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Abstract: Hydrogel-based iontronic sensing (HBIS) is emerging as a compelling 
frontier at the interface of soft matter, electrochemistry, and bioelectronics, driven 
by the unique ability of hydrogels to communicate with living systems through 
hydrated ionic networks rather than electronic conduction in rigid solids. This ionic 
mode of signal transduction enables intrinsically compliant interactions with 
biological tissues, electrolytes, and dynamic fluidic microenvironments, making 
HBIS highly attractive for flexible bioelectronics. As the field evolves from 
material optimization toward integrated and intelligent systems, a unifying 
understanding of material design, ion transport, and device function remains 
lacking. Here, a multiscale quantitative framework is established to bridge 
structure, transport, and sensing performance in HBIS. Representative material 
platforms, including polyelectrolytes, ionogels, and nanocomposite hydrogels, are 
examined alongside key transport mechanisms, such as diffusion, electromigration, 
convection, electroosmotic flow, adsorption-site hopping, and Grotthuss-type 
conduction. Quantitative modeling approaches based on electrochemical 
impedance spectroscopy and Poisson-Nernst-Planck theory are further highlighted, 
together with emerging applications in iontronic skins, soft robotics, human-
machine interfaces, and energy conversion. This review provides a design blueprint 
for next-generation hydrogel iontronic sensors with improved predictability, 
adaptability, and operational stability across biological interfaces.  

 Keywords: hydrogels; iontronics; ion transport; wearable devices; bioelectronic 
interfaces 

1. Introduction 

Recent advances in flexible electronics, wearable devices, biointerfaces, and soft robotics have shifted 
sensing from rigid device integration toward dynamic coupling with biological tissues and complex fluids [1–3]. 
Accordingly, sensing materials must generate stable and readable signals in humid, saline, and biofluid-rich 
environments while maintaining long-term mechanical compatibility with soft tissues such as skin and organs [4,5]. 
Although electronic conductors, including metals, carbon-based materials, and intrinsically conducting polymers, 
are widely used in conventional electronics [6,7], their high modulus, poor interfacial matching, weak wet 
adhesion, and potential electrochemical side reactions limit their suitability for next-generation sensing systems 
requiring conformal, minimally invasive, and durable biointerfaces. To address these challenges, iontronics offers 
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a new paradigm in materials and device design [8]. Unlike traditional conductors that rely on electron or hole 
transport, iontronic devices use ions as the main charge carriers [9,10]. They enable signal transduction and 
amplification through ionic migration in electrolytes and modulation of interfacial electric double layer (EDL). 
This mechanism makes iontronics inherently compatible with hydrated environments and bioelectrochemical 
interfaces [11]. Among ionic conductors, hydrogels are especially attractive because they combine softness, 
wetness, and ionic conductivity. Their three-dimensional polymer networks provide stretchability, compressibility, 
self-healing, and adhesion [12–14], while their high water content forms continuous ionic pathways that support 
tissue-like conduction and diffusion. The hydrogels can be processed via solution casting, in situ polymerization, 
three-dimensional (3D) printing, or patterning, allowing fabrication of flexible devices that conform closely to 
skin and organ surfaces [15–17]. As a result, hydrogel-based iontronic sensing systems have shown broad potential 
in wearable pressure and strain sensors, electronic skin, bioelectrical signal monitoring, soft robotic haptics, 
environmental sensing, and healthcare interfaces [18–20]. 

Notably, HBIS is not merely about enhancing hydrogel conductivity. Its performance is fundamentally 
governed by ion transport mechanisms and electrochemical interfacial coupling. Ion movement within hydrogels 
is primarily driven by diffusion and electromigration. However, additional transport modes-such as convection, 
electroosmotic flow, and ion adsorption/desorption or site hopping mediated by ion-polymer interactions-can be 
triggered by mechanical deformation, concentration gradients, or external fields [21,22]. In proton-conductive or 
hydrogen-bond-network-rich matrices, a Grotthuss-type mechanism may also contribute to proton transport. 
Meanwhile, the EDL formed at the hydrogel/electrode or hydrogel/skin interface significantly influences device 
sensitivity, bandwidth, noise, and hysteresis [23]. In other words, the amplitude, response speed, and stability of 
sensing signals depend on a multiscale structure-transport-interface-circuit chain. Accordingly, the amplitude, 
response speed, and operational stability of HBIS are governed by a multiscale chain spanning structure, transport, 
interface, and circuit. At the microscopic scale, parameters such as network porosity, hydration degree, fixed 
charge density, ion solvation, and phase separation dictate effective ion mobility and diffusion length [24,25]. At 
the mesoscopic scale, interfacial capacitance, ionic redistribution, and concentration polarization regulate 
frequency response and hysteresis behavior. At the macroscopic scale, overall device geometry, electrode 
architecture, and readout circuitry ultimately define the signal-to-noise ratio and operating window [26]. 

Despite notable progress in this field, several critical issues remain unresolved. First, although many studies 
emphasize enhancing mechanical toughness, stretchability, and room-temperature conductivity, there is a lack of 
systematic analysis on how ion transport, ionic dynamics, and electrochemical coupling affect key sensing 
parameters-such as sensitivity, response time, frequency bandwidth, drift, and repeatability [27,28]. Second, the 
materials landscape is highly diverse, spanning ion-conductive hydrogels, polyelectrolyte hydrogels, ionic liquids 
or ionogels, and nanocomposite hydrogels incorporating nanofillers [29]. Nevertheless, the absence of unified 
classification frameworks and standardized, benchmarkable evaluation protocols continues to impede rigorous 
cross-study comparison [30,31]. Third, key challenges, including EDL interfacial hysteresis, frequency-dependent 
ion diffusion, drift [32], and memory effects associated with transient ionic redistribution during operation, are 
often underestimated or neglected. As a result, predictive device modeling remains limited and engineering 
reliability is undermined. 

This review offers a systematic, framework-oriented synthesis of hydrogel-based iontronic sensors through 
a multiscale structure-transport-function perspective (Figure 1). First, we examine strategies for constructing ion-
conducting pathways and mechanical and electrical properties, leveraging the composition and microstructural 
characteristics of various hydrogel systems. Second, we analyze how diffusion, electromigration, electroosmotic 
flow, and EDL kinetics influence signal generation, focusing on ionic transport and electrochemical interface 
dynamics. Quantitative analysis is supported by PNP theory and electrochemical impedance modeling [33]. We 
then review key sensor architectures, including EDL-capacitive devices, impedance-based sensors, and electrolyte-
gated transistors (EGTs) [34]. Finally, we identify key challenges such as environmental instability, ionic 
redistribution, drift, interfacial hysteresis, low-frequency noise, long-term biointerface compatibility, and issues in 
encapsulation and packaging, offering future research directions to address these limitations [35,36]. By 
consolidating these insights, we provide a roadmap for the rational design of next-generation hydrogel-based 
iontronic sensors, with applications in healthcare, robotics, and other emerging domains. 
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Figure 1. Brief outline of hydrogel-based iontronic sensing in this review. 

2. Material Systems and Fundamental Models 

2.1. Material Systems 

2.1.1. Ion-Conductive Hydrogels and Polyelectrolyte Systems 

Ion-conductive hydrogels (shown in Figure 2a) consist of three primary components: a three-dimensionally 
crosslinked polymer scaffold, a porous or channel-rich network, and mobile ions. Their conductivity arises from 
the directional transport of hydrated ions through interconnected pores, rather than from electronic carriers. 
Consequently, the incorporation of polyelectrolytes or additional salts directly determines the upper limit of ionic 
conductivity. Modern formulations commonly utilize acrylamide (AM), poly(vinyl alcohol) (PVA), or 
poly(acrylic acid) (PAA) to establish the initial polymer network, typically through free-radical polymerization or 
freeze-thaw physical crosslinking [37,38]. Mobile ions such as Na+, Li+, and Cl− are then introduced to form 
continuous triphasic polymer-water-ion transport channels. These hydrogels benefit from mature fabrication 
techniques, are relatively cost-effective, and exhibit favorable biocompatibility [39,40]. These hydrogels can be 
readily processed into films or conformal structures, meeting the dual demands of adhesion and stretchability in 
wearable devices. In recent years, extensive research has focused on enhancing their overall performance. For 
instance, Hou et al. [41] reported an agar/NaCl/polyacrylamide (PAAm) double-network ionic hydrogel capable 
of monitoring biological motions such as joint bending, wrist pulse, and subtle throat muscle movements. In this 
system, conductivity, measured at approximately 0.04 S·m−1, was found to depend strongly on both salt 
concentration and network architecture. 

On the other hand, increasing salt concentration or incorporating multi-network and coordination architectures 
can significantly enhance conductivity, reaching values around 0.7 S·m−1. For example, Zhang et al. [42] reported 
that doping 2 M NaCl into a PAAm/PAA-Fe3+ coordination network resulted in an ionic conductivity of 
approximately 0.72 S·m−1. Such materials have been applied in flexible strain and pressure sensors, as reviewed 
in the literature. However, traditional polymer hydrogels that rely solely on ion-filled channels often suffer from 
poor mechanical strength, limited toughness, and reduced fatigue resistance, which restrict their long-term 
functional stability. Meanwhile, factors such as ion hydration, polymer segmental motion, and dehydration can 
lead to long-term drift of ionic channels during operation, compromising electrical conductivity and sensing 
stability [19]. To overcome these limitations, Liza et al. [43] have created multinetwork/double-network (DN) and 
interpenetrating network (IPN) architectures, as well as hydration-solvent regulation and functional strategies such 
as anti-dehydration, anti-freezing, self-healing, and self-adhesion, to achieve a better balance between ionic 
conduction and long-term stability. 
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Figure 2. Conductive material components of HBIS. (a) Ion-conductive hydrogel. (b) Polyelectrolyte hydrogel. (c) 
Ionic liquid hydrogel. (d) Ionogel. (e) Conductive nanomaterials [44]. Copyright 2025, Elsevier. 

Typical polyelectrolytes (shown in Figure 2b), such as PAA, sulfonated polystyrene (PSS), and perfluorosulfonic 
acid polymers (e.g., Nafion), possess covalently bound negative charges on their polymer backbone. In contrast, 
polymers like polyethylenimine (PEI), polyquaternary ammonium salts (e.g., poly(diallyldimethylammonium chloride) 
(PDADMAC)), and poly(4-vinylpyridine) (P4VP) carry positive charges. Unlike salt-doped ionic conductors, 
where free ions are dispersed in the matrix, the fixed charges in polyelectrolytes help minimize ion dissipation and 
leakage, thereby enhancing long-term signal stability in sensing applications [37,45]. However, ionic conduction 
and interfacial behavior in polyelectrolytes remain strongly influenced by fixed-charge density, segmental 
flexibility, and network topology. Fixed charges modulate counterion migration and diffusion, as well as the spatial 
extent and dynamic formation/relaxation of the interfacial electric EDL [28]. These factors collectively determine 
the polarization behavior and response speed of iontronic devices [46]. 

Recently, He et al. [47] reported a polyelectrolyte elastomer engineered through molecular structure design 
and copolymerization strategies to achieve both low creep and low ionic leakage. Iontronic sensors fabricated from 
this material exhibited significantly reduced signal drift and enhanced stability under sustained static pressure. 
This work highlights a design principle that improves signal fidelity by synergistically regulating fixed-charge 
density and mechanical relaxation behavior. Furthermore, Song et al. [48] integrated a low-creep polyelectrolyte 
into an iontronic wireless sensing system, enabling long-term, low-drift wireless readout for orthodontic load 
monitoring. This study underscores the critical role of material creep and ion leakage in influencing signal drift, 
highlighting their importance in the design of stable, high-fidelity sensing platforms. 

Polyelectrolytes can also be processed into solid-state films or nanofibrous membranes for durable, wearable 
device applications [49,50]. For example, Wang et al. [51] developed a pressure sensor based on a polymeric ionic 
liquid (IL) nanofibrous membrane, fabricated by polymerizing an imidazolium-based ionic-liquid monomer 
(Figure 2c) followed by electrospinning. The sensor maintained stable performance after multiple water-washing 
cycles under high-humidity conditions, demonstrating that a design incorporating fixed charges and a fibrous 
network provides significant durability for wearable applications. 

Notably, ionic conductivity in polyelectrolyte systems is often governed by the coupling between 
ionization/dissociation processes and polymer segmental motion. As a result, ambient humidity fluctuations can 
significantly influence both conductivity and interfacial polarization. While aqueous electrolytes typically offer 
higher ionic conductivity and faster ion transport kinetics, they suffer from a limited electrochemical stability 
window due to hydrogen and oxygen evolution reactions. Moreover, their performance is susceptible to water-
content drift caused by evaporation or condensation. Consequently, sensing applications that prioritize long-term 
stability often require more rigorous co-design of materials and encapsulation strategies [52,53]. 
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2.1.2. Ionic Liquid and Deep Eutectic Solvent Systems 

Ionic liquid (IL) and deep eutectic solvent (DES) systems (Figure 2d) are often formulated as ionogels or 
eutectogels, in which IL/DES species are immobilized within polymer networks through chemical crosslinking, 
topological entanglement, or synergistic interactions with inorganic or nanoscale fillers [54,55]. These materials are 
stable across wide temperatures, providing consistent ionic conductivity under challenging conditions, ideal for 
flexible sensing and energy devices [56]. In recent iontronic and ionic-capacitive pressure sensing studies, Nie et al. [57] 
employed ionogels and ionic films as dielectric layers, exploiting the exceptionally large capacitance at ion-
electron interfaces to achieve high areal capacitance and high sensitivity. This work demonstrates a representative 
strategy for achieving stable capacitive readout using IL-based ionogels. Additionally, Shi et al. [32] demonstrated 
humidity-insensitive ionogel arrays for pressure monitoring. Ionogels can be made via in situ polymerization or 
blending IL/DES with thermoplastics, with trade-offs between conductivity and mechanical stability. 

