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ABSTRACT

With the advancement of wearable electronics toward longer battery life, multifunctionality, and intelligence, traditional
rigid energy storage devices and discrete modules for energy harvesting, storage, and sensing are increasingly
inadequate in meeting the demands of wearable systems for flexibility, safety, integration, and self-powering capabilities.
Aqueous zinc-ion batteries (AZIBs) have emerged as an ideal candidate for constructing wearable energy systems due to
their intrinsic safety, low cost, environmental friendliness, and excellent electrochemical performance. This review focuses
on integrated systems of wearable AZIBs, systematically elaborating their development pathway from achieving “energy
autonomy” to enabling “intelligent sensing”. First, the fundamental principles, advantages, and necessity of integrated
technologies for wearable AZIBs are analyzed. Next, recent research advancements in this field are comprehensively
reviewed. Finally, current key challenges are summarized, and prospects for the future development of truly self-driven,
intelligent, and comfortable wearable AZIBs systems are discussed.
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1 Introduction

With the rapid development of wearable electronics, flexible, safe,
and sustainable energy supply has become a key bottleneck
limiting their widespread application [1-8]. Traditional rigid
energy storage devices struggle to meet the requirements of
wearable devices for lightweight design, deformability, and
biocompatibility, while reliance on external charging also restricts
device autonomy [9-17]. Under this background, wearable
aqueous zinc-ion batteries (AZIBs), with their inherent safety,
environmental  friendliness, and good electrochemical
performance, have emerged as a reliable foundation for
constructing smart wearable systems [18-20].

By integrating functions such as energy harvesting (e.g., from
solar cells, triboelectric nanogenerators), conversion, and storage,
wearable AZIB systems could continuously harvest energy from
multi-source environmental inputs like light and human motion
without the need for an external power supply [21-25]. They
enable stable energy storage and on-demand release, thereby
overcoming the limitations of traditional batteries, such as short
endurance and frequent recharging [26-31]. This significantly
enhances energy autonomy, convenience, and environmental
adaptability of wearable devices [32-38]. Furthermore, wearable
AZIB sensing systems achieve deep integration of power supply
and perception through a multi-coupling mechanism of

mechanical-electrochemical-signal ~interactions [39-44]. The
electrochemical response signals generated by AZIBs under
external mechanical stimuli can serve as an auxiliary sensing
source, forming a dual-channel signal synergy with independent
sensors [45-52]. AZIBs thus fulfill both energy supply and
auxiliary sensing functions, while sensor structure could also act as
mechanical support or an ionic interface for AZIBs [53-55]. This
completes a closed-loop conversion from mechanical energy to
chemical energy, electrical energy, and information flow,
providing a key technological pathway for wearable devices to
achieve long-term, stable, and intelligent sensing in dynamic
environments [56-59]. It also improves system monitoring
accuracy and enables self-calibration functions [60-66]. Wearable
AZIBs demonstrate diverse technological pathways, encompassing
multi-mechanism  coupling  systems  involving  light,
electrochemistry, and mechanics. However, the development of
this field remains constrained by key challenges such as flexible
structural design, multi-physics field coordination, and energy-
signal integration [67-70]. Furthermore, related research about
wearable AZIBs is relatively fragmented and urgently requires
systematic summarization and organization [71-74].

This review adopts a dual perspective of energy storage and
energy sensing, comprehensively summarizing the current
research progress in wearable AZIB systems. By systematically
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explaining working principles of such systems, we focus on
analyzing their structural design strategies and multi-physics
coupling mechanisms, thereby clarifying the necessity and
advantages of system integration. Drawing on representative
studies from recent years, this article systematically explores
construction methods of different integrated wearable AZIB
systems. Finally, we identify main challenges in the field and offer
an outlook on future development directions, aiming to provide
theoretical reference and technical guidance for advancing
wearable AZIB intelligent systems (Fig. 1).

2 Fundamentals of integrated wearable AZIBs

By constructing a multimodal energy-information synergistic
system based on wearable AZIBs, functional integration and self-
powered operation of wearable devices can be achieved.
Meanwhile, key challenges must be addressed, including dynamic
matching of energy and signals under multi-physics coupling,
long-term stable maintenance of flexible heterogeneous interfaces
under repeated deformation and environmental interference, as
well as system-level optimization of energy harvesting, storage,
conversion, and information processing within limited space
available for wearables [75-77]. Through multi-dimensional
collaborative design spanning structure, materials, circuits, and
algorithms, wearable AZIB integration technology can be
advanced towards intelligent forms characterized by efficient self-
powering, high integration density, and strong environmental
adaptability (Fig. 2).

