energy dissipation, calculated as the

area enclosed by the loading-unloading. 
∫ 

Loading
σdε is the area

under the loading curve with the x axis, and 
∫ 

Unloading
σdε is the

area under the unloading curve with the x axis. H is the 

hysteresis.

The elasticity of a hydrogel represents the proportion of en-

ergy released during the deformation recovery process to the 

total energy required for the deformation itself, where low hys-

teresis corresponds to high elasticity. 22 The toughness of a hy-

drogel refers to the total energy absorbed during the uniform 

deformation process until it breaks. The calculation formula is 

as follows 23 :

T =

∫ ε

0

σdε ; (Equation 3)

where T represents the toughness, defined as the integrated 

area below the stress-strain curves. ε is the tensile fracture 

strain, and σ is the tensile stress.

The energy dissipation of hydrogels during cyclic deformation 

mainly originates from molecular chain sliding and internal fric-

tion, chemical bond breakage, disruption of physical bonds, 

relaxation of dangling chains, and release of temporary entan-

glements. 24,25 High toughness demands sufficient internal en-

ergy dissipation mechanisms within the hydrogel network to 

dissipate stress and inhibit elastic shrinkage. 26,27 In contrast, 

low hysteresis requires minimal energy dissipation. 28,29 That is, 

low mechanical hysteresis indicates a high reorganization rate 

of the polymer network, enabling rapid recovery to its initial state. 

Low electrical hysteresis, in turn, reflects high stability of ion or 

electron transport pathways, as well as rapid resistance recov-

ery. Specifically, when the mechanical network recovers quickly, 

the ion or electron transport channels can also recover synchro-

nously and rapidly, thus establishing a clear correlation between 

the two. 30 Low-hysteresis and high-toughness hydrogels are 

generally defined as those with a hysteresis of less than 10% 

and a toughness exceeding 1 MJ/m 3 . 31,32 This inherent contra-

diction makes it challenging to simultaneously achieve low hys-

teresis and high toughness. Particularly, for hydrogel sensors, 

high toughness enables them to withstand large strains and 

thus achieve a broad sensing range. 33 Low hysteresis ensures 

that hydrogel sensors possess excellent fatigue resistance, 

long service life, and rapid responsiveness during repeated 

strain cycling for continuous monitoring. 34 In contrast, hydrogel 

sensors with high toughness and high hysteresis often suffer 

from poor signal stability due to irreversible energy dissipation, 

making them unsuitable for long-term monitoring. On the other 

hand, sensors made with low-toughness and low-hysteresis hy-

drogels tend to have a narrow sensing range and are mechani-

cally fragile, prone to fracture under deformation. Xue et al. 

designed a strain sensor featuring low hysteresis, high sensi-

tivity, and high linearity by employing a gradient stiffness sliding 

strategy. 35 Under rapid stretching conditions (2 mm⋅s − 1 ), the 

sensor maintained excellent performance stability for 2,000 

cycles without noticeable signal drift or fluctuation. Therefore, 

balancing toughness and hysteresis in hydrogels remains a crit-

ical challenge.

The efficiency of storing and releasing energy is influenced by 

the level of elastic deformation (which represents energy stor-

age) and the extent of energy dissipation (indicating energy 

loss). 20 Nature provides numerous examples exhibiting high 

toughness and superelasticity, such as the heart, muscles, joint 

cartilage, and spider silk. The remarkable elasticity of the heart 

allows it to withstand approximately 2.5 billion repetitive loading 

cycles throughout its lifespan. 36 Muscles can sustain millions of 

repeated stretching and contraction cycles due to their 

outstanding mechanical support properties. 37 Articular cartilage, 

which functions like a biological spring, absorbs mechanical 

loads between bones, experiences relatively high pressures, 

and elastically deforms to store and release energy during
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movement. 38 Biological tissues have evolved specialized struc-

tures composed of elastin stabilized by various hydrogen bonds 

to efficiently dissipate energy. 39,40 Spider silk, consisting of 

nanocrystalline regions composed of hydrogen-bonded poly-

peptide chains uniformly dispersed within an amorphous matrix, 

exhibits excellent superelasticity and high toughness. 41 Inspired 

by these natural structures, Wang et al. designed a low-hystere-

sis composite material consisting of a matrix with low elastic 

modulus and fibers with a high elastic modulus, characterized 

by strong interfacial adhesion between the matrix and the fibers 

without sacrificing bonds. 42 Similarly, Wibowo et al. incorpo-

rated conductive materials into an elastic matrix and leveraged 

the strong physical interactions between the matrix and the 

conductive phase to fabricate a composite film with high exten-

sibility and low hysteresis. 43 The resulting sensor demonstrated 

exceptional electromechanical stability due to the elimination of 

stress relaxation mismatch between the elastic matrix and 

conductive filler during recovery.

Although these examples from nature have provided valuable 

theoretical guidance and inspiration for constructing hydrogels 

with low hysteresis and high toughness, the intrinsic relation-

ships among various low-hysteresis mechanisms have not yet 

been systematically discussed. For example, hydrogels with en-

tangled double-network (DN) chains and those exhibiting strain-

induced crystallization both effectively balance the contradiction 

between toughness and hysteresis, yet these hydrogels rely on 

distinct low-hysteresis mechanisms. 23,44 It remains unclear 

whether there is a universal mechanism for preparing low-hys-

teresis hydrogels. Energy dissipation mechanisms that avoid 

the introduction of sacrificial bonds are essential for achieving 

low hysteresis but have not been comprehensively explored. 

Therefore, developing general and comprehensive principles to 

resolve the contradiction between low hysteresis and high 

toughness in hydrogels is imperative.

Here, this review aims to establish a theoretical foundation for 

creating hydrogels that exhibit both low hysteresis and high 

toughness. To the best of our knowledge, no systematic review 

focusing on design hydrogels that simultaneously achieve 

maximum toughness and minimal hysteresis has been reported 

previously. First, we review and classify recent strategies for pre-

paring hydrogels exhibiting maximum toughness and minimal 

hysteresis and propose comprehensive design principles to 

resolve the inherent conflict between these two properties 

(Figure 1). Subsequently, we summarize the diverse applications 

of low-hysteresis and high-toughness hydrogels, including their 

uses in sensors, energy-harvesting devices, supercapacitors, 

and bioelectronics. Finally, the key challenges and potential 

future directions for research in this area are highlighted.

DESIGN STRATEGY OF LOW-HYSTERESIS AND HIGH-

TOUGHNESS HYDROGELS

Many tough hydrogels improve their mechanical properties 

through the incorporation of energy dissipation mechanisms. 

Nevertheless, it is still difficult to attain both low hysteresis and 

high toughness at the same time, as conventional energy dissi-

pation structures frequently struggle to recover quickly following 

deformation. 52 A comprehensive understanding of low-hystere-

sis mechanisms, that is, minimizing energy dissipation, plays a 

crucial role in guiding the design of hydrogels that combine 

low hysteresis with high toughness. For the development of poly-

mer gels that exhibit minimal hysteresis, it is crucial to enhance 

the storage of elastic energy while concurrently reducing or 

completely removing energy loss. A general principle to achieve 

this is maintaining structural homogeneity and ensuring uniform 

stress distribution within the polymer network during stretching. 

This section discusses representative cases from previous 

studies on hydrogels with low hysteresis and high toughness, 

categorizing them into four main strategies: optimizing network 

structures, modifying crosslinking mechanisms, enhancing 

nanostructures, and introducing higher-order architectures.