Ionogels are typically fabricated using two main approaches: (i) in situ polymerization of IL/DES with 
crosslinkable monomers such as polyethylene glycol diacrylate (PEGDA) or hydroxyethyl methacrylate to form a 
polymer network; and (ii) blending and curing IL/DES with highly polar thermoplastic polymers. Their overall 
properties are primarily governed by the interplay among ionic-phase fraction, viscosity/mobility, and network 
mechanics. Increasing IL/DES content generally enhances ion transport but may compromise mechanical integrity 
by inducing softening and creep [26,31,58]. 

Moreover, due to the inherently high viscosity and limited ionic mobility of ILs, ionogels often exhibit lower 
ionic conductivity than hydrogels, necessitating trade-offs between conductivity and mechanical stability. These 
limitations can be mitigated by incorporating inorganic fillers and/or adopting multi-network architectures to fine-
tune both ionic and mechanical performance [59]. DES systems are often employed as eutectogels to enhance anti-
freezing and anti-drying performance, thereby expanding operational temperature ranges [60,61]. For instance,  
Hu et al. [62] demonstrated that a choline chloride (ChCl):urea-based DES gel maintained stable sensing 
performance even at low temperatures (−20 °C). Additionally, eutectogels formulated with hydrophobic DES can 
substantially mitigate performance drift caused by water uptake in humid environments. Nonetheless, IL/DES-
based materials still face several challenges, including potential toxicity and biocompatibility concerns, high cost, 
limited miscibility or compatibility with polymer matrices, narrow processing windows, and risks of leakage or 
structural instability under continuous operation [56]. 

2.1.3. Nanofillers and Composite Reinforcement Strategies 

To simultaneously enhance mechanical strength, toughness, cyclic fatigue resistance, and long-term stability 
of conductive networks, nanofillers such as carbon nanotubes (CNTs), graphene or MXene sheets, liquid metals 
and metallic/inorganic nanoparticles are increasingly incorporated to form nanocomposite hydrogels (as depicted 
in Figure 2e) [63,64]. These systems make use of an elastic matrix coupled with a rigid structure, wherein the 
nanofillers provide mechanical reinforcement, while the polymer network maintains flexibility and stretchability. 
This approach effectively reduces the conductivity-stretchability trade-off and improves signal fidelity and 
durability under complex deformation conditions. The shape, dispersion quality, and interfacial compatibility of 
nanofillers remain critical parameters in optimizing overall performance. Recently, Ren et al. [65] showed CNT-
enhanced hydrogels improving conductivity and stretchability for strain sensing, while Hauck et al. [66] 
demonstrated graphene-based hydrogels improving water and ion transport. MXenes and carbon-based materials 
are crucial for high-performance hydrogel sensors [67]. 

From a device perspective, the electrode is a critical component of HBIS, as both electrical conductivity and 
interfacial impedance directly affect signal-transfer kinetics and long-term stability. Flexible electrodes typically 
consist of a flexible substrate and conductive phase configuration. Common substrates include polyimide, 
polydimethylsiloxane, and thermoplastic polyurethane [68,69]. The conductive phase may be composed of 
composite hydrogel. The composite components can encompass a wide range of materials, including conducting 
polymers, carbon-based materials, ions, ionic liquids, metallic materials, and liquid metals [64,70]. Carbon 
materials and conducting polymers offer good flexibility and processability but often require trade-offs in 
conductivity and environmental stability. A key trend is combining electronic and ionic conductors to reduce skin-
contact impedance. For example, Li et al. [71] developed a poly(3,4-ethylenedioxythiophene): polystyrene 
sulfonate (PEDOT:PSS)-MXene composite hydrogel with high conductivity and low interfacial impedance, 
suitable for surface electrophysiological sensing. Overall, electrode material design must balance conductivity, 
flexibility, durability, interfacial impedance and fabrication cost [72]. 

The comparative table (Table 1) presented in this section provides a comprehensive overview of key 
performance metrics for various material systems, including ion-conductive hydrogels, polyelectrolyte hydrogels, 
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ionic liquid hydrogels, ionogels, and conductive nanomaterials. These metrics include ionic conductivity, 
mechanical properties, sensitivity, and stability, with specific references for each material. By summarizing these 
characteristics, the table allows for a direct comparison of the strengths and limitations of each material system. It 
highlights the diverse range of properties, such as high strain sensitivity in ion-conductive hydrogels, long-term 
stability in polyelectrolyte hydrogels, and excellent mechanical robustness in ionogels. Additionally, the table 
emphasizes the versatility of conductive nanomaterials in applications requiring high conductivity and flexibility. 
This quantitative summary significantly enhances the practical value of the section, providing readers with clear 
insights into the suitability of each material for iontronic sensor applications. 

Table 1. Representative hydrogel-based iontronic material systems: conductivity, mechanical properties, sensing 
performance, and stability. 

Material System Conductivity Mechanical Properties Sensitivity Stability Ref. 
Ion-conductive 

hydrogel ≈0.04 S·m−1 high toughness High strain 
sensitivity Biocompatible [41] 

 ≈0.72 S·m−1 Enhanced toughness Good strain/pressure Improved long-term via 
multi-network [42] 

 \ Balanced toughness Good strain/pressure Anti-dehydration, self-
healing, long-term stable [43] 

Polyelectrolyte 
hydrogel \ Low creep Reduced signal drift long-term stability [47] 

 \ Low creep Wireless load 
monitoring Long-term low-drift [48] 

Ionic liquid 
hydrogel \ Durable fibrous 

network 
Stable capacitive 

pressure 
Washable, moisture-

proof [51] 

Ionogel Lower than 
hydrogels  \ high sensitivity Stable EDL response [57] 

 \ Mechanically robust Intra-articular 
pressure 

Humidity-insensitive, 
low-drift [32] 

 \ \ Stable 
pressure/temperature Anti-freezing (−20 °C) [62] 

Conductive 
nanomaterials Up to 2.3 S·m−1 Balanced stretchability Strain sensing Improved fidelity under 

deformation [65] 

 \ Flexible Enhanced actuation Improved ion/water 
transport [66] 

 High 
conductivity Flexible Electrophysiological 

sensing 
Low interfacial 

impedance [71] 

The above material classifications not only differ in composition and structure, but also tend to exhibit 
different dominant ion-transport characteristics. In general, ion-conductive hydrogels mainly rely on diffusion and 
electromigration of hydrated ions within interconnected aqueous channels. Polyelectrolyte hydrogels, owing to 
their fixed-charge groups, more strongly involve ion-selective partitioning, interfacial redistribution, and electro-
osmotic effects. Ionic liquid hydrogels and ionogels are likewise governed primarily by diffusion and 
electromigration, although ion association, viscosity, and non-aqueous solvation can substantially modify transport 
efficiency and interfacial dynamics. In nanocomposite hydrogels, transport becomes more heterogeneous because 
filler-polymer interfaces, adsorption/desorption, and tortuous pathways may contribute to site-assisted or hopping-
like ion motion. Meanwhile, Grotthuss-type transport is more likely to be relevant in proton-conducting or 
hydrogen-bond-rich systems, rather than being universally dominant across all hydrogel classes. Therefore, the 
mechanisms discussed in the following section should be understood in the context of specific material systems, 
which together determine the final sensing behavior of HBIS. 

2.2. Structure-Transport-Performance Relationships and Modeling 

Material composition alone does not fully account for the high performance of HBIS. Ion transport behavior 
is strongly modulated by the microstructural features of the hydrogel network-such as topology, porosity, and 
phase separation as well as by solvation and hydration states and the spatial distribution of ions. These factors 
collectively play a pivotal role in determining key performance metrics including sensitivity, response speed, 
hysteresis, and long-term operational stability [69]. To establish quantitative correlations between structure and 
function, it is crucial to integrate detailed structural characterization with transport modeling. This enables the 
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development of clear structure-transport-performance relationships [12]. Building on this framework, we now 
examine how specific microstructural parameters govern the functional behavior of HBIS. 

2.2.1. Network Structure, Porosity, and Phase Separation 

The topology of hydrogels, which are made up of three-dimensionally crosslinked polymer networks, directly 
controls important structural characteristics. This topology is determined by factors like crosslink density, segment 
length, crosslinking process, and the existence of interpenetrating or double-network structures. These include 
segmental mobility, water content and swelling behavior, porosity, pore-size distribution, and the hydrogel’s 
ability to hold and contain solvents or ions [69]. The effective paths and resistances for ionic transport within the 
matrix are defined by these characteristics taken together. Monomer-to-crosslinker ratios, initiation and 
polymerization settings, polymerization sequencing (e.g., one-step vs. stepwise), and techniques like double-
network formation can all be used to customize the network design. By altering the microstructure, these 
techniques allow for exact control over ion transport characteristics [12]. Ionic and water distributions within 
hydrogels are highly sensitive to pore architecture and phase separation. Excessively large pores can lead to water 
loss and instability in conductive channels, while overly small pores may overly confine hydrated ions, impeding 
their mobility and reducing transport efficiency. Additionally, phase separation between polymer-rich and solvent-
rich domains can result in the formation of distinct conductive regions, introducing heterogeneity in ion transport 
pathways. This structural irregularity may manifest as signal hysteresis, drift, and diminished frequency 
responsiveness. Accordingly, quantitative characterization of porosity and phase separation typically relies on 
scanning electron microscopy (SEM), X-ray/small-angle X-ray scattering (SAXS), freeze-dried morphology 
analysis, and measurements of water content/water retention, which, when combined with ion-transport models 
(e.g., Nernst-Planck, Donnan/Manning, solution-diffusion, and tortuosity models), can be used to back-calculate 
diffusion/migration parameters and their structural origins [73]. 

A recent research direction in this field focuses on multiscale porosity regulation and the creation of 
channeled ionic pathways. For instance, Dai et al. [74] demonstrated that microfluidic bubble-templating-assisted 
3D printing can be used to fabricate ordered macroporous structures, enabling synergistic control over both the 
macroscopic geometry and internal porosity of hydrogel-based systems. In the domain of ionogels, Yang et al. [75] 
employed microbubble templating to develop a highly porous ionogel tailored for high-sensitivity, wide-range 
pressure sensing. Their work showed that engineered porosity significantly enhances EDL responsiveness and 
broadens the compressive deformation window, offering a practical strategy for next-generation flexible sensors. 

In the meantime, different crosslinking techniques are strongly associated with different dynamic mechanical 
and sensory properties. Physically crosslinked systems, like the freeze-thaw PVA hydrogel described by  
Adelnia et al. [76], for example, often show significant viscoelastic dissipation and signal hysteresis. On the other 
hand, systems that use anti-dehydration techniques or chemically crosslinked networks can significantly improve 
signal repeatability and cycling consistency under repeated loading situations. Hydrogel dehydration continues to 
be a significant cause of performance loss at the device level, especially during extended operation. Ionogels, 
which have low volatility, or hygroscopic additives like glycerol, which retain interior moisture and maintain 
functional stability, can help with this problem. 

In the future, a better mechanistic knowledge of structure-property connections is anticipated to be made 
possible by the ongoing development of sophisticated fabrication and characterisation techniques. The logical 
design of next-generation hydrogel systems will be guided by these findings, which will ultimately result in 
significant advancements in sensor performance, durability, and application scope. 

2.2.2. Solvation Effects and Ion Distribution 

A The internal environment of a hydrogel is not a uniform mixture of polymer chains, salt, and water. Rather, 
through hydrogen bonding, ion-polymer coordination, and electrostatic interactions, water molecules dynamically 
create solvation and hydration shells around both ions and polymer segments. The structure and rearrangement 
kinetics of hydration shells directly influence effective ionic mobility, diffusion coefficients, and the system’s 
responsiveness to external stimuli such as electric fields, mechanical deformation, and fluctuations in temperature 
or humidity [77,78]. 

The concentration and spatial distribution of free ions can be greatly influenced by ion-ion correlations, such 
as ion pairing and clustering, as well as ion-polymer interactions, in high-salt environments or matrices containing 
ionic liquids or deep eutectic solvents. The population of conduction-active charge carriers is frequently reduced 
by these interactions, which causes a difference between the actual effective ionic flow and the observed bulk ionic 
conductivity. This mismatch can affect frequency-dependent responses and change the properties of signal 
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propagation, making it difficult to accurately interpret and maintain the stability of iontronic sensing signals [79]. 
Conversely, by optimizing the solvation environment and network chemistry, for example, boosting local polarity 
that promotes solvation and lowering unfavorable ion correlations, one can increase ionic freedom and response 
speed while retaining a high ion concentration. This can improve the integrated sensing performance of the material 
system [80]. 

Accordingly, establishing clear links among solvation structure, ionic distribution, and transport parameters 
is essential for understanding and optimizing iontronic performance. Molecular dynamics (MD) simulations and 
statistical thermodynamics models are valuable tools for capturing ion-ion correlations, local dielectric 
environments, and dynamic solvation behavior. These approaches offer atomistic insights into how ionic mobility 
is influenced by structural fluctuations and intermolecular interactions. Experimentally, a combination of 
spectroscopic and diffusion techniques is commonly employed. Nuclear magnetic resonance (NMR), infrared 
spectroscopy, and Raman spectroscopy help characterize solvation structures and ion-polymer interactions. In 
particular, pulsed-field-gradient NMR (PFG-NMR) enables direct measurement of self-diffusion coefficients for 
both water molecules and ions, offering a quantitative view of hydration effects on ionic migration [81]. 