2.1 Operating principle

2.1.1 Solar plus storage

The integrated energy system combining wearable AZIBs and
solar cells operates on the principle of establishing a closed-loop
energy cycle that synergizes the conversion and intelligent
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management of light, electrical, and chemical energy [78-81]. This
enables a self-sustaining cycle from environmental energy
harvesting to stable power supply. The process begins with solar
cells converting ambient light energy into electricity via
photovoltaic effect. Subsequently, an efficient power management
circuit acts as the system’s “intelligent hub”, performing precise
electrical energy regulation. It optimizes energy harvesting
efficiency of solar cells through maximum power point tracking
technology and executes accurate voltage conversion and current
regulation to ensure that the output electricity matches charging
requirements of the subsequent AZIB energy storage unit. The
stabilized electrical energy then drives reversible electrochemical
reactions, efficiently and safely storing electrical energy in the form
of chemical energy in AZIBs.

2.1.2  Integrated triboelectric nanogenerator

The integrated system combining AZIBs with triboelectric
nanogenerators operates based on a multistage conversion and
dynamic synergistic management mechanism that transforms
mechanical energy into electrical energy and ultimately into
chemical energy. This is achieved by efficiently capturing low-
frequency, irregular mechanical energy from daily human motion
or the environment (such as vibration, friction, and pressure) and
converting it into high-voltage, intermittent pulsed electrical
energy [82-85]. The dedicated power management circuit
integrated into the system first rectifies pulsed alternating current
into direct current. It then regulates, stabilizes, and optimizes the
current to transform it into stable direct current electricity that
meets the efficient and safe charging requirements of AZIBs.
Finally, the conditioned electrical energy drives reversible
electrochemical reactions within AZIBs, enabling stable storage of
electrical energy in the form of chemical energy. This entire
process achieves real-time, efficient coupling between the
harvesting of transient, disordered mechanical energy and stable,
ordered electrochemical energy storage.

Integrated AZIB
sensing system

Intelligent energy sensing

Figure1 Overview of integrated wearable AZIB systems from dual perspectives of energy storage and energy sensing.
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Figure2 Operating principles and advantages of integrated wearable AZIB systems.

2.1.3 Intelligent energy supply & perception

The integrated system of wearable AZIBs with sensors achieves
unified operation of energy supply and sensing through a multi-
coupling  mechanism  involving  mechanical  force,
electrochemistry, and signals. When the system is subjected to
external mechanical actions (such as pressure, bending, or
vibration), characteristic electrical signals directly correlated with
mechanical input (such as voltage fluctuations, impedance
responses, or transient currents) are generated within AZIBs due
to changes in electrode/electrolyte interface structure and
disturbances in ion transport dynamics [83-87]. Simultaneously,
integrated sensor converts the same mechanical signal into an
independent electrical signal through deformation of its sensitive
structure. The self-generated mechanical-electrochemical coupling
signals of AZIBs and mechanical-electric conversion signals
output by sensor are synchronously collected and input into a
signal processing module for comparison and decoupling analysis,
thereby enhancing the accuracy and anti-interference capability of
mechanical perception. AZIBs not only serve as an energy storage
unit to continuously power the sensor and circuits but also act as
auxiliary sensing unit by capturing mechanical signals. Meanwhile,
the sensor, while performing signal detection, can also utilize its
structural layers as mechanical support or ionic transport
interfaces for AZIBs.

2.2 Advantage and necessity

Flexible integrated AZIB systems maintain structural integrity and
functional stability even under dynamic bending, stretching, and
humid environments. Through compact structural integration,
they efficiently coordinate energy harvesting, storage, and output
within the limited space available for wearables, significantly
improving spatial and energy utilization efficiency while ensuring
lightweight design and wearing comfort. The non-flammable
nature of aqueous electrolytes guarantees the intrinsic safety of the
system.

By efficiently capturing and converting ambient light energy
through solar cells, a continuous energy supply loop of “light-
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electrical-chemical” energy is established. The integrated system of
wearable AZIBs and solar cells substantially extends device
endurance, reduces reliance on traditional grid charging, and
overcomes power supply interruptions of single energy storage
units in scenarios with no light, low light, or high power
consumption [88-91]. Similarly, integrated system of wearable
AZIBs and triboelectric nanogenerators efficiently captures
mechanical energy from human motion and the environment and
converts it into electrical energy, which is then stably stored by
AZIBs. This forms a continuous conversion and closed-loop
energy supply system of “mechanical-electrical-chemical” energy
[92-95]. This approach directly addresses the core challenge of
frequent recharging or replacement of traditional batteries in
dynamic wearable scenarios, significantly enhancing the energy
autonomy and endurance of wearable devices.