Network structure

The classical continuum theory used to predict hydrogel proper-

ties typically assumes a simplified model, wherein the three-

dimensional polymer network is considered ideal and homoge-

neous. 53 However, numerous studies have demonstrated that 

actual hydrogel networks exhibit significant spatial heterogene-

ity, 54 characterized by regions of dense and loosely crosslinking 

domains coexisting within the same network. 55 Such microstruc-

tural inhomogeneity significantly influences the macroscopic

Figure 1. Recent strategies for designing low-hysteresis and high-

toughness hydrogels and their potential applications

Strategies: Network structure (reproduced with permission, 45 copyright 2022, 

Wiley-VCH; reproduced with permission, 23 copyright 2024, Springer Nature), 

crosslinking mechanism (reproduced with permission, 46 copyright 2020, 

Springer Nature; reproduced with permission, 47 Copyright 2023, Springer 

Nature), nanomaterial reinforced (reproduced with permission, 48 copyright 

2022, Wiley-VCH; reproduced with permission, 49 copyright 2023, Springer 

Nature), and higher-order structure (reproduced with permission, 50 Copyright 

2024, Wiley-VCH; reproduced with permission, 51 Copyright 2023, AAAS). 

Applications: sensors, energy-harvesting devices, supercapacitors, and 

bioelectrical systems.
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properties of hydrogels. Yang et al. reported that a heteroge-

neous network structure markedly affects hydrogel fracture 

behavior, 56 indicating that minimizing or eliminating this hetero-

geneity is crucial to addressing the challenges of achieving 

both low hysteresis and high toughness. Introducing physical en-

tanglements or constructing interpenetrating polymer networks 

(IPNs) can enhance toughness while also preventing stress con-

centrations. Additionally, swelling hydrogels in suitable solvents 

can effectively reduce intermolecular friction, thereby minimizing 

the subsequent energy dissipation.

Single-network chain entanglement

Highly entangled hydrogels exhibit a significant degree of elas-

ticity, akin to a spring, enabling them to efficiently transfer and 

store stress. When a highly entangled polymer is stretched, ten-

sion is transmitted along the chain and through entanglements, 

to numerous other chains. When a covalent bond in a chain is 

disrupted, the polymer disperses elastic energy throughout 

numerous extended long chains, which contributes to its high 

toughness. Additionally, the low interchain frictional resistance 

enables negligible hysteresis during cyclic loading.

Kim et al. designed a single-network polymer to address the 

conflict of tough hysteresis, characterized by long and highly en-

tangled chains. 57 This dense entanglement facilitates the trans-

fer of tension across multiple chains along the length of the poly-

mer (Figure 2A). Upon immersion in water, the polymer attains an 

equilibrium state, resulting in a hydrogel that exhibits low hyster-

esis and high toughness. The hysteresis is negligible, remaining 

below 1% under cyclic tension across various strains. The near-

perfect elasticity can be attributed to three key factors. First, the 

dense entanglement enables the hydrogel to preserve its intact 

network structure during stretching. Second, the flexibility of 

the entanglement allows the long polymer chains to slide consid-

erable distances before rupture occurs. Third, the low viscosity 

of water minimizes friction between the chains. Nian et al. devel-

oped a hydrogel composed of dough that exhibits both minimum 

hysteresis and significant toughness. 45 The dough consists of 

long polymer chains combined with a small quantity of water 

and a photoinitiator. This mixture is homogenized through 

kneading and annealing at elevated temperatures, resulting in 

tightly wound polymer chains (Figure 2B). Subsequently, the 

polymer chains are crosslinked under the action of ultraviolet 

light to form a network structure and then immersed in water 

to reach a balanced state. The resulting hydrogel demonstrates 

excellent elasticity, resistance to expansion, and toughness. 

First, the substantial water content in the expanded hydrogel di-

minishes friction among the chains. Second, the highly en-

tangled structure of the hydrogel lacks sacrificial bonds. Due 

to the low viscosity of water, tangles within the expanded hydro-

gels can slip easily before rupture, rendering energy dissipation 

negligible. This ease of slippage is, in fact, the underlying reason 

for the concentration of tension along the long chains and the hy-

drogel’s high toughness.

Double-network chain entanglement

The hysteresis of hydrogels can be reduced effectively by utiliz-

ing an elastic network that minimizes energy dissipation. Adjust-

ing the network structure can enhance both the reversibility and 

elasticity of hydrogels. 59 Zhu et al. prepared DN hydrogels with a 

high degree of entanglement, which exhibited an energy dissipa-

tion-free structure. A significant number of physical entangle-

ments function as efficient crosslinks within the first network. 23 

The slip entanglement facilitates the creation of a highly uniform 

oriented structure in the hydrogel under tensile strain without en-

ergy dissipation (Figure 2C). The energy from external sources 

that is applied to the hydrogel does not get lost; instead, it is

Figure 2. Strategies for preparing low-hysteresis and high-toughness hydrogels by optimizing the network structure

(A) Single-network chain entanglement. Reproduced with permission. 57 Copyright 2021, AAAS.

(B) Single-network chain entanglement dough hydrogel. Reproduced with permission. 45 Copyright 2022, Wiley-VCH.

(C) Double-network chain entanglement. Reproduced with permission. 23 Copyright 2024, Springer Nature.

(D) Interpenetrating polymer network. Reproduced with permission. 58 Copyright 2024, Wiley-VCH.
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preserved as entropy reduction within a highly oriented molecu-

lar chain, resulting in nearly 100% reversibility. Consequently, 

the high-entanglement DN structure successfully resolves 

the conflict between low hysteresis and high toughness in 

hydrogels.

Interpenetrating polymer network

The elastic IPN exhibits high flexibility and stretchability. Chen 

et al. designed a conductive organic hydrogel synthesized 

through the interpenetration of polyaniline (PANI) chains with a 

crosslinked poly(acrylamide-co-acrylic acid) network using a 

glycerin/water binary solvent. 58 The low interchain friction and 

the interpenetrating network structure contribute to its low hys-

teresis. Upon stretching, the network expands, while the PANI 

chain deforms (Figure 2D). This deformation leads to the 

destruction of non-covalent interactions, facilitating energy 

dissipation. The binary solvents serve as lubricants, reducing 

interchain friction within the network. Notably, the microstructure 

remains intact after cyclic loading, which can be attributed to the 

abundant porosity of the uniform network that promotes the 

dispersion of loading stress. The combination of the IPN struc-

ture and various non-covalent interactions endows organic hy-

drogels with maximum toughness and minimal hysteresis. Han 

et al. reported the preparation of a low-hysteresis semi-inter-

penetrating network hydrogel via in situ polymerization of acryl-

amide (AM) and ionic liquid. 60 In this hydrogel network, the poly 

(ionic liquid) serves as a physical crosslinked point, constructing 

a hydrogen-bond network that efficiently and rapidly dissipates 

energy, thus preventing stress concentration and hysteresis. 61

Crosslinking mechanism

On the other hand, strong interactions between multifunctional 

crosslinkers and polymer chains can prevent the breakage of 

crosslinkers and chain slippage during repeated deformation cy-

cles, thereby preserving the structural integrity of the polymer 

network and simultaneously achieving low hysteresis and high 

toughness.

Polyprotein crosslinking

Inspired by the natural load-bearing organizational structure, 

elastin that consists of tandem repeats of folded protein domains 

serves as a crosslinking agent for loosely stacked protein fibers. 

These fibers can unfold to dissipate mechanical loads and 

rapidly fold back to restore their original mechanical proper-

ties. 62,63 Lei et al. proposed a network structure that includes 

an unstructured polymer as the permeating phase and a poly-

protein as the crosslinking agent. 46 By embedding folded poly-

protein crosslinkers, comprising eight tandem repeats of GB1, 

into a randomly wound polyacrylamide (PAM) network, they 

achieved a combination of low hysteresis and high toughness. 