Using PFG-NMR, Moon et al. [77] examined the self-diffusion behavior of ions and water in functionalized 
hydrogel membranes, showing that diffusivities are mostly controlled by the hydration state of the system. This 
discovery emphasizes how important water-ion interactions are for mediating transport in hydrated, soft networks. 
Concurrently, researchers in ionogels have investigated the interaction between ionic transport and polymer 
segmental dynamics, demonstrating the intricate and non-linear link between chain relaxation, ion correlations, 
and ionic conductivity [82]. These observations cast doubt on the notion of a simple structure-property mapping 
and imply that cooperative dynamics need to be taken into account when creating iontronic materials. Moving 
forward, improvements in simulation models and computer capabilities are likely to improve mechanistic analysis 
of how ion migration impacts conductive and sensing performance. 

2.2.3. Modified PNP Modeling and EIS Parameter Extraction 

At the macroscopic scale, ionic transport is often characterized by a unified diffusion and electromigration 
image, with the PNP model serving as the classical continuum framework. The Poisson equation represents the 
electric potential distribution caused by space charge, whereas the Nernst-Planck equation describes ionic fluxes 
and concentration evolution that is controlled by both concentration gradients and electric fields. Consequently, 
the PNP model allows for quantitative investigation of ionic distributions, electric-field responses, the creation of 
EDLs, and the associated current/conductance and impedance-frequency-dependent properties [33]. 

Hydrogels are not free liquid electrolytes, and therefore direct application of the classical PNP model is often 
insufficient. The polymer network introduces geometric confinement, pore tortuosity, local viscosity effects, 
delayed ion/solvent rearrangement, and in some cases fixed charges, interfacial adsorption/desorption, and 
hysteresis. Consequently, practical modeling often extends PNP by incorporating effective diffusion/tortuosity 
corrections, fixed-charge and Donnan terms, and interfacial boundary conditions such as surface charge and Stern 
layers, so as to better capture transport in gel networks and at electrode interfaces [83]. 

The combination of PNP modeling with electrochemical impedance spectroscopy (EIS) is particularly useful 
for hydrogel-based ionic devices. By applying small-signal AC perturbation and linearized analysis, frequency-
dependent impedance can be predicted and fitted to Nyquist/Bode spectra, enabling extraction of key parameters 
such as diffusion coefficient, Debye length, and interfacial capacitance/resistance [84,85]. For instance, 
Balakrishnan et al. [33] presented a representative case in which PNP modeling was applied to the impedance 
spectra of NaCl-containing ionic conductors and used to evaluate strain and temperature sensing behavior, 
demonstrating the feasibility of model-EIS-device-performance approach. 

In addition, PNP modeling is commonly used to analyze and design interfacial effects in hydrogel iontronic 
devices, such as EDL modulation and ionic rectification. Ouyang et al. [86] investigated ionic rectification induced 
by hydrogel interfacial EDL regulation, further illustrating how continuum modeling can support the interpretation 
and design of interface-dominated iontronic functions. 

2.2.4. Multiscale Simulation and Statistical Modeling 

Hydrogel-based iontronic systems typically involve multiple coupled processes, such as polymer networks, 
solvents/ions, fillers, and interfacial electric double layers; relying solely on macroscopic PNP models or 
equivalent-circuit/impedance descriptions is often insufficient to explain non-ideal behaviors caused by ion 
correlations, solvation rearrangements, network constraints, and interfacial adsorption. As a result, multiscale 
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modeling from the molecular to the device level, along with statistical physics approaches, is critical for 
establishing a quantitative relationship between microstructure, ion transport, and device response [87]. 

At the microscopic level, MD and coarse-grained molecular dynamics (CGMD) simulations can resolve ion-
water-polymer interactions, ionic diffusion trajectories, and polymer segmental dynamics. Transport coefficients 
such as diffusion and conductivity can be extracted via Green-Kubo linear-response formalisms or mean-squared-
displacement analyses. These approaches have matured into theoretical and modeling frameworks for ionic 
polymers and gel electrolytes [88]. At the mesoscale, modeling approaches such as Monte Carlo simulations, 
random-walk algorithms, phase-field methods, and porous-media or tortuosity-based models are commonly 
employed to reconstruct channelized transport pathways and spatial heterogeneity within hydrogel or ionogel 
matrices. These models enable the upscaling of microscopic transport characteristics, such as ion mobility and 
local diffusivity, into macroscopic effective diffusion and migration behaviors, bridging the gap between structure 
and function in complex, heterogeneous materials [89]. 

Diffusion coefficients (D), ion mobilities (μ), and interfacial boundary conditions (such as surface charge 
density, adsorption/desorption kinetics, and the presence of Stern layers) are examples of microscopically derived 
parameters that are typically integrated into continuum-scale models at the device level. These models, which are 
frequently based on the PNP or related electrokinetic frameworks, allow the simulation of interfacial dynamics, 
charge transport, and field distribution across intricate device geometries, connecting macroscopic sensor behavior 
with molecular-scale events. These models are then jointly fitted with EIS, frequency-response, and transient-
response data to enable parameter inversion and structural optimization [56,90]. For example, Lu et al. [82] 
reported on ionogels and have combined macroscopic mechanics/conductivity measurements with EIS and 
microscopic characterization of chain and ionic dynamics to directly reveal the coupling between segmental 
dynamics, ion transport, and mechanical creep as ion content varies, providing a foundation for predicting device 
stability from material formulations. Another representative example of effective simulation-experiment coupling 
was reported by Ouyang et al. [91], who designed geometrically asymmetric polyacrylamide hydrogel iontronics 
for mechano-driven neuromimetic logic gates. In this work, COMSOL Multiphysics simulations of Darcy fluid 
velocity were integrated with ANSYS finite-element analysis of stress-strain distributions to reveal how thickness 
asymmetry induces localized stress concentration and thereby enhances ion convection within the hydrogel. The 
simulated results were consistent with the experimentally observed amplification of piezoionic output, directly 
demonstrating that structural asymmetry can be used to predictably regulate mechano-fluid-ionic coupling and 
sensing performance. This example is particularly valuable because it shows that multiscale simulation can do 
more than describe transport processes; it can also explain why a given structural design improves signal output 
and provide a rational basis for optimizing self-powered iontronic devices. 

Thus, transferring experimentally accessible performance criteria onto a succinct collection of transferable 
and fit-ready parameters should be the main goal of modeling hydrogel-based iontronic sensors. Ion mobility, 
effective diffusivity, bulk conductivity, elastic modulus, interfacial EDL capacitance [80], and signs of hysteresis 
or signal drift are some of these. These models should be jointly constrained by a consistent experimental toolbox, 
specifically EIS, frequency-domain analysis, and cyclic mechanical loading, to enable predictive rather than purely 
empirical design. This will guarantee quantitative alignment between modeled behavior and real-world device 
performance [92]. 

2.2.5. Mechanism-to-Parameter Mapping 

The review provides a four-dimensional mapping framework to direct the experimental design and 
optimization of HBIS. The framework systematically links experimental procedures, observed performance 
metrics, governing physical parameters, and underlying transport mechanisms, thereby enabling a coherent 
interpretation of structure-property-function relationships (Table 2). It works well with coupled mechanisms in 
complicated systems. It provides a detailed roadmap for cross-scale optimization across molecules, structures, and 
devices. The framework allows for the faster development of high-performance and high-stability HBIS. It can 
also accelerate translation to applications including wearable monitoring, implantable sensors, and human-
machine interaction. 
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Table 2. Mechanism-to-parameter mapping for hydrogel-based iontronic sensing. 

Mechanisms Observable 
Signatures Key Parameters  Performance Aspects 

Impacted Experimental Design 

Diffusion (PNP) 
Warburg-type low-

frequency dispersion 
(45° line in Nyquist) 

Effective diffusivity 
Deff, diffusion  

length L  

Sets recovery time, 
low-frequency drift,  

Scan L 
(thickness/electrode 

spacing): τ ∝ L2 indicates 
diffusion control 

Electromigration 
(PNP) 

Faster transient 
current under higher 

field 

Mobility μ, free-ion 
concentration c, field 

E = −▽φ 

Controls response 
speed and nonlinearity 

Small-signal vs. large-
signal comparison 

Convection 
(deformation-

driven) 

Spike-like fast 
component plus 
slow relaxation 

Pore-fluid velocity v 
(or Darcy 

permeability k), 
solvent content 

High-frequency 
response, repeatability 

at low frequency 

Control pore 
structure/permeability 

Electroosmotic 
flow (EOF) 

Frequency-
asymmetric and 

load/unload-
asymmetric response 

Debye length λD,  
ζ-potential 

Drives asymmetry, 
rectification, and drift 

via ion-solvent 
coupled transport 

Quantify 
asymmetry/rectification  

vs. λD to attribute to 
EOF/EDL overlap 

Site hopping Temperature-
dependent kinetics 

Activation energy Ea, 
distributed time 

constants 

Contributes to 
hysteresis, drift, and 
frequency dispersion 

Modulate 
surface/functional group 
density to test whether 

drift  

Grotthuss-type 
Strong dependence 

on hydration/H-bond 
integrity 

Effective mobility μeff 
Boosts high-frequency 

bandwidth and fast 
response 

Tune H-bond network 

EDL 

Large capacitance 
changes with small 
contact-area/ion-

distribution changes 

Debye length λD, 
double-layer 

capacitance Cdl 

Core origin of high 
sensitivity; governs 

bandwidth-hysteresis 
trade-off 

Microstructure/contact-
area control 

Active gating 
(EGTs/OECTs) 

EDL-gated or 
electrochemical-

gated 

Channel conductivity 
change Δσch, gate-
voltage window 

Enables sensing-
computing integration; 

impacts hysteresis  
and stability 

Pulse-gating 
transient/steady tests, 

evaluate ionogel gating for 
stability 

3. Ion Transport Mechanisms and Signal Transduction 

3.1. Ion Transport Mechanisms 

The signal origin of HBIS is not a single process, but rather the combination of several ion-transport 
mechanisms that occur in the bulk phase and in the EDL at the electrode-hydrogel interface. In a continuous 
description, the ionic flux can be calculated as the total of diffusion, electromigration, and convection. Additional 
mechanisms may emerge as a result of the combined effects of porous networks, fixed charges, and interfacial 
electric fields, such as electroosmotic flow (EOF), effective flux redistribution induced by interfacial 
adsorption/desorption, and Grotthuss-type hopping conduction in protonic or hydrogen systems [93,94]. These 
mechanisms correspond to various device readout modes (e.g., impedance-based, EDL-capacitive, EGTs/organic 
electrochemical transistors (OECTs)), and collectively (as depicted in Figure 3) determine the physical origins of 
response speed, frequency bandwidth, linearity, hysteresis, and drift, with diffusion and electromigration serving 
as the PNP framework’s core backbone [19]. 

Unlike conventional electronic conductors, hydrogel charge carriers are primarily mobile ions like Na⁺, Li⁺, H⁺, 
and Cl−. Their electrical activity is affected by solvation/hydration shells, ion-polymer interactions, and interfacial 
activities. As a result, macroscopic conductivity may not correlate to effective ionic flow or interfacial signal 
amplification capabilities. Using ionic-capacitive pressure sensing as an example, the formation and modulation of 
the EDL are critical for achieving high sensitivity, and related reviews and device demonstrations have systematically 
summarized the relationship between EDL capacitance, ionic migration, and frequency response [46]. 

With respect to particular transport modes, proton and hydroxide conduction can occur via coupled vehicular 
and Grotthuss mechanisms. Zhang et al. [95] reported cooperative vehicular-Grotthuss OH− transport in a double-
network hydrogel, which explains its exceptionally high ionic conductivity and transport effectiveness. In contrast, 
EOF and ion-solvent coupled transport in narrow pores are frequently overlooked in iontronic devices, despite 
their potential impact on dynamic behavior, and Colla et al. [96] emphasized that elucidating EOF in nanopores 
and porous channels remains a central challenge for ionic-system modeling. 
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Figure 3. Schematic illustrations of ion transport mechanisms of HBIS. (a) Diffusion. (b) Electromigration.  
(c) Convection. (d) EOF. (e) Adsorption Site Hopping Mechanism. (f) Grotthuss Mechanism. 

3.1.1. Diffusion 

The most fundamental and common ion-transport mechanism in hydrogels is diffusion (Figure 3a), which is the 
spontaneous migration of ions driven by concentration gradients. Fick’s law describes it ( ci eff iJ D= − ∇ ). Diffusion rates 

in hydrogels are influenced not only by intrinsic ion size and solvent viscosity, but also by network porosity/tortuosity 
and solvation state, and are thus frequently described as an effective diffusion coefficient [77,97,98]. 

In iontronic sensing, diffusion determines a critical characteristic timeframe ( 2~ / effL Dτ ), where 𝐿 represents 

an effective diffusion length, such as gel thickness, pore connectivity length, or electrode spacing. For example, 
slower diffusion rates lead to delayed ionic redistribution following mechanical deformation or polarization, 
resulting in slower recovery times and increased baseline drift. This is particularly critical in systems requiring 
fast recovery, as diffusion-limited transport can extend the time required for the sensor to return to baseline after 
deformation or electrical stimulation. Additionally, during quick deformation or high-frequency stimulation, 
diffusion-limited transport can cause frequency-dependent response delays, leading to reduced sensitivity in high-
frequency applications. These effects are particularly relevant in dynamic sensing applications, where the speed 
of ion transport plays a crucial role in the device’s ability to capture rapid changes. Small-signal AC perturbation 
modeling within the PNP framework has directly shown how diffusion-potential coupling influences the 
impedance spectra and frequency-dependent sensitivity of ionic strain and temperature sensors. These findings 
provide a method for inverting Deff and associated length scales using electrochemical impedance spectroscopy [33,99]. 