The integrated system of wearable AZIBs and sensors employs
an energy storage-perception unified structure, enabling AZIBs to
provide continuous electrical power while directly converting
external mechanical stimuli (such as pressure, deformation, or
vibration) into real-time response signals reflecting its internal
electrochemical state [96-100]. These signals form a dual-channel
synergistic perception mechanism alongside the independent
mechanical signals captured by the sensor, significantly enhancing
detection sensitivity, anti-interference capability, and signal
reliability. This achieves efficient unification of energy supply and
information acquisition within a limited volume [101-103].
Furthermore, the integrated system utilizes its self-generated
battery signals to enable autonomous calibration of sensor drift
and adaptive environmental compensation. This provides a self-
powered, high-precision, and highly reliable intelligent perception
solution for applications such as health monitoring, motion
analysis, and human-computer interaction, driving wearable
devices toward greater lightweight design, intelligence, and
functional integration.

3 Energy storage

The integration of AZIBs with environmental energy harvesting
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units to construct self-powered energy systems is of paramount
significance. Such integrated systems enable real-time conversion
of widely available but dispersed and intermittent environmental
energy into electricity, which is then stored in highly safe AZIBs.
This achieves in-situ energy harvesting, storage, and on-demand
supply, thereby eliminating reliance on external power sources
and providing a continuous, stable, and self-sustaining energy
solution for wearable devices.

3.1 Yarn and fiber electrodes for photovoltaic integration

A central structural challenge in constructing solar-integrated
AZIB systems lies in reconciling the geometric and mechanical
mismatches between deformable storage units and photovoltaic
elements embedded in textiles. Fiber-shaped AZIBs, with their one-
dimensional geometry, high aspect ratio, and textile-processable
form factor, provide a mechanically compliant and geometrically
continuous platform for integration [104]. The internal
architecture of fiber electrodes, including the spatial arrangement
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of current-collecting networks, active material distribution, and
ion-transport pathways, determines how effectively the electrode
accommodates the low-rate, intermittent charging conditions
characteristic of photovoltaic inputs. Such structural tunability is
essential for achieving stable charge acceptance under fluctuating
irradiance and maintaining robust energy-harvesting-storage
coupling during continuous mechanical deformation [105, 106].
To enable efficient solar energy harvesting and storage in
flexible systems, AZIBs must simultaneously support low-rate
charge acceptance, mechanical deformability, and structural
compatibility with photovoltaic outputs. In this context, Zheng et
al. [107] developed a cone-spinning strategy to fabricate carbon
nanotube/manganese dioxide (CNT/MnO,) composite yarn
cathodes that are particularly well suited for integration with solar
cells (Figs. 3(a)-3(c)). Unlike conventional Fermat-spun yarns, the
cone-spun architecture forms a compact, gradient-packed
mesoscale  current-collecting  network, facilitating  rapid
ion/electron transport and uniform current distribution under the
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Figure3 (a) Schematic diagram showing the cone-spun and Fermat-spun composite yarns and the corresponding batteries. (b) Schematic diagram of energy storage
device. (c) Schematic diagram of the self-powered energy system. Reproduced with permission from Ref. [107], © Elsevier Ltd. 2025. (d) Schematic illustration of the

wet-spinning, assembly and self-powered textile integration for the AZIBs. (e) Schematic illustration of an integrated self-powered textile.

demonstrating the wearable self-power integrated system. Reproduced with permission from Ref. [110], © Wiley-VCH GmbH 2022.
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low and fluctuating charging currents characteristic of
photovoltaic devices. Consequently, cone-spun CNT/MnO, yarn-
based AZIBs exhibit exceptional photo-charge tolerance,
delivering a high specific capacity of 490.4 mAh-g" and an energy
density of 559.8 Wh-kg™, while retaining 86% of their capacity
over 5000 cycles. More importantly, the dense CNT framework
mitigates MnO, dissolution and polarization during intermittent
solar charging, ensuring stable energy storage even under variable
irradiance conditions. By directly coupling polycrystalline solar
cells with the yarn-shaped AZIB string, a self-powered energy
system was realized without relying on complex power-
management circuitry. The photovoltaic units were electrically
configured to provide a charging voltage window compatible with
the operating range of the yarn batteries, enabling direct photo-
charging. This solar-battery integration highlights a key advantage
of yarn-shaped AZIBs, their capacity to function simultaneously as
flexible energy-storage units and mesoscale current collectors
capable of accommodating low-intensity, discontinuous solar
inputs. Compared with previously reported photo-rechargeable
fiber systems, such as fiber-shaped Zn-polyaniline (PANI)
batteries and integrated energy-harvesting/storage fibers, this
design demonstrates superior electrochemical robustness and
mechanical stability under bending [108, 109]. Nevertheless, the
direct-coupling strategy also indicates that the charging rate and
state of charge remain susceptible to irradiance fluctuations and
cell-to-cell variation, suggesting that future solar-integrated AZIB
systems may benefit from adaptive voltage regulation or hybrid
buffering architectures. Overall, this work underscores the
potential of structurally engineered AZIB yarns as enabling
components for flexible, wearable, and self-powered solar energy
systems.