The experiments demonstrate that the macroscopic deforma-

tion of the hydrogel primarily results from the extension of the 

permeable unstructured polymer rather than polyprotein cross-

linker, as the crosslinker is mechanically bypassed (Figure 3A). 

Only when the unstructured chain is sufficiently tight does the 

force propagate to the polyprotein crosslink. Despite consider-

able elongation, the minimal extension of the polyprotein cross-

linkers inhibits the unfolding of protein domains during stretch-

ing, enabling them to maintain their folded configuration under 

ultrahigh strain. Therefore, this design, which incorporates a

multi-protein crosslinker, challenges the conventional hystere-

sis-toughness correlation observed in traditional hydrogels. 

Polypeptide crosslinking

Inspired by the ability of helical springs to absorb and store me-

chanical energy during deformation and release it during stress 

relief, 68 numerous studies have reported the incorporation of he-

lical peptide chains into hydrogel networks to create hydrogels 

characterized by low hysteresis and high toughness. 69,70 Liu 

et al. proposed a straightforward method for synthesizing hydro-

gels using peptide crosslinkers. 64 The integration of peptide 

chains structured as ‘‘molecular springs’’ not only mitigates the 

inhomogeneity of the network but also introduces a novel energy 

dissipation mechanism. Peptide-crosslinked hydrogels dissi-

pate energy through the breaking of intramolecular hydrogen 

bonds within the spiral peptide chains. Similar to molecular-

sized springs, these chains elongate into extended helical con-

figurations under load, causing the intramolecular hydrogen 

bonds that maintain the helical structure to break. However, 

upon unloading, the peptide chains accurately refold back into 

their helical configuration, and the disrupted intramolecular 

hydrogen bonds nearly completely reorganize (Figure 3B). 

Consequently, the energy absorbed and stored by the system 

is released, resulting in a minimal hysteresis loop and enhanced 

elasticity. Introducing peptide crosslinking agents also imparted 

low hysteresis and high toughness to the eutectogel. Specif-

ically, Zhang et al. introduced α-helical peptide segments into 

the deep eutectic solvent (DES) and produced continuously 

spun eutectogel fibers through a simple photopolymerization 

strategy. 71 The α-helical peptide segments were employed to 

achieve energy dissipation, preparing fibers that mimic natural 

spider silk with high tensile strength (720 kPa) and exceptional 

elasticity (>95% recovery at 500% strain).

Dynamic micelles

Li et al. developed a solvent-induced dynamic micellar island 

structure method to copolymerize AM and acryloyl Pluronic 

127 (PF127-DA) in aqueous solution, resulting in a novel multi-

purpose hydrogel. 65 PF127-DA micelles serve as dynamic 

macroscopic crosslinkers; their deformation and the corre-

sponding internal physical rearrangement function as a stress 

absorber under large deformation, providing an excellent energy 

dissipation mechanism (Figure 3C). 72 By avoiding the introduc-

tion of sacrificial bonds to enhance toughness, the significant 

hysteresis typically associated with such bonds is eliminated. 42 

The hydrogel’s remarkable stretchability, toughness, rapid resil-

ience, and low hysteresis can be attributed to the flexibility and 

self-assembly capabilities of the PF127-DA molecular chain, 

which allows the PF127-DA micelles to break and reassemble 

quickly under external forces. 73

Sliding crosslinker

The ideal polymer network features uniformly distributed chains 

of equal length, minimal energy dissipation during deformation, 

and high resilience. 74 Xiong et al. developed a polymerizable ro-

taxane (PR) crosslinking agent by combining acrylated β-cyclo-

dextrin (CD) with bile acids through precise host-guest recogni-

tion, followed by photopolymerization with AM to create a 

conductive hydrogel. 47 Due to the topological structure of PR, 

PR gels exhibit all the desirable characteristics, including low 

hysteresis. This is ascribed to the presence of polymerizable
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crosslinkers, resulting in the creation of numerous mobile con-

nections within the PR gels. The permanent and slippable nature 

of these movable junctions allows the PR gels to glide easily 

along the chain axis when external forces are applied, thereby 

alleviating stress concentrations on shorter chains and enabling 

the rearranged gel network to approximate the optimal polymer 

network. 75 Consequently, the dynamic mechanical interlocking 

and strong interactions among polymer segments in PR topolog-

ical networks are crucial for the superior properties of these hy-

drogels (Figure 3D). The tensile properties of low-hysteresis slip-

ring (SR) hydrogels are enhanced not through energy dissipation 

but rather by alleviating stress concentration resulting from 

sliding.

Cationic polymer

Xiong et al. developed a universal and simple approach for pre-

paring hydrogels with low hysteresis by incorporating porous 

cationic polymers (PCPs) and adjustable anions that serve as dy-

namic physical crosslinkers. The topological configuration of the 

hydrogel is established through the interpenetration and winding 

of PCPs and polymer chain segments. 66 As a physical crosslink-

ing agent, PCP provides numerous active sites that efficiently 

immobilize the polymer chain segments, preventing their slip 

and thus minimizing energy dissipation. This contributes to the 

high sensitivity of the hydrogel strain sensor (Figure 3E). Further-

more, based on the principle of adjustable ionic liquids, this 

approach can be extended to other PCP gels incorporating 

different metal halides.

Spatial constraint

Wang et al. proposed a novel method for designing hysteresis-

free hydrogels, which is based on hydration-induced spatial con-

straints. 67 In this approach, spatial constraints replace the phys-

ical crosslinking of polymer chains, successfully avoiding stress 

concentration and hysteresis. The polymer chains can glide over 

one another to dissipate energy, leading to the creation of super-

tough hydrogels characterized by minimal hysteresis (Figure 3F). 

Experiments and theories demonstrate that the differences in hy-

dration between polymer chains and salt induce spatial limita-

tions within the polymer chains by regulating the proportion of 

bound water to free water. This method represents a widely 

adopted strategy for synthesizing hysteresis-free hydrogels uti-

lizing different salts and monomers.

Supramolecular interaction crosslinking

In stretchable ductile materials, hysteresis arises from the non-

ideal fracture of the sacrificial bond under normal working condi-

tions. Therefore, it is essential to ensure the stability of the sacri-

ficial bond during normal operations, allowing it to dissipate 

energy effectively only when it is expected to break. 76 In recent 

years, supramolecular interactions, including non-covalent

Figure 3. Strategies for preparing low-hysteresis and high-toughness hydrogels by modifying the crosslinking mechanism

(A) Polyprotein crosslinking. Reproduced with permission. 46 Copyright 2020, Springer Nature.

(B) Polypeptide crosslinking. Reproduced with permission. 64 Copyright 2021, Elsevier.

(C) Dynamic micelles. Reproduced with permission. 65 Copyright 2021, Wiley-VCH.

(D) Sliding crosslinker. Reproduced with permission. 47 Copyright 2023, Springer Nature.

(E) Cationic polymer. Reproduced with permission. 66 Copyright 2024, Wiley-VCH.

(F) Spatial constraint. Reproduced with permission. 67 Copyright 2023, Wiley-VCH.