From an experimental standpoint, diffusion often manifests in electrochemical impedance spectroscopy (EIS) 
Nyquist/Bode spectra as Warburg-type diffusion impedance or low-frequency dispersive capacitance, typically 
shown by the characteristic 45° line and phase delay, with extensions to finite-length diffusion regimes. The 
theoretical derivation and equivalent-circuit formulation of diffusion impedance have been thoroughly explored in 
electrochemical impedance theory and adapted for nanoporous and porous media to provide more physically 
accurate descriptions. 

3.1.2. Electromigration 

Electromigration (Figure 3b) is one of the key mechanisms influencing hydrogels’ direct current (DC) 
conductivity and transient current responsiveness. Within a continuum description, the electromigration flux is 
determined by ionic charge number, mobility, and the local electric-potential gradient, and together with diffusion 
constitutes the core transport basis of ion migration in hydrogel systems [33]. 

In hydrogels, electromigration is influenced by several factors, including effective ionic charge, solvation 
drag, pore tortuosity, and ion–polymer interactions such as hydrogen bonding and electrostatic 
adsorption/coordination. These factors directly affect ion mobility and field-driven redistribution, and thereby 
influence response speed, bandwidth, and signal nonlinearity. Electromigration directly controls response speed 
and nonlinearity through the key parameters of ion mobility μ, free-ion concentration c, field E=-φ. Under an 
applied voltage, enhanced electromigration accelerates counterion accumulation at the hydrogel–electrode 
interface, resulting in rapid EDL charging. This leads to shorter response times, higher bandwidth, and improved 
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sensitivity. As a result, under identical voltage excitation, systems with higher ionic mobility or lower solvation-
induced resistance often show faster interfacial EDL charging/discharging, stronger transient currents, and a higher 
bandwidth limit. However, too high electromigration can more easily cause concentration polarization and 
interfacial hysteresis, resulting in nonlinearity, hysteresis, and drift, which must be controlled by coordinated 
design of materials and interfacial structures [33]. 

As an example, He et al. [47] achieved significantly low drift in iontronic sensing by designing 
polyelectrolyte elastomers with low creep and low leakage, demonstrating a strategy in which fixed charges and 
controlled network relaxation suppress field-driven ionic redistribution and leakage, improving readout stability 
under electromigration. From a mechanistic perspective, this example highlights the importance of controlling 
electromigration-induced ion accumulation and leakage, while the detailed use of PNP/EIS as a quantitative 
extraction tool is discussed in Section 2.2.3 [33]. 

3.1.3. Convection 

Convection (Figure 3c) refers to the contribution to ionic flux originating from bulk fluid motion that 
transports ions. In continuum models, it can be expressed as convJ cv= , where v represents fluid velocity. This 
term is frequently ignored in hydrogel-based iontronic sensing. However, for highly hydrated and porous gels, 
compression, shear, stretching, or external fluid flow can induce Darcy-type seepage of pore water, which 
transports ions, superimposing additional current or potential variations and producing non-negligible mechano-
fluid-ionic coupling signals [100]. Convection mainly controls repeatability at low frequencies and high-frequency 
responsiveness through the parameters of pore-fluid velocity v (or Darcy permeability k) and solvent content. 
When the hydrogel undergoes rapid compression, shear, or stretching, the induced Darcy-type seepage of pore 
water generates a sharp, spike-like current component, enabling significantly faster signal rise times and markedly 
enhanced high-frequency bandwidth. Convection is therefore very useful for picking up high-frequency vibrations, 
impacts, or dynamic mechanical stimuli. 

This mechanism is especially important in two scenarios: (i) force-fluid coupled sensing, in which external 
forces cause brief pore-water migration and promote convective ion redistribution. For example, Biutty et al. [101] 
offered a mechanism in which pressure drives cation convection, leading to electrode capture, explaining the 
output of self-powered pressure sensors in terms of convective ionic fluxes. The second situation concerns 
fluid/environmental monitoring, when devices work within fluid boundary layers such as sweat or within 
microfluidic channels, external flow affects interfacial mass transfer and ion exchange, modifying EDL charging 
states and steady-state potentials. For example, Zhang et al. [102] reported hydrogel-based sweat chloride sensors 
use skin-mounted microfluidic structures to achieve self-driven sweat collection and steady readout, effectively 
incorporating external convection/flow into the device’s operation. Airflow-induced surface moisture 
absorption/desorption can influence near-surface network density and ionic mobility, resulting in resistive 
responses and a convection-related readout paradigm in which flow causes humidity changes that impact ion 
transport [103]. 

From an experimental signal perspective, convection-dominated processes often exhibit a two-timescale 
characteristic consisting of a fast spike followed by prolonged relaxation. The initial spike results from a temporary 
charge imbalance caused by convective ion flux, whereas the longer recovery stage is regulated by diffusion-
mediated replenishment and interfacial EDL recharging. Convective transport can increase the possible bandwidth 
in applications that need high-frequency vibration or impact detection. However, for low-frequency steady-state 
monitoring, convection and seepage can cause stochastic drifts. As a result, convective effects are frequently 
limited by reducing gel permeability and creep, enhancing encapsulation to isolate external flow disturbances, or 
using controlled microfluidic structures [100]. 

3.1.4. Electro-Osmotic Flow (EOF) 

Electro-osmotic flow (Figure 3d) is a fundamental electrokinetic phenomenon in which net charges within 
the EDL adjacent to channel or porous-medium walls experience Coulomb forces and drag solvent molecules, 
resulting in bulk liquid flow relative to the solid surface. When compared to pressure-driven flow, EOF in 
microchannels often exhibits a quasi plug-like velocity profile, permitting more controlled and low-dispersion 
mass transport, and is thus commonly used for fluid manipulation and sample transport in microfluidic and 
bioanalytical systems [104]. 

In hydrogel/polyelectrolyte systems, the permeable network and the presence of fixed charges promote the 
creation of stable EDLs at interfaces, allowing for EOF. EOF primarily drives frequency-asymmetric and 
load/unload-asymmetric responses, as well as rectification and drift, through the key parameters of Debye length 
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λD and zeta potential ζ. When an external electric field is applied, EOF causes a directional flow of ions-carrying 
solvent, which either speeds up or slows down local ion redistribution and produces a noticeable asymmetry in the 
sensing signal under alternating fields or loading vs. unloading cycles. As a result, a single material can function 
as both an iontronic sensing medium and an ionic pump or microactuator, allowing for electrical-to-fluidic signal 
translation or the opposite mapping of flow disturbances to electrical outputs. As a result, EOF is frequently 
overestimated, but crucial in evaluating load-unload asymmetry or frequency-dependent drift near porous 
interfaces [96]. 

As a representative example, Wang et al. [105] integrated a hydrogel-based electro-osmotic pump with 
Parylene C-coated porous microneedles, achieving enhanced EOF by using paired anionic/cationic hydrogels to 
enable controllable molecular transport through transdermal pathways. Although the application focuses on 
medication delivery, the physical mechanism is similar to iontronic sensing. It entails external-field manipulation 
of the EDL, generating EOF, and modifying local ion distribution and interfacial potential. This method is 
immediately applicable to sensing architectures for sweat flow, exudates, and shear-induced fluid changes. 
Another example is that Kusama et al. [106] reported a permeable microneedle array patch. In this study, 
sulfonated negatively charged hydrogels were inserted into microneedle channels to enhance transdermal EOF, 
demonstrating how fixed-charge density affects EOF flow rate and trans-barrier transport efficiency. 

3.1.5. Adsorption Site Hopping Mechanism 

When ions interact aggressively with polymer segments or filler surfaces, their transport changes. These 
interactions include electrostatic adsorption, coordination, hydrogen bonding, and ionic liquid-polymer contact. 
Under these conditions, ion transport no longer occurs via free diffusion or electromigration, as it does in the 
aqueous phase. Instead, ions move by thermally stimulated hopping. They move through a sequence of transitory 
bound states, sometimes known as adsorption sites hopping (shown in Figure 3e). Adsorption-site hopping often 
has higher energy barriers than the continuous, bridge-like fast transport of protons via the Grotthuss mechanism 
in hydrogen-bond networks, resulting in slower migration and transport characteristics dominated by hopping-
relaxation processes [107]. 

At the macroscopic level, this mechanism is commonly associated with two observable effects. First, the 
dependence of conductivity on frequency or temperature more readily exhibits dispersion and non-simple 
Arrhenius behavior, which is governed by both site occupation-release dynamics and structural relaxation. Second, 
in certain structural designs, when adsorption sites create continuous pathways along surfaces or one-dimensional 
fillers, ions can flow directionally over a site network, which can help minimize drift and memory effects produced 
by random redistribution [108]. 

Through an ion-hopping migration mechanism, Zhu et al. [107] designed an oxygen-rich poly(urea–urethane) 
(OR-PUU) polyacrylamide-based hydrogel electrolyte that produces homogeneous zinc deposition in aqueous 
zinc-ion batteries. The carbonyl groups along the long-chain OR-PUU polymers typically hold partial negative 
charges due to dipole production, creating temporary intermediate states that aid Zn2+ hopping migration. These 
polymers also disrupt hydrogen bonding, accelerate ion transport, and promote Zn2+ desolvation, enhancing ionic 
conductivity while suppressing dendrite growth. This design supports fast ion transport and well-aligned Zn2+ 
deposition, offering a promising solution for wearable, dendrite-free zinc batteries. Moreover, Li et al. [109] 
reported a conductive PEDOT:PSS hydrogel with a hierarchically heterogeneous network topology. Densely 
packed PSS assemblies significantly lower the energy barrier for electron hopping between PEDOT microcrystallites 
in the hydrated state, enabling effective electronic transport. In comparison to ion-based processes, the charge 
transport velocity is around five orders of magnitude higher. Time-resolved electrochemical analysis of biological 
processes is made possible by the hydrogel’s kinetically sensitive ion-electron transduction capacity. 

3.1.6. Grotthuss Mechanism 

The Grotthuss mechanism (Figure 3f) transports H+/OH− via bond breaking, reorientation, and relay 
processes. Effective charge migration does not require the vehicular motion of entire hydrated ion clusters, 
resulting in higher apparent mobility and faster electrochemical/impedance responses. For hydrogels in which 
protons or hydroxide ions dominate charge transport and have dense hydrogen-bond networks, such as highly 
hydrated matrices rich in -OH/-NH- groups or nanocellulose, the Grotthuss contribution frequently determines 
device response speed and bandwidth [110]. 

Notably, a hopping pathway does not have to be a macroscopically continuous aqueous phase; nanoscale 
confined water channels or interfacial water bridges can also form highly efficient proton-hopping  
pathways, causing conduction behavior to deviate from the simplistic the wetter, the more conductive paradigm. 
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Ichikawa et al. [111] verified surface proton hopping conduction, which involves protons quickly hopping between 
surface -SO3

− sites via bridging water molecules. This highlights the amplification of hopping conduction via 
surfaces and nanoconfined channels. 

In a double-network hydrogel (bacterial cellulose (BC)-polyacrylamide (PAM)-poly[3-(Methacryloylamino) 
propyl] trimethylammonium chloride (PMPTC)), Zhang et al. [95] found that OH− conduction occurs by a 
synergistic combination of vehicular transport and the Grotthuss mechanism. The polymeric conductive 
framework provides continuous paths for hydrated-ion migration, while the hydrogen-bond network generated by 
bacterial cellulose adds additional hopping relays, significantly increasing OH− conductivity. This type of 
synergistic mechanism implies that, without sacrificing mechanical strength, reinforcing hydrogen-bond networks 
can improve the response speed and frequency bandwidth of iontronic sensors, especially for high-frequency 
applications like tactile sensing and vibration detection. 

Wang et al. [112] developed a Hofmeister-electrostatic ion-engineering strategy in which different 
Hofmeister anions direct the ordered assembly of Mo7 polyoxometalates with Fe3+ to form a fully inorganic 
proton-conducting hydrogel. Charge inversion is induced by salting-in anions. They also promote the growth of 
one-dimensional supramolecules. This creates networks of coordinated, continuous hydrogen bonds. These 
networks allow proton transfer of the Grotthuss type. The activation energy consequently falls. Over a large 
temperature range, proton conductivity stays high. This facilitates thermal safety monitoring and accurate 
temperature detection. 

Yang et al. [113] suggested controlling ion transport via a Janus-structure approach. An electrolyte with 
asymmetric hydrogen-bond networks and solvation environments was created by them. As a result, a cooperative 
Grotthuss-vehicle pathway is made possible for quick OH− transport and extended device lifetime. Grotthuss 
hopping by hydrogen-bond rearrangement is preferred by one side, whereas vehicle-type carrier migration is 
promoted by the other. When combined, they reduce activation energy, boost ion mobility, and provide stable, 
effective alkaline ion conduction. 

Before discussing the specific signal transduction pathways, it should be emphasized that the relationship 
among material systems, ion transport mechanisms, and electrical readout modes in HBIS is not strictly one-to-
one, but is instead governed by predominant coupling between structure, transport, and interface. In general, 
conventional ion-conductive hydrogels and ionogels mainly rely on diffusion and electromigration through 
continuous ionic pathways, and therefore more often contribute to resistive or impedance-based transduction. 
Polyelectrolyte hydrogels, due to their fixed-charge groups and ion-selective environments, are more closely 
associated with interfacial ion redistribution, EDL regulation, and electro-osmotic effects, making them especially 
relevant for capacitive and interfacial signal transduction. In nanocomposite hydrogels, filler-polymer interfaces, 
heterogeneous pore structures, and adsorption/desorption processes can introduce more complex transport 
behaviors, including site-assisted transport and amplified interfacial polarization, which are often reflected in 
electrochemical or hybrid signal outputs. In addition, proton-conducting or hydrogen-bond-rich hydrogel systems 
may involve Grotthuss-type transport, which can become important in selected electrochemical and ion-modulated 
device architectures. Therefore, the four transduction pathways discussed below should be understood as 
functional manifestations of specific material-dependent transport processes, rather than as isolated electrical 
readout modes. 