(G) Supramolecular interaction crosslinking (hydrogen bond clusters). Reproduced with permission. 32 Copyright 2024, Wiley-VCH.
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interactions and dynamic covalent interactions, have been incor-

porated into chemically crosslinked hydrogels to address the 

trade-off between toughness and hysteresis. For example, the 

introduction of non-covalent interactions, such as B-N coordina-

tion, 77 metal coordination, 78 hydrophobic interaction, 79 and 

hydrogen bonding, 80 along with dynamic covalent interactions 

like the borate bond 81 has effectively resolved this issue. The 

key to achieving minimal energy dissipation and low hysteresis 

lies in utilizing strong supramolecular interaction crosslinking, 

which reduces the separation of polymer chains and the degra-

dation of sacrificial bonds. 82 The rate at which supramolecular 

interactions recover also impacts the hysteresis of the hydrogel 

during stretching. A rapid recovery ensures that the internal 

network remains synchronized with external tensile deformation, 

thereby preserving elasticity while enhancing toughness and 

preventing breakage under normal operating conditions. 83

For instance, Wang et al. designed a one-pot heat-initiated 

polymerization of AM, N-tris(hydroxymethyl)methyl acrylamide, 

and ionic liquid, which were dissolved in core-shell structure-

dispersed poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-

nate) (PEDOT:PSS) (Figure 3G). This process resulted in an all-

polymer hydrogel exhibiting high toughness (1.22 MJ m − 3 ) and 

extremely low hysteresis (<5%). 32 During the stretching cycle, 

the network of conductive hydrogels can be rapidly and effi-

ciently restructured, resulting in extremely low hysteresis due 

to the non-covalent interactions dominated by abundant 

hydrogen bonds, which allow external forces to act on all poly-

mer chains simultaneously. Similarly, Guo et al. constructed a 

dynamic hydrogen bond system by introducing a DES, 

composed of sulfobetaine methacrylate and glycerol, into AM 

and polyvinylpyrrolidone. 84 This DES regulates relaxation dy-

namics between hydrogen bonds and polymer chain segments. 

The resulting dense dynamic hydrogen bond network undergoes 

nearly simultaneous rupture and reorganization, enabling imme-

diate bond energy recovery to equilibrium after loading/unload-

ing cycles. This mechanism is key to achieving ultralow hystere-

sis (<3%) and high fracture strain (1,500%). This principle 

extends to other dynamic interactions. For example, Song 

et al. designed a hierarchical structure consisting of long-chain 

poly(acrylamide-co-1-vinyl-3-butylimidazolium bromide) and 

bacterial cellulose nanofibers, where the latter were dynamically 

covalently crosslinked via boronic acid. 85 Synergistic dynamic 

boronic ester bonding, hydrogen bonding, and electrostatic in-

teractions enhanced mechanical properties, yielding a hydrogel 

with >1,000% elongation at break and hysteresis as low 

as 10.4%.

Nanomaterial reinforced

The heterostructures formed by incorporating nanomaterials into 

hydrogels are expected to resolve conflict between toughness 

and hysteresis across scales, from macroscopic to atomic. 86 

Nanomaterials are frequently employed as mechanical rein-

forcement centers within hydrogels. 87,88 Nevertheless, the 

limited active sites and the weak interaction between polymer 

chains and nanoparticles usually make it inevitable for the poly-

mer chains in hydrogels to slip during repeated uniaxial tensile 

cycles. 89 However, after appropriate surface modification and 

functionalization, nanomaterials can significantly enhance their

interactions with polymer chains, effectively acting as stress 

transfer centers. This prevents chain slippage, maintains 

network integrity, and thereby achieves hydrogels with minimal 

hysteresis.

Silicon dioxide

Meng et al. described a method utilizing highly expanded, hyper-

branched nanoparticles to enhance the mechanical properties of 

hydrogels. 48 In this hydrogel network, hyperbranched nanopar-

ticles serve as the primary crosslinks, interconnected by polymer 

chains that are not temporarily entangled (Figure 4A). The unique 

topology and abundant surface hydroxyl groups of the hyper-

branched nanoparticles increase the surface area, compen-

sating for the reduction in polymer crosslinking density. Low 

crosslinking densities necessitate longer connecting chains, 

which tend to become heavily entangled; however, the high 

expansion of the hydrogels eliminates these temporary tangles, 

leaving only permanent ones that enhance elasticity. As antici-

pated, this hydrogel exhibits negligible energy dissipation during 

large deformations, resulting in no mechanical hysteresis. Simi-

larly, Zhou et al. prepared a poly(acrylic acid-co-acrylamide) hy-

drogel crosslinked by silica nanoparticles through photodimeri-

zation and salting out hydrophilic ions. 90 The vinyl hybrid silica 

nanoparticle (VSNP) possesses a unique topology and rich sur-

face hydroxyl groups, which facilitate a balance between 

strength and energy consumption. VSNP can spontaneously 

function as covalently crosslinked sites and stress transfer cen-

ters within the hydrogels. The ultrahigh surface-to-volume ratio 

of VSNP compensates for the diminished crosslinking density, 

thereby promoting robust physical interactions and effective 

stress transfer. 91 As the polymer chains in the hydrogel are 

stretched, the VSNP acts as a stress transfer center, reinforcing 

the network. This effectively mitigates stress concentration 

within the hydrogel, preventing sample rupture prior to damage 

and resulting in low mechanical and electrical hysteresis.

Ji et al. designed biomimetic silica (BM-silica) nanoparticles, 

featuring circular polyamine chains embedded on their surface, 

to enhance PAM hydrogels. 92 This unique surface structure of 

BM-silica facilitates robust interfacial interactions through the 

entanglement and localized topological folding of polymer 

chains. The transfer of load from the soft gel matrix to the rigid 

nanoparticles, along with the elastic gliding and unwinding of 

the molecular chains, effectively addresses the traditional con-

flict between hysteresis and toughness (Figure 4B). At the inter-

face between PAM and BM-silica, there is an absence of sacrifi-

cial breaking of interface bonds, whether chemical or physical 

crosslinking, which leads to negligible energy dissipation and 

hysteresis. 95 In contrast, the interfacial interactions between 

PAM and BM-silica, coupled with the unrestricted movement 

of folded and entangled PAM chains within the hydrogel matrix, 

enable reversible deformation of PAM chains during elastic slip-

ping and unwinding. 96 The nearly perfect elastic behavior ex-

hibited by PAM/BM-silica differs significantly from that of previ-

ous interpenetrating DN hydrogels, which typically suffer from 

irreversible damage and substantial hysteresis, such as PAM/ 

alginate hydrogels. 97

MXene

MXene nanosheets are prone to oxidation and present chal-

lenges in dispersion within aqueous solutions. Furthermore, the
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weak interactions between MXene and the hydrogel network 

complicate the preparation of high-performance hydrogel 

sensors. 98

Liu et al. selected tannic acid (TA), which features a high den-

sity of hydroxyl groups, to encapsulate MXene nanosheets via 

hydrogen bonding. This approach significantly enhances the 

stability of MXene nanosheets in aqueous solutions. 99 Further-

more, the introduced TA generates numerous hydrogen bond in-

teractions with the poly(hydroxyethyl acrylate) (PHEA) network. 

Specifically, the dense hydrogen bonding between the PHEA 

chains and TA@MXene provides an energy dissipation mecha-

nism while restricting slip among the polymer chains. This inter-

action alleviates stress concentration, thereby improving energy 

dissipation efficiency and reducing mechanical hysteresis. Addi-

tionally, the rapid formation and breaking of hydrogen bonds 

during the stretching cycle preserve the high tensile strength 

and elastic recovery of the polymer network.