3.2. Transduction Pathway Electrical/Electrochemical Signal Transduction Pathways in HBIS 

Although ionic migration itself is not directly observable, its electrical manifestations—such as changes in 
resistance, impedance, capacitance, current, and transconductance—form the critical link between ion transport 
and device performance in HBIS. Importantly, these signal transduction pathways do not arise independently of 
the material system, but instead reflect how different hydrogel structures regulate specific transport processes and 
interfacial responses. In general, resistive and impedance-type signals are most commonly associated with 
diffusion- and electromigration-dominated transport in ion-conductive hydrogels and ionogels; interfacial EDL 
modulation is more prominent in systems with strong interfacial charge regulation, such as polyelectrolyte and 
nanostructured hydrogels; electrochemical readout and modeling become especially important when adsorption, 
polarization, and heterogeneous ion transport strongly affect the device response; and active ion-modulated 
architectures, such as electrolyte-gated transistors (EGTs/OECTs), rely on controlled ionic coupling between 
hydrogel electrolytes and electronic channels. Therefore, this section discusses four representative transduction 
pathways—resistive/impedance responses, interfacial EDL modulation (Figure 4a), electrochemical 
characterization/modeling, and active ion-modulated architectures—in the context of their underlying transport 
origins and material dependence [46]. 
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Figure 4. Schematic illustrations of the signal transduction pathways of HIBS. (a) Interfacial EDL modulation.  
(b) Signal transduction principles for HIBS. (c) Schematic representation of EGTs [114]. Copyright 2023, Springer 
Nature. (d) Schematic illustration depicting the gel-gated OECTs. 

3.2.1. Electrical Resistance and Impedance 

The direct-current resistance (R) of hydrogels might be considered a static indicator of macroscopic ionic 
transport: , .LR where c

A
σ μ

σ
=   ∝  Here, L denotes the electrode spacing, A the effective cross-sectional area, and 𝜎 

the ionic conductivity, which is jointly determined by the ionic mobility (μ) and effective charge-carrier 
concentration (c). Mechanical loading, such as stretching or compression, causes both geometric terms (L, A) and 
the transport term (σ) to change simultaneously. As a result, impedance-type responses often combine structural 
deformation with ion-transport modulation [33]. 

Compared to DC resistance, EIS can discriminate between bulk conduction, interfacial polarization/capacitance, 
and diffusion-limited processes. In practice, the Randles circuit is commonly used as a starting point, consisting 
of a solution/bulk resistance (R) in series with a parallel combination of interfacial capacitance (or constant phase 
element) and a Faradaic branch (e.g., charge-transfer resistance). When both kinetics and diffusion govern the 
system, a Warburg element can be introduced to represent diffusion impedance. 

The frequency-domain characteristics of hydrogel-based ionic devices can be reduced to the following: 
Geometric/bulk resistance dominates high-frequency behavior, while interfacial polarization and diffusion-related 
contributions emerge at mid-to-low frequencies. Warburg impedance (semi-infinite or finite-length diffusion) 
appears as an approximately 45° line in Nyquist plots and manifests characteristic slopes and phase lags in Bode 
plots, allowing the extraction of diffusion coefficients and effective diffusion lengths [46,115]. This pathway is 
most commonly observed in ion-conductive hydrogels and ionogels, where diffusion and electromigration through 
continuous ionic channels dominate the signal generation process. 

As a modeling case directly relevant to hydrogel-based iontronic sensing, Balakrishnan et al. [33] developed 
a PNP-based EIS theoretical framework and conducted experiments on NaCl ionic conductors to demonstrate how 
diffusion-potential coupling shapes impedance spectra, phase response, and frequency-dependent sensitivity, 
providing a reusable paradigm for quantitatively extracting transport parameters from EIS. 

3.2.2. Electric Double Layer (EDL) Mechanism 

The EDL is the most crucial interfacial amplifier in iontronic devices. When a hydrogel comes into contact 
with a metal electrode, biological tissue, or another electrolyte, interfacial fixed charges attract counterions, 
forming a compact Stern layer followed by an outer diffuse (Gouy-Chapman) layer, resulting in a nanoscale 
charge-separation structure with strong capacitive behavior. The Debye length (λD) describes the thickness of the 
EDL and is determined by ionic strength, ion valence, dielectric constant, and temperature. When the channel 
dimension approaches λD and EDL overlaps, interfacial phenomena including ion selectivity and rectification 
might emerge [57,116–118]. This pathway is particularly relevant to polyelectrolyte-rich or interfacially active 
hydrogel systems, in which fixed charges, ion-selective partitioning, and interfacial polarization strongly regulate 
signal output. 



Li et al.   Sustain. Eng. Novit 2026, 2(2), 1 

https://doi.org/10.53941/sen.2026.100006  16 of 36  

In iontronic sensing, the EDL capacitance is frequently approximated as 
0r

dl
EDL

AC
d
ε ε≈

. Here, the symbol 𝐴 

represents the effective contact area, while ~EDL Dd λ  is measured in nanometers. Consequently, even modest 
changes in ion distributions or contact area can cause significant capacitance modulation, making this a highly 
sensitive signal source. The dynamics of EDL construction are determined by ion dlR Cτ ≈  (or, more broadly, 
distributed time constants), which determine the upper bounds of device bandwidth and hysteresis/drift [46]. 

Typical device paradigms mainly include: (i) Ionic-capacitive pressure/tactile sensing uses microstructures 
or compressible media to amplify contact-area fluctuations, resulting in ultrahigh specific capacitance and highly 
sensitive outputs, with the EDL serving as the primary mechanism [46]. (ii) EDL-modulated ionic 
rectification/switching: Asymmetric management of interfacial charges and EDL structures allows for rectifying 
and diode-like behavior, which can also be employed to reduce or explain frequency-dependent asymmetry and 
hysteresis [86]. (iii) Hydrogel-electrode interfacial energy/signal devices. Increasing EDL synergy at hydrogel-
electrode interfaces improves directional ion migration and output stability, demonstrating the direct performance 
influence of interfacial EDL design [119]. 

The principal issues are focused on low-frequency noise, hysteresis, and drift, which are frequently caused 
by ion adsorption/desorption, interfacial water and dipole rearrangement, and non-ideal electrode surface 
characteristics. From an engineering standpoint, constant phase elements (CPE) and distribution of relaxation 
times (DRT) investigations are often used to define multitime-constant interfacial relaxation, allowing for 
quantitative connection of hysteresis/recovery processes to material and interfacial features [120]. 

3.2.3. Electrochemical Characterization and Modeling 

Electrochemical characterization converts charge-transport and charge-storage activities at electrode/hydrogel 
interfaces and throughout the bulk phase into usable signals like current, potential, and impedance (as depicted in 
Figure 4b). The three-electrode system (working electrode (WE), reference electrode (RE), counter electrode (CE)) 
is a popular experimental arrangement. Interfacial processes can be isolated from bulk transport and characterized 
independently by accurately regulating the voltage between the WE and RE and monitoring the current in the WE-
CE circuit [115,121]. In hydrogel-based iontronic devices, characterization often focuses on non-ideal processes 
such as diffusion and polarization, rather than analyte Faradaic reactions. This pathway becomes especially 
important in materials with heterogeneous interfaces or adsorption-active sites, such as nanocomposite hydrogels, 
where non-ideal transport and polarization behavior require electrochemical analysis for interpretation. 

Consequently, EIS is particularly important: a small-amplitude sinusoidal perturbation is applied to a steady-
state system while sweeping frequency to obtain the frequency-dependent complex impedance, which is then fitted 
with equivalent circuits to extract parameters such as RΩ, Cdl/CPE, and diffusion-related Warburg elements [122]. 
In Nyquist plots, the high-frequency semicircle typically represents parallel interfacial charge-transfer resistance 
and capacitance, whereas the low-frequency linear segment represents diffusion limitation. These properties enable 
the delineation of bulk resistance, interfacial polarization, and diffusion control, as well as correlation with device 
bandwidth, hysteresis, and drift [123]. 

In recent years, more material-oriented standardized EIS measurement techniques and device designs have 
arisen for soft, hydrated, three-dimensional conductive/ionic hydrogels, improving reproducibility and parameter 
comparability. Meanwhile, hydrogel iontronic devices may have electrochemical breakdown or leakage-channel 
amplification under low-frequency or large-signal situations, which must be detected and controlled using 
equivalent-circuit models (e.g., CPE plus leakage resistance) and frequency-dependent testing [92,124]. 

3.2.4. Ion-Gated Amplification and Programmable Transduction Pathways 

EGTs are typical three-terminal ion-electron coupled devices (as illustrated in Figure 4c). EGTs use an 
ionically conductive but electrically insulating electrolyte, such as hydrogels, ionogels, or eutectogels, as the gate 
dielectric. Under low operating voltages, ion migration controls charge carriers in the semiconductor channel, 
allowing current amplification and programmable responses. The primary advantage is the creation of high-
specific-capacitance EDL at the electrolyte/semiconductor interface. This allows the gadgets to consume less 
power, have greater mechanical flexibility, and be biocompatible at biological interfaces. As a result, EGTs are 
commonly used in neuromorphic synaptic devices and wearable or bioelectronic signal amplification [125–128]. 
This pathway is typically associated with hydrogel electrolytes or ionogels that can efficiently couple ionic 
transport in the soft phase with electronic modulation in an adjacent semiconductor channel. 

Based on whether ions are allowed to enter the channel, the operating mechanisms can generally be simplified 
into two categories. (i) EDL-type (capacitive modulation): ions mostly collect at the interface to create an EDL, 
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resulting in surface buildup or depletion of charge carriers in the channel; this is essentially a nanoscale capacitive 
modulation with rapid response and low power consumption [125]. (ii) Electrochemical-type mechanisms, such 
as bulk doping/dedoping and OECTs, employ the injection of ions into the channel to alter its doping state and 
bulk conductivity, leading to stronger ion-electron coupling and higher transconductance. This makes it suitable 
as a front-end amplifier for biological signals or a synaptic plasticity emulation unit [129]. 

Hydrogel/polymer-electrolyte-gated neuromorphic transistors: PVA electrolyte-gated indium tin oxide (ITO) 
devices display synaptic-like plasticity behaviors such as paired-pulse facilitation and spike-timing-dependent 
features, exemplifying the canonical path of EDL gating to low-voltage plasticity [126]. 

Gel-electrolyte solid-state OECTs (shown in Figure 4d) arrays for flexible biointerfaces: photopatternable 
double-network gel electrolytes enable stretchable solid-state OECTs arrays that preserve electrical homogeneity 
during deformation and provide continuous ECG monitoring. This engineering process represents gel gating 
followed by solid-state integration and long-term conformal attachment [130]. 

System-level integration of gel-gated OECTs has reported flexible in-sensor computing circuits based on 
non-aqueous gel-gated OECTs, integrating ionic-gate amplification and signal processing within a single flexible 
platform and highlighting the trend toward device-circuit-application co-integration [131]. DES/eutectogel-gated 
OECTs for environmental stability: Eutectogels used as semi-solid electrolytes in OECTs improve operational 
stability and mechanical compliance without the need for encapsulation; comparative studies systematically have 
evaluated transient and steady-state performance against hydrogels and ionogels, demonstrating their promise for 
wearable applications [132]. 

In order to differentiate the signal transduction mechanisms of HBIS, this review offers a system for 
categorization. Key parameters, performance indicators, characterization techniques, and the response pathway 
are all included in the framework. Table 3 lists the four primary routes including electrical double-layer 
capacitance, OECTs, impedance response, and resistive response. This framework allows researchers to quickly 
determine the best response style for certain application needs. After that, they can do quantitative assessments 
using the proper semiconductor or electrochemical characterisation methods. 

Table 3. Classification of Response Pathways and Characterization Methods for Hydrogel-Based Iontronic Sensors. 

Path Type Key Parameters Impact Indicators Testing Methods Suitable Scenarios 

Resistor response σ, μ, c Sensitivity, Linearity IV curve,  
four-probe, CV 

Static strain/pressure sensing, 
wearable motion monitoring, 

resistive sensors 

Impedance Response Zjω, Rs, W Lag, response  
time, Drift EIS, Bode, Nyquist 

Dynamic sensing, frequency-
dependent analysis, drift-

sensitive applications 

EDL Capacitor Cdl, τ = RC Bandwidth,  
response rate 

CV, Capacitive 
scanning, 

piezoelectric 

High-sensitivity tactile/pressure 
sensors, iontronic skins, fast-

response EDL devices 

EGTs/OECTs gm, Doped 
conductivity 

Gain, adjustability, 
hysteresis 

IV, Pulse Scan, 
Capacitive Scan 

Signal amplification, 
neuromorphic computing, bio-
signal recording (ECG/EMG) 

4. Stability and Biointerfacial Considerations 

As hydrogel-based iontronic sensors move closer to real-world applications such as wearables, implantable 
devices, and environmental monitoring, environmental stability and interfacial compatibility are emerging as 
important barriers in engineering translation. Hydrogels have distinct advantages due to their high water content 
and soft-tissue-matched mechanics, but they are also more sensitive to humidity and temperature fluctuations, 
interfacial polarization, and complex in vivo chemical environments, resulting in signal drift, hysteresis, and noise [124]. 
This part examines the sources of stability and possible optimization strategies from three different perspectives: 
environmental adaptation, interfacial engineering, and multiphysics-coupled control. 
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4.1. Environmental Stability 

4.1.1. Anti-Dehydration and Anti-Swelling Design 

Hydrogels’ high water content supports their ionic conductivity and mechanical compliance; however, in 
open environments, they are prone to dehydration and drying, which induce volumetric shrinkage, collapse of the 
porous network, and destabilization of ionic pathways, leading to rapid degradation of conductivity and sensitivity, 
whereas in high-humidity or immersed conditions, excessive swelling and interfacial hydrodynamic reorganization 
may occur, resulting in signal drift and reduced repeatability [124,133,134]. Therefore, improving environmental 
stability is not simply a matter of preventing water loss, but rather of balancing ionic transport, mechanical 
softness, and interfacial reliability under fluctuating humidity conditions. 

To combat dehydration, low-volatility and wide-temperature-stable ionic-liquid-based ionogels are 
frequently used as alternatives or hybrid solutions, allowing for reasonably stable ionic conductivity and 
mechanical integrity under complex humidity conditions. For example, Shi et al. [32] reported a non-hygroscopic 
and humidity-insensitive ionogel (shown in Figure 5a) iontronic array that enabled intra-articular pressure 
monitoring, exemplifying a representative paradigm in which non-aqueous ionic conductors are used to improve 
long-term stability. However, although ionogels can effectively improve resistance to dehydration, replacing the 
aqueous phase may also influence the ionic conductivity and biointerfacial compatibility of the system. Therefore, 
the improved environmental stability of ionogels may be accompanied by some compromise in functional 
performance, depending on the application scenario. 

In addition, DES/eutectogel systems, as well as nanocomposite reinforcement and encapsulation-based 
isolation techniques, have been used to prevent both dehydration and swelling. For example, Lu et al. [30] found 
that using a hydrophobic DES-based eutectogel (Figure 5d) increased long-term stability in high-humidity 
environments, demonstrating the relationship between solvent system selection to balance between water uptake 
and loss to signal stability. At the same time, strategies such as hydrophobic solvent design, nanocomposite 
reinforcement, or encapsulation may also introduce limitations, such as reduced interfacial compatibility, increased 
stiffness, or delayed response. Recent reviews have carefully reviewed the current design principles for anti-
drying, anti-swelling, and anti-freezing conductive gels, which include solvent replacement, strong hydrogen 
bonding or ionic association, double-network designs, and encapsulation. 

 
Figure 5. Construction of HBIS with Environmental Stability. Copyright 2022, Elsevier. (a) Network structure 
illustration of non-hygroscopic and humidity-insensitive ionogel [32]. Copyright 2024, Oxford University Press 
(OUP); (b) Illustration of network structure of PNIPAAm-based temperature responsive ionic conductive hydrogel [135]. 
Copyright 2025, Elsevier; (c) Schematic diagram of hydrogel-assisted interfaces in sweat-based systems for 
decrease lipid fouling and stabilize sensor outputs [102]. Copyright 2025, Elsevier; (d) Illustration of eutectogel 
with optimized multifunctionality and anti-swelling capabilities [30]. Copyright 2025, Royal Society of Chemistry (RSC). 
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4.1.2. Temperature Robustness and Drift Compensation 

Temperature fluctuations affect both bulk ionic transport in hydrogels and the interfacial EDL structure. On 
the one hand, ionic mobility and the effective diffusion coefficient often grow with temperature and are frequently 
modeled by Arrhenius-type thermally activated behavior, resulting in systematic drift in conductivity and time-
domain responses (rise and recovery durations). Temperature, on the other hand, affects solvent dielectric 
properties, solvation/desolvation equilibria, and interfacial adsorption, exacerbating the temperature dependence 
of EDL capacitance and polarization relaxation and increasing low-frequency hysteresis and noise [62,136–138]. 

The temperature dependence of ionic mobility/conductivity can often be approximated by an Arrhenius 
relationship. Temperature fluctuations may also cause changes in network microstructure in systems incorporating 
thermoresponsive polymers (lower critical solution temperature (LCST)/upper critical solution temperature 
(UCST)) or solvents with significant thermal expansion, resulting in nonlinear outputs and baseline drift. 

Temperature-induced drift is typically caused by two mechanisms: (i) UCST/LCST phase transitions or 
segmental relaxation of polymer networks (e.g., nonlinear electrical responses induced by thermoresponsive 
backbones such as poly(N-isopropylacrylamide) (PNIPAAm)), and (ii) solvent thermal expansion and 
redistribution of water states that alter ionic-channel geometry and local viscosity (Figure 5b) [135]. To improve 
thermal robustness, the prevailing strategy is to transform the temperature-sensitive aqueous phase into a more 
stable ionic environment and implement compensation at both device and algorithmic levels: materials-wise, 
introducing organic solvents, ionic liquids, or deep eutectic solvents (forming organohydrogels, eutectogels, or 
ionogels), or incorporating nanofillers (e.g., MXene) can suppress freezing and thermally induced structural 
fluctuations, thereby maintaining stable coupling between conductivity and deformation at low temperatures; at 
the device level, temperature reference channels can be incorporated for calibration mapping; at the modeling 
level, temperature-dependent PNP/EDL models can be employed to predict drift trends and back-extract key 
parameters [42]. However, these strategies may also involve trade-offs, because improving thermal stability  
can sometimes increase material complexity or affect the original mechanical and electrical properties of the 
hydrogel system. 

As representative examples, deep eutectic solvent systems such as ChCl:urea have been used to create 
eutectogel-based sensing materials that operate reliably at low temperatures. MXene-composited hydrogels are 
commonly used to improve low-temperature usability. For example, MXene-PAM/agar double-network strain 
sensors may operate at temperatures as low as −26 °C. Meanwhile, antifreezing ionic hydrogels based on 
glycerol/salt synergistic methods can maintain relatively strong ionic conductivity at even lower temperatures, 
establishing a material foundation for sustained signal readout over a wide temperature range [62]. 

4.1.3. Chemical Corrosion and Adaptability to Complex Media 

In practical applications, hydrogel-based iontronic sensors are frequently exposed for extended periods of 
time to complex media such as perspiration, saliva, blood, or interstitial fluids, as well as external pollutants. 
Multicomponent ions, small organic molecules, proteins, and enzymes can interact with the hydrogel network or 
electrode interfaces via ion exchange, adsorption, and biochemical reactions, resulting in network degradation, 
aggravated interfacial polarization, and increased noise, ultimately reducing device lifetime [139,140]. In sweat or 
biofluid environments, common destabilization pathways include high-salinity-induced ion exchange and 
uncontrolled swelling, enzymatic or hydrolytic chain scission, protein adsorption-induced interfacial nonlinearity 
and enhanced electrode polarization, as well as contamination and performance drift caused by microbial  
adhesion [139,141]. 

Accordingly, improving chemical stability and tolerance to complex media should be understood as targeting 
three representative failure mechanisms: bulk network degradation, surface fouling, and biofouling-induced signal 
drift. Based on this framework, three complementary strategies are commonly employed. First, salt- and enzyme-
resistant crosslinked or copolymerized networks are mainly intended to mitigate bulk degradation caused by ion 
exchange, hydrolysis, and enzymatic attack. Their working principle lies in increasing crosslinking stability and 
reducing the fraction of exchangeable or hydrolytically labile bonds, thereby preserving structural integrity and 
ionic transport pathways during prolonged exposure to harsh media. Their effectiveness is typically verified by 
accelerated aging tests in saline or enzyme-containing solutions, together with measurements of mechanical 
retention, swelling ratio, mass loss, and electrical stability. Second, antifouling interfacial layers, such as 
zwitterionic or strongly hydrated coatings, as well as filtration or barrier membranes, are primarily used to address 
surface fouling induced by proteins, lipids, and other contaminants. These interfaces usually function by forming 
highly hydrated and low-adhesion surface layers that suppress nonspecific adsorption and help maintain stable ion 
transport and interfacial impedance. Their performance is commonly validated by protein adsorption assays, 
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surface characterization methods such as contact-angle analysis or quartz crystal microbalance measurements, and 
long-term electrical stability tests in biofluid analogs. Third, antibacterial and regenerable interfaces, including 
silver nanoparticles, chitosan-based antimicrobial components, and self-healing coatings, are mainly introduced to 
suppress microbial colonization and biofilm formation, which otherwise lead to long-term drift and signal 
degradation. In addition to preventing bacterial growth, such interfaces may also facilitate functional recovery 
after contamination or mechanical damage. Their effectiveness is generally assessed through antibacterial assays, 
biofilm inhibition tests, and prolonged stability measurements in biologically active media [139,142]. 

Wearable sweat chloride-ion sensing: By including an ultrahydrophilic (poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP)) membrane to limit ion exchange and hydrogel swelling, a more stable and 
reversible sensing response was obtained (as illustrated in Figure 5c) [102]. Nevertheless, these stabilization 
strategies may also affect ion transport or interfacial exchange to some extent, and therefore require a balance 
between chemical stability and sensing performance. Antifouling in sweat-based systems: To address signal 
degradation caused by lipid and organic interference in sweat, hydrogel-assisted interfaces have been used to 
decrease lipid fouling and stabilize sensor outputs, demonstrating an interfacial filtration/antifouling method [143]. 
Coatings with antibacterial and antifibrotic activities have been found to considerably reduce biofouling and 
immune-response-induced passivation of electrochemical performance in implantable and biofluid settings,  
paving the door for long-term in vivo monitoring [144]. These examples further illustrate that the choice of 
chemical-stabilization strategy should be guided by the dominant failure mechanism in the target medium,  
while its effectiveness should be evaluated through corresponding structural, interfacial, and electrical 
characterization methods. 

4.2. Biointerface Engineering 

4.2.1. Mechanical Coupling and Reversible Adhesive Interface Design 

When using hydrogels for skin or tissue attachment, the main problem is to achieve modulus matching while 
also providing robust yet reversible interfacial adhesion, which reduces stress concentration, separation, and 
irritant responses. In general, adjusting the elastic modulus of hydrogels (Figure 6a) to be similar to that of soft 
tissues (usually in the tens of kilopascals, or 20–100 kPa) promotes conformal contact and extended use [145–149]. 
However, better modulus matching does not always guarantee the best overall performance, because excessively 
soft materials may sacrifice mechanical robustness during long-term use. The first method involves using 
biomimetic microstructures (such as octopus sucker arrays) to improve effective contact and shear resistance on 
rough or dynamic skin surfaces; for example, 3D-printed octopus-sucker-inspired hydrogels have been used in 
wearable sensing, demonstrating stable adhesion and sustained reliability in motion monitoring and ECG 
acquisition [150,151]. The second approach strengthens interfacial interactions via surface chemical adhesive 
groups, typically by introducing polydopamine (PDA) or polyamine/polylysine to provide reversible hydrogen 
bonding and coordination interactions, thereby maintaining low interfacial impedance and stable adhesion  
under dynamic conditions; for example, PDA-based tissue-adhesive layers have been integrated into functional 
hydrogel electronic skin patches for robust contact and extended operation on dynamic skin [152]. At the same 
time, stronger adhesion may also reduce reversibility or increase the risk of skin irritation during repeated 
attachment and detachment. 

To reconcile strong adhesion on the skin-contacting side with anti-fouling/anti-unintended adhesion on the 
outer side, Janus (dual-faced asymmetric) interface designs have improved rapidly in recent years. Via integrated 
fabrication, one line of work creates single-sided sticky conductive hydrogels, providing interfacial mechanical 
stability during long-term dynamic monitoring. This idea has also been comprehensively characterized as a 
biointerface engineering framework with tissue-integration-promoting behavior on the substrate side and anti-
adhesion/anti-wear properties on the top layer [153]. Although this type of design is advantageous for interfacial 
regulation, it may also increase structural and fabrication complexity. 
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Figure 6. The HBIS with biointerface engineering design. (a) Network structure illustration of 3D-printable 
modulus-tunable hydrogel with multiple functionalities [145]. Copyright 2024, Elsevier; (b) Ionically-conductive 
hydrogel with a stable and low interfacial impedance and improved voltage tolerance [154]. Copyright 2022,  
Wiley-VCH ; (c) Schematic of a glucose biosensor enzyme gel electrode used for the evaluation of anti-fouling and 
sensing [155]. Copyright 2024, Elsevier; (d) Illustration of multiphysics coupling regulation for hydrogel [33]. 
Copyright 2023, RSC. 

4.2.2. Polarization and Hysteresis at Electrochemical Interfaces 

The hydrogel-electrode interface is the primary location for ion-electron coupling and signal transduction, 
but it is also the most susceptible to polarization, hysteresis, and low-frequency noise amplification. Common 
origins include electric field asymmetry caused by interfacial charge accumulation, mismatches between the 
formation/relaxation kinetics of the EDL and external stimuli, local depletion or enrichment arising from 
mismatches between fixed charge density and ionic distribution, as well as interfacial leakage and side reactions 
under long-term operation or large-signal excitation (Faradaic processes such as hydrogen or oxygen evolution 
may occur when the electrochemical window is exceeded), which ultimately manifest as baseline drift, 
nonlinearity, and non-overlapping response paths [124,156]. 

Interfacial charge co-design: by adjusting fixed charge density and ionic strength in hydrogels, the Debye 
length can be matched with electrode surface properties, eliminating hysteresis caused by concentration 
polarization and excessive electrostatic repulsion/adsorption [86]. Electrode material substitution and interfacial 
capacitance increase: Replacing traditional metals with high-capacitance, mechanically compliant conductive 
polymers or carbon-based electrodes (e.g., PEDOT:PSS, CNTs) can significantly lower interfacial impedance 
while improving signal quality and long-term stability (shown in Figure 6b) [154,157]. Suppression of side 
reactions via buffer/insulating layers: Introducing neutral buffer layers or confined electrolyte layers at the 
interface mitigates local pH shifts and Faradaic leakage; meanwhile, small-signal AC testing combined with 
equivalent circuit models (CPE plus leakage resistance) enables identification of low-frequency instability modes [124]. 