Zou et al. introduced a novel mechanism for the fabrication of 

highly entangled PAM/MXene hydrogels that do not require 

chemical crosslinkers. 93 In this approach, PAM molecular chains 

create numerous entanglements on the surface of MXene nano-

sheets, which preserves both the dynamic interactions and the

integrity of the network structure. Consequently, MXene nano-

sheets serve as effective stress transfer points, distributing stress 

across a broader range of polymer chains (Figure 4C). The novel 

strategy of ‘‘sliding entanglement island’’ significantly contributes 

to the hydrogels’ low mechanical hysteresis and high toughness. 

g-C 3 N 4
Liu et al. were the first to utilize g-C 3 N 4 as the sole photoinitiator 

for the in situ polymerization of Zn 2+ -crosslinked ternary poly-

mers, resulting in the formation of chain entanglements within 

the heterostructured gel. This innovative approach produced a 

hydrogel characterized by low hysteresis and high elasticity. 86 

The strategic integration of g-C 3 N 4 with the terpolymer estab-

lished a robust heterogeneous network, wherein each compo-

nent is thoughtfully designed to exhibit complementary proper-

ties. The resultant hydrogel elastomer benefits from the 

synergistic effects of permanent entanglements arising from 

the interactions between g-C 3 N 4 and the polymer chains, along 

with sparse ion crosslinking within the terpolymer matrix 

(Figure 4D). This collaboration effectively addresses the hystere-

sis-toughness trade-off in hydrogels at both macro- and micro-

scales, endowing the hydrogel sensor with enhanced mechani-

cal and sensing capabilities.

Figure 4. Strategies for preparing low-hysteresis and high-toughness hydrogels by enhancing nanostructures

(A) Hyperbranched silicon. Reproduced with permission. 48 Copyright 2022, Wiley-VCH.

(B) Biomimetic silicon. Reproduced with permission. 92 Copyright 2023, Wiley-VCH.

(C) MXene. Reproduced with permission. 93 Copyright 2024, Wiley-VCH.

(D) g-C 3 N 4 . Reproduced with permission. 86 Copyright 2024, Wiley-VCH.

(E) Covalent organic framework (COF). Reproduced with permission. 49 Copyright 2023, Springer Nature.

(F) Graphene oxide. Reproduced with permission. 94 Copyright 2024, Elsevier.

8 Matter 9, February 4, 2026

Review
ll



COF

Li et al. proposed a novel strategy for nanoconfined polymeriza-

tion aimed at preparing tough, hysteresis-free hydrogels under 

large stretches. 49 Hydrogels are synthesized through crosslink-

ing monomers within a covalent organic framework (COF) or mo-

lecular sieve nanochannel. The interpenetrating polymer seg-

ments effectively immobilize those that may slide under load 

(Figure 4E). The molecular potential energy of polymer fragments 

with reduced entropy, resulting from nanoscale constraints, in-

creases when stretched, facilitating energy storage and thereby 

preventing energy dissipation and eliminating hysteresis. Specif-

ically, rigid COF nanoparticles serve as centers for stress transfer 

and dissipation, mitigating stress concentration caused by 

segment breaks. 100 Additionally, the dense entanglement within 

the topological network enables the tension on one polymer 

chain to be efficiently transferred to adjacent chains, preserving 

the integrity of the network. 14,101 This method presents a general 

strategy for synthesizing hydrogels, ionic gels, and organogels, 

effectively addressing the traditional conflict between large 

deformation and high elasticity.

Graphene oxide

Zhou et al. developed an innovative amphoteric hydrogel utilizing 

trimethylamine N-oxide derivatives and N-(2-hydroxyethyl) 

acrylamide as monomers, along with glycidyl methacrylate func-

tionalized graphene oxide quantum dots (GGOQDs) serving as 

crosslinked agents. 94 The synthesized GGOQDs possess 

numerous physical and chemical crosslinking sites, which stabi-

lize the network structures and minimize the slippage of the mo-

lecular chains (Figure 4F). This multistage crosslinked architec-

ture allows GGOQDs to create a ‘‘crosslinked domain’’ within 

the hydrogel, thereby preserving the integrity of the hydrogel 

network during repeated stretches. The substantial tension is 

not only transferred to the neighboring molecular chains but 

also to the ‘‘crosslinked domain,’’ leading to a reduction in hys-

teresis and an enhancement in elasticity.

Higher-order structure

Tendons are made up of tough fibers that carry external loads 

and a flexible matrix that transports water. This heterogeneous 

structure provides tendons with exceptional load bearing under 

high mechanical stress, effectively reducing energy dissipation, 

and resulting in low hysteresis. 102 Similarly, the remarkable me-

chanical strength, toughness, elasticity, and resilience of spider 

silk are attributed to its distinctive two-phase structure, where 

β-sheet nanocrystals composed of hydrogen-bonded polypep-

tide chains are uniformly embedded within an amorphous matrix, 

enabling it to endure millions of load cycles. 103 Such biological 

heterogeneity has inspired innovative composite material 

research. Introducing hierarchical structures into hydrogels can 

significantly improve their elasticity and ensure uniform stress 

distribution under loading conditions, 104 effectively mitigating 

hysteresis and resolving the contradiction between toughness 

and hysteresis.

Induced crystallization

Liu et al. designed a non-damaging strengthening approach for 

constructing SR hydrogels by utilizing strain-induced crystalliza-

tion, wherein polyethylene glycol (PEG) chains are intercon-

nected through slippable crosslinking composed of hydroxy-

propyl-α-CD rings. 44 In SR hydrogels, crosslinking allows for 

sliding along PEG chains, facilitating stress release within the 

network. Under uniaxial stretching, the crosslinked chains slide 

in proximity to one another, resulting in elongation of the polymer 

chains situated between the crosslinking points, which stretch 

uniformly in the direction of the applied force. 105 At significantly 

high strains, highly oriented PEG chains repeatedly form and 

break tightly packed structures through the processes of 

stretching and subsequent release (Figure 5A). The reversible 

formation and destruction of PEG crystals accounts for the 

nearly 100% rapid recovery elongation exhibited by SR hydro-

gels, surpassing that of covalently crosslinked PEG homoge-

neous hydrogels.

Similarly, Cao et al. described a strategy that utilizes scalable 

layered heterogeneous hydrogel fibers to produce soft bio-

electronic sensors exhibiting high toughness (1.4 MJ m − 3 ) and 

low hysteresis (<7.6% at 200% strain) through a non-damaging 

toughening mechanism. 50 This mechanism involves dense long-

chain entanglement and reversible strain-induced crystallization 

of sodium polyacrylate (PANa). Under continuous stretching, the 

highly wound PANa network undergoes deformation and rear-

rangement, accompanied by reversible strain-induced crystalli-

zation (Figure 5B), thereby enhancing the toughness of the hy-

drogel. Specifically, the original PANa hydrogel is an isotropic, 

highly entangled long-chain network that possesses structural 

stability and low crystallinity. As it stretches, the tension within 

the PANa chains is transmitted along their lengths and through 

entanglement to numerous other chains. With an increase in 

strain, the chains become oriented, forming crystalline domains 

that impede their sliding and fracturing, thereby improving the 

hydrogel’s toughness. Upon release, the chains revert to a 

random configuration driven by entropy, resulting in high 

elasticity.

Microphase separation

Zhang et al. synthesized hydrogels characterized by high 

strength and low hysteresis through stationary phase separa-

tion. 51 These hydrogels are formed by the interpenetration of hy-

drophilic and hydrophobic networks and can be categorized into 

water-rich and water-poor phases. The topological entangle-

ment of these two networks effectively prevents phase separa-

tion (Figure 5C). At the microscopic scale, these two phases 

remain distinct. The water-rich phase is softer compared to the 

water-poor phase, resulting in the latter bearing the major load 

under hydrogel stretches. The significant difference in the 

modulus between the two phases facilitates the dispersion of 

stress from the water-rich phase to the water-poor phase. 

Consequently, the enhancement of the hydrogel arises from 

phase separation rather than merely the interpenetration of poly-

mer networks. Both phases exhibit elasticity and maintain a 

strong adherence through topological entanglement, resulting 

in low hysteresis of the hydrogel. Overall, this hydrogel demon-

strates superior properties compared to existing hydrogels, 

particularly in terms of low hysteresis and high strength.