Li et al.   Sustain. Eng. Novit 2026, 2(2), 1 

https://doi.org/10.53941/sen.2026.100006  22 of 36  

4.2.3. Biocompatibility and Immune Evasion Mechanisms 

For implantable or long-term skin-adhered hydrogel iontronic devices, stable operation is frequently 
hampered by foreign body responses, in which nonspecific protein adsorption on material surfaces causes 
inflammatory cell adhesion and fibrotic encapsulation, resulting in impaired interfacial mass transport, signal 
attenuation, and drift [155]. As a result, the primary goal of biointerface engineering is to inhibit protein adsorption, 
limit cell adhesion and inflammatory cascades, and, where needed, establish long-term safety and maintainability 
via degradable or renewable outer layers [158]. 

Common immune-evasion techniques involve adding zwitterionic moieties at the interface to generate 
strongly hydrated layers, resulting in extremely low protein adsorption. Inert polymer shielding layers, such as 
poly(ethylene glycol) (PEG), are used to minimize cell adhesion and inflammation. To reduce the burden of foreign 
bodies over time, implantable devices incorporate degradable encapsulation or replaceable outer layers [158]. 
Biocompatibility assessment should adhere to the risk management framework, in which the most recent version, 
expressly incorporates biological evaluation into the risk management process [159]. 

Wareham-Mathiassen et al. [144] reported an implantable sensor coating with combined antibacterial and 
antifibrotic functions, which mitigates lifetime degradation caused by biofouling and fibrotic encapsulation, 
exemplifying an integrated strategy of anti-fouling plus immunomodulation. Another representative line of work 
involves tethering zwitterionic polymer coatings onto the surfaces of implantable electrochemical sensors, such as 
glucose sensors (Figure 6c), to reduce foreign body responses and protein fouling, demonstrating the direct benefits 
of zwitterionic strategies for long-term stability [155]. 

4.3. Multiphysics Coupling Regulation 

Mechanical deformation, electric field driving, ionic diffusion/migration, and thermal fields (as well as 
porous fluid transport) frequently influence iontronic sensors in practice. Hysteresis, drift, and frequency 
dependence are often caused by the coupled feedback between these processes, which cannot be adequately 
described by a single-physics model. As a result, developing systematic multiphysics coupling models is an 
important tool for understanding mechanisms and designing predictive devices [160]. 

4.3.1. Integrated Modeling Framework 

In practical applications, iontronic sensors are frequently subjected to a combination of mechanical loads, 
electric fields, diffusion, and thermal fields, which makes it challenging for a single-physics model to adequately 
describe their behavior. As a result, creating systematic multiphysics coupling models has become an indispensable 
tool for mechanistic research and predictive device design. 

4.3.2. Multiphysics Coupling Models 

Previous research has combined the PNP framework with chemical processes (ionic activity and osmotic 
pressure), mechanical responses (swelling and large deformation), and thermal fields (temperature-dependent 
mobility and diffusion) to jointly predict ion distributions, electric potential evolution, and volumetric or 
deformation changes in hydrogels, thereby more comprehensively explaining sensor outputs and drift origins under 
pressure and temperature perturbations [33,161]. Typical examples are Stewart et al. [160] reported electro-
chemical-mechanical finite-deformation theory, which provides a unified modeling framework for capacitive 
strain sensing and large-strain actuation in ionic hydrogels. 

For example, Balakrishnan et al. [33] used PNP to generate simulated impedance spectra under strain and 
temperature variations (Figure 6d), revealing quantitative relationships between frequency, sensitivity, and 
structural length scales and demonstrating a modeling pathway from fundamental mechanisms to device-level 
readouts. Recent multiphysics numerical methods have moved beyond traditional mesh-based finite element 
approaches to mesh-independent or remeshing-free frameworks in order to accommodate huge deformations and 
significant geometric nonlinearities. For instance, meshless multiphysics systems based on maximum-entropy 
interpolation may manage massive deformations and instabilities without requiring frequent remeshing, increasing 
simulation robustness under complex operating conditions [161]. Meanwhile, an increasing number of studies 
combine swelling with external flow or permeation into a coherent mechanical framework, resulting in a more 
consistent representation of the interconnected problems of deformation, convection, and ionic redistribution [162]. 

Meanwhile, data-driven techniques are emerging as a complement to electrochemical modeling. By 
combining multifrequency EIS data with physically interpretable representations such as the DRT, and 
subsequently applying recurrent neural networks for time-series prediction, multiscale hysteresis and drift 
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behaviors can be characterized and compensated, thereby improving the efficiency of long-term stability 
assessment [163]. Standardized DRT analytic methodologies and open-source tools have also been improved in 
recent years, resulting in a more reusable implementation foundation for closed-loop processes that include testing, 
modeling, and algorithmic compensation [164]. 

This part examines the stability constraints of hydrogel-based iontronic sensors in complex environments and 
biointerfaces, summarizing the primary failure paths and engineering options. On the environmental side, the focus 
is on resistance to dehydration and excessive swelling, response consistency under temperature changes, and 
suppression of chemical corrosion and contamination in complicated media. On the interfacial side, the emphasis 
is on tissue modulus matching and reversible adhesion, as well as the regulation of polarization and hysteresis at 
electrode-hydrogel interfaces. Methodologically, electro-chemo-thermo-mechanical multiphysics coupling 
models and data-driven analyses are used to understand drift and hysteresis and to promote predictive design. 
Collectively, these approaches work together to achieve a single goal: to integrate material formulation, interface 
engineering, and model calibration into a closed-loop framework that allows for the development of long-term 
stable, reliable, and quantifiable iontronic sensors, as well as their translation from the laboratory to clinical and 
industrial applications [124,160,165]. 

5. Applications and Devices 

HBIS has evolved from fundamental studies of material systems and ion transport into a rapidly expanding 
application-oriented field. Benefiting from their softness, stretchability, processability, and compatibility with wet 
biological interfaces, hydrogel-based iontronic systems offer clear advantages over conventional rigid electronics 
in conformal biointegration, interfacial electrochemical coupling, and multiphysical signal acquisition. In parallel, 
ionogels and eutectogels have emerged as important complementary platforms for long-term operation and harsh 
or complex environments because of their low volatility, high ionic conductivity, and broad environmental 
tolerance [56]. From an application perspective, the performance of HBIS is governed by the coupling among 
material system, dominant ion transport mechanism, and signal transduction pathway. Wearable and implantable 
bioelectronics mainly rely on diffusion- and electromigration-dominated transport together with low-impedance 
interfacial modulation; soft robotics and human-machine interfaces more strongly involve deformation-induced 
ion redistribution and EDL regulation; environmental and food monitoring often depends on analyte-, humidity-, 
or temperature-induced perturbations in ionic distribution and interfacial polarization; and self-powered devices 
exploit directed ion migration and interfacial charge modulation under external gradients. Accordingly, the 
following sections discuss representative applications not simply as device examples, but as manifestations of 
mechanism-guided optimization of hydrogel composition, microstructure, interface, and architecture. 

5.1. Wearable Physiological Monitoring 

Wearable health monitoring is one of the most advanced applications of hydrogel-based iontronic sensing, 
allowing for continuous and non-invasive gathering of bioelectrical and mechanical information. Hydrogel 
electrolytes and ionic conductors can generate low-interfacial-impedance, mechanically conformal soft electrode-
skin interfaces on the skin surface, boosting signal quality and comfort. Meanwhile, conductive polymer hydrogels 
are widely used for electrochemical detection and continuous monitoring of epidermal chemical information, such 
as sweat electrolytes and pH levels [166,167]. Choline-based solutions, for example, have gained popularity due 
to their low toxicity and environmental stability. Early research by the Mecerreyes group [168] identified 
cholinium-based ionogels as solid-state skin-electrode electrolyte interfaces, allowing for stable ECG recording 
for up to 72 h while lowering skin impedance to levels equivalent to commercial Ag/AgCl electrodes. In wearable 
physiological monitoring, the dominant mechanisms are usually diffusion and electromigration of mobile ions 
within hydrated conductive networks, together with impedance reduction and EDL modulation at the soft skin–
electrode interface. Accordingly, material design in this class of devices is mainly optimized toward high ionic 
conductivity, low interfacial impedance, wet adhesion, and resistance to dehydration or interfacial drift. Therefore, 
ion-conductive hydrogels, eutectogels, and ionogels are particularly suitable because they can maintain stable ion 
transport while preserving conformal contact with dynamic skin surfaces. 

More recent research has extended long-term stability to more demanding use situations. For example, a 
cholinium-based eutectogel electrode described in De la et al. [169] provided high-quality continuous 
electroencephalography (EEG)/ECG recording under dynamic conditions (with demonstrations lasting more than 
48 h), demonstrating the interfacial durability of gel electrodes during motion. Li et al. [170] fabricated an ion-
conducting, sweat-resistant bioelectronic skin sensor (SRBSS) with strong wet adhesion (Figure 7a). MXene 
nanosheets enhanced the sensing response and reduced the interfacial impedance at physiologically relevant 
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electrical frequencies. The high conductivity of the SRBSS mainly relies on mobile ions (Li+ and Cl−), enabling 
reliable electrical signal readout. Here, the incorporation of MXene mainly serves to reduce interfacial impedance 
and improve signal fidelity, illustrating how nanocomposite design can be used to optimize the same transport and 
transduction processes for wearable recording. On the other hand, to address interfacial drift and dehydration 
caused by sweat and humid conditions, Liu et al. [171] proposed sweat-activated conductive hydrogel nanomesh 
electrodes (as displayed in Figure 8a) that enabled ultralong-term epidermal bioelectrical recording (with 
demonstrations approaching ~100 days). This example highlights that, beyond intrinsic conductivity, long-term 
wearable performance also depends on structural and interfacial engineering that stabilizes ionic transport under 
realistic conditions. It should be noted that the key bottlenecks of wearable systems remain water loss, interfacial 
polarization or drift, and packaging durability; thus, synergistic optimization of material formulations (water 
retention/anti-swelling), interfacial structures (low-impedance soft electrodes), and encapsulation strategies is 
critical to the viability of long-term monitoring [172]. 

 

Figure 7. HBIS applications that span monitoring human motions, implantable biosensing, human-machine 
interaction, robotic electronic skin, and physiological signals. (a) Schematic illustration showing wearable 
physiological monitoring with hydrogel device [170]. Copyright 2022, Cell Press; (b) Schematic diagram of the 
injectable or absorbable hydrogel-acoustic device [173]. Copyright 2025, Springer Nature; (c) Schematic 
illustration depicting soft robotics and human-machine interfaces with microstructured hydrogel [174]. Copyright 
2025, Springer Nature; (d) Schematic diagram of flexible sensor to monitor breathing state [175]. Copyright 2024, 
Wiley-VCH. 
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Figure 8. HBIS applications that span human-machine interaction, environment monitoring and energy conversion. 
(a) Schematic illustration showing the nanomesh-reinforced hydrogel electrodes for electrophysiological 
monitoring and human-centric interactions [171]. Copyright 2026, Cell Press; (b) Schematic diagram of the flexible 
sensing device and its application in H2S leakage alarm [176]. Copyright 2023, Springer Nature; (c) Schematic 
depicting the hydrogel electrodes for harvest energy [177]. Copyright 2024, Wiley-VCH. 

5.2. Implantable and In Vivo Biosensing 

In contrast to epidermal devices, implantable hydrogel ion-electron sensors must maintain long-term stable 
performance in complicated in vivo conditions, putting greater emphasis on mechanical compatibility, 
biocompatibility, signal robustness, and long-term safety. Because of their high water content and tissue-like 
elastic moduli, hydrogels reduce inflammation caused by mechanical mismatch, making them promising 
candidates for long-term in vivo sensing applications. Recent research has revealed highly compliant, attachable, 
or biodegradable hydrogel-based devices capable of continuously monitoring in vivo signals such as tissue strain, 
cavity pressure or flow, and bioelectrical activity. For implantable and in vivo biosensing, diffusion and 
electromigration remain the fundamental ion-transport processes, but the dominant design challenge shifts from 
short-term signal generation to long-term transport stability, interfacial robustness, and suppression of biological 
drift. In this context, the relevant signal transduction pathways are often impedance-based, electrochemical, or 
wireless readout modes that are strongly influenced by tissue–device coupling, interfacial polarization, and 
biofouling. As a result, material and structural optimization in implantable systems places greater emphasis on 
ultrasoft mechanics, tissue adhesion, biocompatibility, encapsulation, and stable signal transmission under 
complex in vivo conditions. 

Tian et al. [173] reported an all-hydrogel phononic crystal implanted strain sensor (as displayed in Figure 7b). 
By modulating ultrasonic reflection bandgaps via periodic cavity/air-column architectures, the device enables 
continuous and wireless monitoring of internal tissue strain, with validation demonstrated in large animals (pigs), 
highlighting an alternative strategy that replaces traditional rigid electronics with a soft-structure acoustic readout. 
Another representative direction is in vivo multimodal monitoring using ultrasoft plus tissue-adhesive structures. 
Oh et al. [178] reported an ultrasoft, tissue-adhesive hydrogel-based implantable device that concurrently captures 
bladder deformation and electromyographic signals, proving in vivo practicality in anesthetized pig models. 
Furthermore, research on injectable or absorbable hydrogel-acoustic devices is growing, resulting in structural 
paradigms and material design references for minimally invasive implantation and wireless readout [179]. Despite 
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these advances, implantable applications are still limited by long-term stability, immune responses or fibrotic 
encapsulation, packaging, and in vivo calibration, emphasizing the need for coordinated optimization of materials, 
interfaces, and readout systems, as well as more extensive preclinical testing [180,181]. 