Shen et al. constructed a unique microphase semi-separation 

network by combining PEDOT:PSS nanofibers with poly(vinyl 

alcohol) (PVA) to achieve high tensile strength and hysteresis-

free performance in hydrogel strain sensors. 106 The PEDOT-

rich semi-crystalline and PVA domains within the amorphous

Matter 9, February 4, 2026 9

Review
ll



matrix are physically crosslinked using a continuous freeze-thaw 

technique, resulting in a phase configuration that interlocks to 

form a uniform and stable microphase semi-separated hydrogel 

network (Figure 5D). Multiple intermolecular interactions, 

including electrostatic interactions, hydrogen bonds, and chain 

entanglement, between the PEDOT, PSS, and polymer chains 

facilitate the merging and interlocking of the phase boundaries. 

By eliminating interface disengagement and sliding problems 

between conductive polymers and elastic hydrogels, this phase 

configuration significantly reduces hysteresis without compro-

mising electrical and mechanical properties. Table 1 summarizes 

the relevant reports on the recent preparation of hydrogels with 

low hysteresis and high toughness using these methods. 

Optimizing the network structure enables entropy elasticity-

driven energy storage and release via highly entangled long-

chain networks (Figure 6A). However, an ideal uniform network 

structure remains difficult to achieve, as it requires precise con-

trol over polymerization reaction conditions. Modifying the 

crosslinking mechanism involves incorporating crosslinking 

sites with rapid, reversible responsive properties to achieve effi-

cient, recoverable energy dissipation (Figure 6B). Nevertheless, 

the design of such precise molecular crosslinking agents and 

their fabrication processes are complex, impeding large-scale 

application. Nanomaterial reinforcement leverages nanomateri-

als as multifunctional stress-transfer centers to achieve uniform 

stress distribution and suppress irreversible chain slippage 

(Figure 6C). However, the intrinsic dispersion challenges of 

nanomaterials, along with the need for precise regulation of inter-

face interaction strength, have hindered the advancement of this 

strategy. Introducing higher-order structures mimics the hetero-

geneous architectures found in natural systems, enabling syner-

gistic energy dissipation and elastic recovery through multi-

phase separation (Figure 6D). Yet, the difficulty in the 

controllable fabrication of complex structures and the inherent 

property anisotropy of such systems remain key limitations. 

Therefore, the future development of low-hysteresis and high-

toughness hydrogels will require the integrated and coordinated 

application of these strategies.

The uniqueness of the four methods lies in the fundamental dif-

ferences of the ‘‘source of energy reversibility,’’ which have re-

sulted in differentiated energy dissipation mechanisms due to 

the different scales of action (Table 2). Optimizing the network 

structure focuses on ‘‘chain entanglement slip’’ at the chain 

scale. Modifying the crosslinking mechanism focuses on ‘‘dy-

namicity of crosslinking points’’ at the molecular scale. Nanoma-

terial reinforcement utilizes a ‘‘nanoscale interface-chain’’ effect 

to disperse stress at the mesoscopic scale. The introduction of 

higher-order structures enables hierarchical energy dissipation 

through multi-phase synergy at the macroscopic scale. In the 

future, cross-scale collaborative design of high-performance hy-

drogels will be necessary to achieve maximum toughness and 

minimum hysteresis, thereby meeting the performance require-

ments of flexible electronic devices.

APPLICATION OF LOW-HYSTERESIS AND HIGH-

TOUGHNESS HYDROGELS IN FLEXIBLE ELECTRONICS

Flexible electronic devices based on hydrogels possess good 

stretchability and compressibility. Rationally engineered hydro-

gels can detect stimuli, including pressure, tension, and temper-

ature, converting these inputs into electrical signals. 107–109 Hy-

drogels with low hysteresis significantly enhance the long-term 

reliable stability of electronic devices. 31,110 In this section, we 

discuss various applications of maximum-toughness and

Figure 5. Strategies for preparing low-hysteresis and high-toughness hydrogels by introducing higher-order structure

(A) Strain-induced crystallization of slip-ring hydrogel. Reproduced with permission. 44 Copyright 2021, AAAS.

(B) Strain-induced crystallization of hydrogel fibers. Reproduced with permission. 50 Copyright 2024, Wiley-VCH.

(C) Phase separation. Reproduced with permission. 51 Copyright 2023, AAAS.

(D) Microphase semi-separation. Reproduced with permission. 106 Copyright 2022, Wiley-VCH.
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minimal-hysteresis hydrogels in flexible electronic, such as sen-

sors, energy-harvesting devices, supercapacitors, and bioelec-

trical systems.

Hydrogel sensors

Hydrogel-based flexible sensors exhibit high sensitivity and 

rapid response, making them widely applicable in human-com-

puter interaction, electronic skin, healthcare, aerospace, and 

environmental monitoring. 111–115 The performance of these hy-

drogel sensors is significantly influenced by mechanical hyster-

esis during cyclic loading. Flexible hydrogel sensors character-

ized by substantial hysteresis often exhibit residual strain and 

baseline drift during signal cycle detection, which undermines 

their ability to accurately predict physical deformation and re-

sults in poor long-term signal stability. 116,117 Conversely, low-

hysteresis hydrogels can be effectively utilized as resistance 

strain sensors. When an external force is applied, the internal 

conductive network undergoes alterations, leading to a change 

in resistance. These low-hysteresis hydrogels possess remark-

able mechanical robustness, enabling them to withstand cyclic 

and severe loads, and are well suited for long-term monitoring

of various physiological signals, including motion detection, 

sound vibrations, electrocardiograms, and electromyography. 

For example, Xu et al. synthesized a low-hysteresis hydrogel-

based strain sensor by combining hydroxypropyl methyl cellulose 

(HPMC), PEDOT:PSS, and chemically crosslinked PAM. 118 This 

hydrogel demonstrates high tensile strength and excellent elastic-

ity due to the abundant hydrogen bonds formed between the 

chains of HPMC, PEDOT:PSS, and PAM. The prepared strain 

sensor exhibits extremely high sensitivity and remarkable stability. 

It is suitable for human wearable devices to monitor both large 

movements, such as those of human fingers, wrists, and knee 

joints, and subtle activities, including facial expressions and voice 

recognition. Notably, it can also function as a bioelectrode for de-

tecting electrophysiological signals related to heart activity and 

electromyographic signals from wrist flexors, performing compa-

rably to commercial electrodes (Figure 7A). Beyond its application 

as a strain sensor, low-hysteresis hydrogels can be utilized in 

three-dimensional (3D) printing to create pressure sensors char-

acterized by fine layered structures and high sensitivity. Li et al. 

developed an organic hydrogel with low hysteresis and significant 

toughness through extensive dynamic physical crosslinking and

Table 1. Recent representative design methods, materials, and mechanical properties of low-hysteresis and high-toughness 

hydrogels

Method Hydrogel Hysteresis (%)

Toughness 

(kJ/m 3 )

Stretchability-ε
(%)

Stress

(kPa)

Modulus

(kPa)

Fatigue 

threshold 

(J/m 2 ) Reference

Network

structure

PAM ≈0 (ε = 270) ≈730 ≈420 390 – ≈200 Kim et al. 57

PEG ≈0 (ε = 350) 854 590 462 ≈300 100 Nian et al. 45

HEDN ≈1 (ε = 200) 2,490 ≈350 3,000 – – Zhu et al. 23

P(AAm-co-AAc)/PANI ≈15 (ε = 100) 216 482 ≈110 – – Chen et al. 58 

PAT 2 V 3 9 (ε = 500) 400 900 108 16 – Han et al. 60

Crosslinking

mechanism

PAA-G8 <5 (ε = 1,000) ≈700 ≈1,100 110 12 ≈126 Lei et al. 46 

A 6 PC23 1% <9 (ε = 500) >2,500 >1,250 >500 >120 – Liu et al. 64

PAM/PF127 ≈10 (ε = 500) 7,170 ≈1,200 ≈1,200 ≈300 – Li et al. 65

PR-gel <3 (ε = 300) 270.7 830 78.1 – – Xiong et al. 47

PCP (Zn)-gel 7 (ε = 4,000) 68,000 13,000 1,800 – – Xiong et al. 66

PAM-CaCl 2 0.13 (ε = 1,000) 9,440 ≈1,650 ≈2,000 20 – Wang et al. 67 

P(AM-THMA-ILs)/PP 5 (ε = 800) 1,220 1,015 250 44 – Wang et al. 32

Nanomaterial

reinforced

Hf-gel ≈1.3 (ε = 700) ≈600 ≈1,200 ≈150 – – Meng et al. 48

PAM/BM-silica ≈0 (ε = 1,000) ≈1.100 1,400 250 13.6 – Ji et al. 92

PAM-MXene <7 (ε = 100) 1,340 ≈900 175 – – Zou et al. 93

PHEA-TA@MXene ≈5 (ε = 500) 276.3 690 85 12.5 – Liu et al. 99

TCPH10 7.25 (ε = 60) 2,040.76 1,500 330 21.7 – Liu et al. 86

NCP 10 (ε = 8,000) 87,700 17,580 ≈1,000 96 – Li et al. 49

PTH-G 3.6 (ε = 150) 46.8 ≈320 ≈25 15.4 – Zhou et al. 94

High-order

structure

SR-gel <3 (ε = 800) 22,000 ≈1,300 ≈5,500 – – Liu et al. 44

LHHFs 8 (ε = 200) 1,400 ≈500 ≈280 – – Cao et al. 50 

PEA-PAAc 16.6% (ε = 100) ≈7,400 ≈510 6,900 – – Zhang et al. 51

HEDN, highly entangled double network; P(AAm-co-AAc)/PANI, poly(acrylamide-co-acrylic acid)/polyaniline; PAA-G8, polyacrylamide-GB1; PR, pol-

ymerizable rotaxane; PCP, porous cationic polymer; P(AM-THMA-ILs)/PP, poly(acrylamide-N-[tris(hydroxymethyl)methyl]acrylamide-1-butyl-3-vinyl-

imidazolium bromide)/PEDOT:PSS; Hf], hysteresis-free; NCP, nanoconfined polymerization; PTH-G, zwitterionic polymer hydrogel; SR, slide-ring; 

LHHFs, layered heterogeneous hydrogel fibers. Some of the work reported in the table has a toughness that did not reach 1 MJ/m 3 , but through 

its method design, compared to the original hydrogel, the hysteresis has been reduced while the toughness has increased by 5–10 times.
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the formation of abundant hydrogen bonds among microgel, 

starch particles, glycerol, and acrylic acid. 119 By employing 3D 

printing technology, they produced a cone-shaped sensor with ul-

trahigh-pressure sensitivity capable of recognizing human hand-

writing. The micro-structured sensor and the 3D printed aniso-

tropic gel are integrated into a bionic multi-dimensional flexible 

sensor designed for the directional recognition of external forces 

and human movement (Figure 7B). Huang et al. further advanced 

the sensing applications of low-hysteresis hydrogels through the 

integration of machine learning techniques. They developed 

PAM/sodium hyaluronate (HA)/montmorillonite (MMT) hydrogels 

utilizing a dual physical crosslinking strategy. 120 PAM undergoes 

crosslinking via hydrophobic interactions, while HA enhances 

chain entanglement and MMT serves as a stress dissipation cen-

ter and a physical crosslinking agent. The resulting synthetic hy-

drogels exhibit remarkably low hysteresis and near-perfect elas-

ticity. Their highly elastic network can be engineered as a 

pressure sensor capable of distinguishing individual typing pat-

terns. After training with deep learning algorithms, users can be 

identified with a high degree of accuracy (Figure 7C). Conse-

quently, these hydrogels are anticipated to be integrated into key-

boards to enhance data privacy by accurately identifying users. 

Similarly, Entifar et al. designed a highly stretchable, low-hystere-

sis hydrogel film that is capable of precise motion sensing. 121 

When integrated with machine learning for action classification, 

it achieved 100% accuracy. Composed of carboxymethyl cellu-

lose, PVA, and PEDOT:PSS, this hydrogel exhibits extremely 

low electrical hysteresis (0.101% at 50% strain) and excellent me-

chanical strength (0.525 MJ⋅m − 3 ). These properties were 

achieved by optimizing the content of crosslinking agent PEG di-

glycidyl ether (PEGDE), which promotes covalent binding be-

tween polymer chains.

During temperature variations, the resistance change of a low-

hysteresis hydrogel-based temperature sensor exhibits negli-

gible hysteresis, thereby ensuring stable temperature sensing 

performance. Si et al. introduced a gel-assisted polymerization 

strategy to synthesize an innovative starch/PAM/borax/glycerol 

ionic hydrogel. 81 The reversible network, formed by hydrogen 

bonds and coordination bonds, endows ionic hydrogel with 

remarkable elasticity, minimal internal friction, and effective en-

ergy dissipation capabilities. The ionization of Na 2 B 4 O 7 is partic-

ularly sensitive to fluctuations in temperature and humidity. This 

exceptional thermal sensitivity allows ionic hydrogels to be uti-

lized for personal health monitoring. For instance, when volun-

teers’ body temperatures increased from normal levels to fever 

states, the relative resistance rose by approximately 40%, a sig-

nificant variation that can be employed to monitor a patient’s 

temperature (Figure 7D).

Hydrogel energy-harvesting devices

In recent years, hydrogel-based triboelectric nanogenerators 

(TENGs) have been widely applied in electronic skin and wear-

able devices, as they can convert mechanical vibrations into 

electrical energy through triboelectric effects and electrostatic 

induction. 126,127 TENGs are capable of continuously powering 

electronic devices by harvesting energy generated from 

everyday human movements. 128,129 The exceptional toughness, 

superelasticity, high conductivity, and biocompatibility of hydro-

gels position them as ideal candidates for TENG applica-

tions. 130,131 However, conventional hydrogels exhibit low fric-

tional charge and a pronounced hysteresis effect during 

operation, which can result in diminished output power, material

Figure 6. Mechanisms for designing low-hysteresis and high-

toughness hydrogels

(A) Optimizing network structures.

(B) Modifying crosslinking mechanism.

(C) Enhancing nanostructures.

(D) Introducing higher-order architectures.

Table 2. Comparison of different mechanisms for designing hydrogels with low hysteresis and high toughness

Strategies Reversible bonds Network structure Energy dissipation pathways

Network structure physical 

entanglement 

(entropy elasticity)

highly uniform physical entanglement chain segment reversible 

sliding and orientation

Crosslinking

mechanism

dynamic reversible bond uniform dynamic crosslinking point reversible fracture and 

recombination of dynamic bonds

Nanomaterial

reinforced

interfacial reversible 

interaction

nanoparticles and polymer chains are 

uniformly interlocked

rearrangement of interface 

interactions and stress transfer

Higher-order structure multicomponent 

synergistic change

heterogeneous structure with 

microphase separation

multiphase hierarchical dissipation
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fatigue, and unstable electrical signals in TENGs. The develop-

ment of low-hysteresis hydrogels enables them to maintain 

high elasticity and effectively harvest energy under prolonged 

mechanical stimulation.