5.3. Soft Robotics and Human-Machine Interfaces 

Soft robotics and human-machine interfaces (HMIs) place strict requirements on sensing layers, such as high 
compliance, multidimensional deformation readability, and high cyclic stability, in order to produce high-fidelity 
signals under dynamic conditions such as grasping, bending, shear, and rapid contact. Hydrogel- or ionogel-based 
iontronic sensors rely on ion migration and EDL modulation to provide low-modulus conformability, 
stretchability, and processability, allowing for continuous tactile-deformation feedback on soft actuator surfaces. 
Multimodal decoupling of pressure and strain signals, as well as array-based readout, can be achieved by designing 
ionic transport channels and interfacial microstructures inside the gel, enabling HMI systems such as glove-type 
inputs, soft robotic skins, and wearable control interfaces (as presented in Figure 7c) [174]. Representative 
examples include the biomimetic ion-mechanoreceptive skin reported by Amoli et al. [182], which integrate 
iontronic skin arrays with flexible circuitry to achieve real-time control of drone flight direction and speed, 
demonstrating the system-level viability of ionic skins for soft interactive control. Another common line of work 
uses transparent and self-healing ionogel strain arrays to detect small deformations such as eye movements, which 
are then applied to human-machine control of unmanned systems. In soft robotics and human-machine interfaces, 
the core functional requirement is to convert dynamic mechanical deformation into readable electrical signals with 
high fidelity. Therefore, these applications are mainly governed by deformation-induced ionic redistribution, 
diffusion/electromigration-coupled impedance variation, and interfacial EDL modulation; under rapid loading or 
microstructured confinement, convective contributions may also become important. Correspondingly, 
microstructured surfaces, engineered ionic channels, array architectures, and self-healing or highly stretchable gel 
systems are commonly adopted to enhance sensitivity, decouple multiple mechanical inputs, and maintain stable 
cyclic performance. 

Recent ionogel reviews have highlighted corresponding device paradigms and essential material 
combinations, such as silica scaffolds synergistically coupled with ionic liquids to form conductive and elastic 
frameworks, as examples of HMI methods [56]. Meanwhile, emerging biomimetic microstructured piezoionic 
strategies are advancing artificial tactile units with higher recognition accuracy; for example, Ding et al. [174] 
used skin-inspired structural enhancement to improve the trade-off between sensitivity and stability in ionically 
conductive hydrogel tactile units, resulting in transferable structural templates for soft robotic skins and high-
precision inputs. 

5.4. Environmental and Food Quality Monitoring 

The advantages of hydrogel- and ionogel-based iontronic devices lie in environmental and food quality 
monitoring, including deployable soft interfaces, high ionic coupling sensitivity, and ease of integration with 
wireless or distributed systems. By incorporating molecular recognition elements into the gel network, such as 
specific coordination or reactive sites, molecular imprinting motifs, photoelectroactive probes, or 
fluorescent/colorimetric groups, target-induced changes in ionic distribution and interfacial EDL states can be 
converted into electrical signals (e.g., resistance, impedance, or capacitance) or optical readouts, allowing for rapid 
in situ detection in complex environments. Environmental and food quality monitoring applications are more 
strongly associated with analyte-induced perturbation of ionic distribution, adsorption/interfacial polarization, and 
humidity- or temperature-dependent ionic transport. Accordingly, their dominant signal transduction pathways are 
usually resistive, impedance, capacitive, electrochemical, or, in some cases, self-powered outputs. To optimize 
these mechanisms, material design often incorporates selective recognition motifs, adsorption-active interfaces, 
porous encapsulation, or environmentally stable ionogels/organohydrogels, so that changes in gas composition, 
humidity, dissolved species, or temperature can be efficiently converted into measurable electrical signals. 

In gas and volatile biomarker monitoring, ionogels or water-rich ionic conductors can convert ion-channel 
disturbances caused by trace gases into readable signals. For example, Ni et al. [175] reported a stretchable self-
powered H₂S sensor (as presented in Figure 7d) employed a water-rich ionically conductive hydrogel system, 
demonstrating feasibility for non-invasive diagnosis of oral malodor (associated with bacterial-metabolism-
derived H₂S) and early detection of meat spoilage, thereby illustrating a direct mapping between environmental or 
food gas biomarkers, ionic flux, and device output. Similarly, for environmental parameters such as oxygen or 
dissolved oxygen, researchers have developed hydrogel-based oxygen sensors encapsulated in porous elastomers, 
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allowing for stable operation across a wide range of environments and integration with wireless modules for real-
time monitoring of respiration-related and ambient oxygen levels. 

For humidity, respiration, or storage-transport microenvironment monitoring, hydrogels have high sensitivity 
to water activity, making them ideal for developing sensing pathways based on humidity-ionic 
conductivity/interfacial polarization-impedance response. Ni et al. [175] reported an environmentally robust 
organic hydrogel humidity sensor leveraging a double-network design and the synergistic combination of LiCl and 
MXene exhibited high sensitivity and rapid response across respiration-relevant humidity levels, highlighting its 
promise for wearable devices and food storage or logistics monitoring. 

In temperature and extreme-condition monitoring, ionogels are commonly used for thermal and 
multiparameter sensing in firegrounds, high-temperature settings, and other severe conditions due to their low 
volatility and large operational range. In recent years, ionogel temperature sensors and systems built for harsh 
circumstances have been reported, with a focus on gel-ionic liquid or gel-salt coupling as a pathway to stable and 
linearly calibrable thermal responses [183]. Furthermore, ionogel microneedle arrays have been designed for 
wearable mechano-thermal multimodal sensing, resulting in a structured-channel and ion-modulation device 
framework ideal for fire, deep-sea, and aerospace applications [184]. 

5.5. Energy Conversion and Self-Powered Devices 

Recent efforts to reduce reliance on external power and improve sustained operation in wearable and remote 
sensing applications have emphasized the monolithic integration of energy conversion modules with hydrogel or 
ionogel sensing layers, allowing devices to function in a closed-loop manner across energy harvesting, power 
delivery, and signal readout. The embeddable conversion mechanisms primarily include triboelectric 
nanogenerator (TENG)-driven contact-separation energy harvesting, ion thermoelectric or thermogalvanic outputs 
driven by thermal gradients, and hydrovoltaic or moist-electric power generation caused by water gradients, 
humidity adsorption, and interfacial charge modulation. Fundamentally, these processes rely on ion movement and 
redistribution within gel networks and interfacial electric double layers, which directly transfer mechanical, 
thermal, or chemical potential differences into detectable electrical signals and allow for self-powered, self-driven 
sensing [185]. Huang et al. [176] reported self-powered H₂S biomarker sensors (as presented in Figure 8b) based 
on a battery-like architecture that leverages intrinsically stretchy (organic) hydrogel electrolytes to ensure long-
term stable operation. Applications include detecting oral malodor and meat rotting. In energy conversion and self-
powered devices, the core mechanism is the directional migration and redistribution of ions under external 
gradients, such as mechanical contact-separation, thermal gradients, or moisture gradients. In this case, the 
transduction process extends beyond passive sensing and directly converts ion transport and interfacial charge 
modulation into voltage or current output through triboelectric, thermogalvanic, hydrovoltaic, or moist-electric 
pathways. Therefore, material and structural design is typically optimized through redox-active ionogels, double-
network hydrogel electrodes, interfacial charge-regulation strategies, and gradient-engineered architectures, which 
together enhance energy-conversion efficiency while preserving flexibility and sensing functionality. 

Ou et al. [186] used double-network hydrogel electrodes to create triboelectric nanogenerators that can 
harvest energy while also sensing strain or pressure. In terms of thermal energy usage, thermoelectrochemical 
hydrogel fiber devices combine thermogalvanic effects with piezoresistive responses, employing the output current 
to achieve self-powered pressure sensing and demonstrating a thermo-electro-mechanical multiphysics device 
route [187,188]. At the level of ambient energy harvesting, studies and reviews on moist-electric or hydrovoltaic 
generation show that directional ion migration caused by surface charges and moisture gradients can produce  
long-term electrical output, providing new power supply options for low-power sensing nodes [185,189].  
Yan et al. [177] (Figure 8c) discussed device architecture as well as ionogel electrolyte design. A redox-type 
ionogel with an exceptionally high thermal voltage of 32.4 mV/K was found. Under natural circumstances, the 
thermoelectric cell can create an internal temperature gradient by incorporating radiative cooling technology. Solar 
energy is selectively shielded or absorbed to create this gradient. Consequently, the apparatus provides consistent 
power output in a variety of environmental circumstances. 

In conclusion, hydrogel-based iontronic sensors have demonstrated clear functional differences across a 
variety of application domains. Wearable applications promote non-invasive operation, continuous signal capture, 
and low interfacial impedance [190]. Implantable in vivo monitoring focuses on mechanical compatibility with 
soft tissues, long-term biocompatibility, and wireless readout. Soft robotics and human-machine interfaces use 
high compliance, multimodal coupling, and cyclic stability to provide skin-like tactile and deformation input. 
Environmental and food monitoring prioritizes selectivity and prompt on-site reaction. Energy conversion and 
self-powered techniques seek to integrate ionic transport and energy harvesting into a single device architecture, 
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minimizing reliance on external power sources and increasing system autonomy. Examples include human-
machine interfaces that use iontronic skin arrays to achieve gesture- and pressure-based control of drones via ion-
pair pumping and EDL transduction [182]. An all-hydrogel ultrasonic metagel implantable strain sensor allows 
for continuous wireless monitoring of interior tissue strain via phononic crystal bandgap alterations [173]. Self-
powered H₂S sensors using stretchable solid electrolytes have been created for non-invasive halitosis diagnosis 
and early detection of meat deterioration [176]. Furthermore, thorough evaluations and viewpoints on self-powered 
processes and device techniques help establish a structured framework for sensor-energy integration [185]. Future 
research priorities are expected to shift from incremental material performance enhancement to interpretable 
multiphysics coupling mechanisms, integrated and manufacturable device and packaging designs, standardized, 
comparable evaluation, and real-world validation to support clinical and industrial deployment [29]. 

6. Conclusions and Outlook 

This review summarizes recent advances in the material systems, ion transport mechanisms, signal 
transduction pathways, and representative applications of HBIS (Figure 9). At the materials level, polyelectrolyte 
hydrogels, ionic liquids, ionogels/eutectogels, and nanocomposite hydrogels provide complementary advantages 
in fixed-charge regulation, environmental stability, and coupled mechanical-electrical enhancement, collectively 
driving the field beyond single-parameter optimization toward integrated materials design that balances 
conductivity, mechanical robustness, stability, bandwidth, and interfacial adaptability [12]. 

 
Figure 9. Conclusion and Perspective of HBIS. 

At the mechanistic level, the macroscopic response of HBIS is governed not by an isolated process, but by 
the coupled interplay of diffusion, electromigration, electro-osmotic flow/convection, electric-double-layer 
reorganization, and adsorption/desorption processes across both bulk and interface. Incorporation of these 
processes into PNP-based analysis and EIS-supported quantitative frameworks provides a mechanistic basis for 
linking structure, transport, and function, and thus offers practical design handles for tuning sensitivity, response 
speed, operational bandwidth, hysteresis, and long-term drift [12]. 

Furthermore, two significant obstacles to long-term use are stability and biointerface behavior. Thermal drift, 
swelling, and environmental drying all happen at the same time. They alter the hydrogel’s ion mobility and 
interfacial polarization. Thus, low-frequency noise rises. In the meantime, biointerface problems directly affect 
the safety and dependability of devices. The contact may be harmed by a biomechanical mismatch. To guarantee 
long-term stability, these components (including moisture-barrier encapsulation, ionic liquid or organic solvent 
substitution, interfacial buffer layers, and electrode material optimization) must be co-designed. The readout 
strategy must be supported by these material selections. Signal-to-noise ratio can be enhanced by lock-in detection. 
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When combined, they aid in maintaining signal constancy in complicated media and under long-term cyclic 
loading [12]. 

Intelligent HBIS devices have gained prominence due to the quick development of artificial intelligence (AI) 
technologies. As research advances, HBIS has progressed past a phase focused on structural improvement and 
performance tweaking. Its potential for next-generation wearable technology is further enhanced by the fact that 
it is about to enter an era of integration and intelligence. Simultaneously, raw electrical outputs can be converted 
into useful information using AI-driven techniques. They allow for the delicate decoding of minute variations in 
the resistive, capacitive, or triboelectric signals that hydrogels produce. In systems connected with mechanical 
metamaterials that incorporate programmed deformation modes, for example, this advantage is maintained even 
in situations when the mechanical response is extremely complicated. 

Beyond these challenge-driven directions, hybrid modeling and AI-assisted design are expected to further 
accelerate the field. Multiphysics models that integrate deformation, electric field, diffusion, thermal, and fluidic 
effects can improve predictive capability and reduce reliance on empirical trial-and-error optimization. In parallel, 
data-driven analysis and generative design may enable more efficient optimization of polymer composition, 
crosslinking architecture, and device geometry. However, the value of these approaches lies not merely in 
computational sophistication, but in their ability to improve interpretability, standardization, long-term reliability, 
and translational practicality. 

Overall, the next stage of HBIS development will likely be defined by the convergence of mechanism-guided 
material design, standardized evaluation, and manufacturable system integration. With continued advances along these 
directions, HBIS is expected to evolve from laboratory-scale demonstrations into robust, intelligent, and application-
ready iontronic platforms for biomedical monitoring, environmental sensing, and human-machine interfacing. 
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