Zou et al. designed an innovative structural organic hydrogel 

utilizing boric acid as a bridging agent, where the molecular 

chains of PAM and the solvent ethylene glycol (EG) are intercon-

nected through B-N coordination bonds and borate ester 

bonds. 83 EG serves as an effective lubricant, minimizing internal 

friction among molecules. This dilatation effect aids in alleviating

temporary tangles within the hydrogel system. The resulting 

organic hydrogels exhibit exceptional tensile properties, minimal 

hysteresis, long-term stability, and low energy loss. The TENG, 

which incorporates the gel into a sandwich structure, can consis-

tently convert mechanical motion into electricity, thereby power-

ing small electronic devices and enabling energy harvesting 

(Figure 7E). Similarly, a hydrogel with reduced mechanical hys-

teresis, also designed by Zou et al., demonstrates significant po-

tential for TENG applications. 122 The nanoconfined mechanism 

provided by MXene within the hydrogel, along with the bridging

Figure 7. Application of low-hysteresis and high-toughness hydrogels

(A) Bioelectrodes to detect electroencephalographic and electromyographic signals. Reproduced with permission. 118 Copyright 2023, Elsevier.

(B) 3D printed high-sensitivity pressure sensors. Reproduced with permission. 119 Copyright 2024, Elsevier.

(C) Hydrogel sensors for machine learning. Reproduced with permission. 120 Copyright 2024, ACS.

(D) Temperature sensors to monitor the patient’s temperature. Reproduced with permission. 81 Copyright 2022, The Royal Society of Chemistry.

(E) Hydrogel-based TENG. Reproduced with permission. 122 Copyright 2025, Elsevier.

(F) Hydrogel-based supercapacitors. Reproduced with permission. 123 Copyright 2024, Elsevier.

(G) Implanted electrodes detect heart beats. Reproduced with permission. 124 Copyright 2022, The Royal Society of Chemistry.

(H) Implantable bioelectronic patches. Reproduced with permission. 125 Copyright 2023, Wiley-VCH.
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effect of chitosan, contributes to its low mechanical hysteresis 

and high conductivity. The bridging effect effectively elongates 

the polymer chain, enhancing stress transfer efficiency and di-

minishing mechanical hysteresis. Additionally, the nanoconfined 

further mitigates the occurrence of mechanical hysteresis by en-

veloping defects. The low-hysteresis hydrogel was integrated 

into a TENG as an energy-harvesting device, achieving an ultra-

high-pressure sensitivity of 9.95 V kPa − 1 .

Hydrogel supercapacitors

Supercapacitors are essential electronic components for 

enabling the wearability of flexible electronic systems. 132,133 

Typically, a supercapacitor comprises two external electrodes 

and an intermediate electrolyte. 134 Hydrogels serve as ideal 

electrolytes for flexible supercapacitors due to their liquid-like 

conductivity, solid-state stability, and excellent flexibility. 135–138 

During repeated charging and discharging cycles, supercapaci-

tors impose cyclic loads on the hydrogel electrolyte, which may 

result in the formation of cracks and hysteresis, ultimately lead-

ing to the failure of the hydrogel supercapacitor. However, 

supercapacitors utilizing low-hysteresis hydrogels can rapidly 

and completely recover during stretching, thereby minimizing fa-

tigue effects. This significantly enhances the reliability and dura-

bility of the devices, enabling them to maintain stable energy 

output under prolonged dynamic deformation conditions.

Zhao et al. developed a novel DN hydrogel electrolyte charac-

terized by excellent tensile properties and minimal hysteresis. 123 

This DN structure is achieved through hydrogen bonding and 

dipole interactions. The incorporation of lithium bis(trifluorome-

thane sulfonyl)imide facilitates interactions between fluorine 

atoms and the polymer network via hydrogen bonds, dipoles, 

and electrostatic forces. This interaction densifies the network 

structure, significantly enhancing its fatigue resistance and 

reducing the hysteresis effect of the hydrogel. The assembled 

supercapacitor demonstrates stable energy output, even under 

bending or compressive deformation, without fluctuations in 

signal (Figure 7F).

Hydrogel bioelectronics

To ensure the reliability of bioelectronic devices, it is crucial to 

maintain stable and strong adhesion between these devices and 

biological tissues. 139,140 Traditionally, bioelectronic devices have 

relied on methods such as surgical sutures or physical connec-

tions. However, hydrogel-based implantable bioelectronic mate-

rials, known for their excellent biocompatibility and adjustable 

adhesion, as well as their mechanical and electrical properties, 

effectively address the mechanical mismatch at the biological tis-

sue interface and significantly reduce immune rejection. 141–144 

Conventional hydrogels often exhibit considerable hysteresis 

and rupture during prolonged cyclic deformation, which can 

compromise long-term stability and sustainability. In contrast, 

the low-hysteresis properties of hydrogel-based implanted bio-

electronics enable them to endure long-term stress, showcasing 

great potential in tissue engineering, nerve signal recording, 

implantable electrodes, and various biomedical applications.

Liu et al. proposed a multi-scale design principle for the prep-

aration of self-reinforcing composite hydrogels with ionic con-

ductivity, consisting of one phase as a conventional PAM gel

and another phase as a highly entangled PAM gel. 124 The com-

posite hydrogel exhibited extremely low hysteresis (<3%) and 

excellent tensile strain (320%). The assembled strain sensor 

demonstrated excellent biocompatibility and was attached to a 

pig heart to capture the heartbeat signal (Figure 7G). The resis-

tance varied 500 times in accordance with the heartbeat, and 

the signal remained stable. Shen et al. reported a new synthesis 

strategy for crosslinking PAM hydrogels using curcumin nano-

particles with a core-shell structure. 125 The nano-enhanced hy-

drogel exhibits excellent elasticity and no hysteresis phenome-

non, enabling its use in synchronous monitoring of cardiac 

electrophysiological signals and repairing infarcted myocardial 

tissue. The extremely low hysteresis property ensures highly sta-

ble resistance signals, facilitating reliable real-time monitoring of 

myocardial healing throughout the myocardial infarction repair 

process (Figure 7H).

Conclusion and prospects

The rapid advancement of hydrogels has facilitated their wide-

spread application across numerous fields. However, the inherent 

contradiction between achieving low hysteresis and high tough-

ness remains a significant limitation for practical applications. 

Recently, substantial development has been made in addressing 

this issue through innovative structural and compositional de-

signs. This review focuses on fundamental principles and mecha-

nisms underlying the fabrication of hydrogels exhibiting both low 

hysteresis and high toughness, covering strategies such as 

network structure modulation, modification of crosslinking mech-

anisms, incorporation of nanostructures, and introduction of 

higher-order architectures. General strategies ensuring network 

integrity and uniform stress dispersion during deformation are 

also highlighted. Although hydrogels with optimized toughness 

and low hysteresis have already shown potential applications in 

sensors, energy-harvesting devices, supercapacitors, and bio-

electronics, significant challenges remain. First, establishing 

robust theoretical models is crucial to elucidate molecular-level 

relationships between hydrogel toughness, hysteresis, and other 

mechanical properties (e.g., modulus and fatigue resistance). Uti-

lizing artificial intelligence methodologies may further enhance 

overall hydrogel performance. Second, achieving multi-functional 

compatibility within flexible electronic applications requires inte-

grating advanced properties, such as self-healing, power genera-

tion, biocompatibility, strong adhesion, and shape memory. 

Finally, addressing environmental stability, including resistance 

to extreme temperature, dehydration, and underwater osmotic 

pressure, remains critical. Recent developments in low-hysteresis 

ionic gels have partially addressed these challenges. 145–148 Over-

coming these challenges promises revolutionary advancements 

and broader practical applications for hydrogels exhibiting com-

bined high toughness and minimal hysteresis in the future.
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