A key obstacle hindering the integration of AZIBs with
photovoltaic modules is the challenge of fabricating mechanically
robust, ion-transport-efficient fiber electrodes suitable for large-
area energy textiles. To overcome this material-processing barrier,
Shao et al. [110] used a wet-spinning approach compatible with
large-area textile production and regulated the rheology of V,O;
nanowire dispersions via graphene oxide/reduced graphene oxide
(GO/rGO)-induced viscoelastic and liquid-crystalline ordering.
The resulting highly oriented V,05/rGO fibers enabled fast Zn*
transport and high electrochemical utilization, delivering
486.03 mAh-g™ at 0.1 A-g"' while retaining flexibility and durability
under deformation—critical for stable operation under fluctuating
photovoltaic charging currents. They further assembled a quasi-
solid-state, half-meter fiber AZIB and integrated it with a GaAs
solar cell, demonstrating practical solar-battery integration for
wearable self-powered textiles. Compared with cone-spun yarns,
wet-spun fiber architectures emphasize continuity in fiber length,
controlled cross-sectional geometry, and stable fiber—electrolyte
interfaces, enabling the scalable fabrication of energy textiles in
which numerous AZIB fibers can be woven, knitted, or
embroidered into fabrics that maintain uniform Zn* storage
behavior across large areas [111-113]. Notably, when coupled
with a GaAs photovoltaic module, these fiber-shaped AZIBs
formed a wearable solar-charging system that achieved an overall
solar-to-storage efficiency of 9.80% (Figs. 3(d)-3(f)). This high
efficiency results from co-optimizing intrinsic AZIB properties
such as internal resistance, ionic pathways, and the gel-electrolyte
and encapsulation design with the output characteristics of the
GaAs solar cell. This coordinated matching minimizes
overpotential losses during intermittent illumination. Collectively,
this work demonstrates how materials-level engineering of fibrous

R IR,

AZIBs can directly enhance the effectiveness of photovoltaic
integration, offering a practical route toward deformable, textile-
integrated, solar-rechargeable AZIB systems.

Despite these advances, solar-AZIB integration in fiber formats
still faces unresolved bottlenecks including high internal resistance,
encapsulation complexity, and durability under real-world wear
conditions [104]. Maintaining stable charge acceptance during
fluctuating irradiance requires co-optimization of fiber electrode
conductivity, gel-electrolyte ionic pathways, and photovoltaic
output matching. Recent progress in meter-long fiber AZIBs and
energy textiles indicates that breathable encapsulation, self-healing
electrolytes, and dendrite-suppressing anodes are critical for
preserving electrochemical stability through stretching, laundering,
and temperature cycling [114-117]. Future solar-rechargeable
textiles will likely require coaxial photovoltaic (PV)-battery cable
architectures, adaptive low-voltage power management, and
scalable weaving or embroidery integration schemes to translate
laboratory efficiencies into deployable wearable power platforms
[118-121].

3.2 System integration of film batteries

Ultrathin film-type AZIBs have emerged as a practical platform
for integrating solar harvesting and energy storage in flexible and
wearable systems. Their cuttable, printable, and design-editable
architectures enable precise control over thickness, geometry, and
mechanical compliance—features essential for matching the form
factors of planar photovoltaic modules and achieving deformation-
compatible solar charging. Structurally, these film batteries are
typically constructed either as in-plane printed paper cells, in
which current collectors and electrodes are patterned on a flat
substrate, or as laminated all-in-one films that combine current
collectors, active layers, gel electrolytes, and encapsulation into a
monolithic stack. Regardless of configuration, the primary
engineering challenge is to co-optimize areal capacity, mechanical
tolerance, and interfacial stability so that the AZIB can be
seamlessly coupled with ultrathin solar cells, sensors, or electronic
circuits  without introducing mechanical or electrical
discontinuities within the integrated system [122].

For instance, Fan et al. [123] proposed a printable paper-based
AZIB as a system-level power module for sustainable paper
electronics and solar-integrated wearables (Fig. 4(a)). By using
hydrogel-reinforced cellulose paper (HCP) as both the separator
and quasi-solid electrolyte, the Zn anode and MnO, cathode can
be directly printed on opposite sides of the same substrate without
risk of short-circuiting (Fig. 4(b)). This monolithic, cuttable
battery-on-paper design is compatible with printed patterns and
flexible circuits, provides stable output under repeated bending,
and eliminates the need for bulky packaging, thereby simplifying
integration into compact devices. When coupled with an
amorphous silicon solar cell, the platform forms a deformable, self-
powered paper system capable of real-time photocharging and
continuous operation of small electronics, demonstrating a
practical pathway toward integrated energy harvesting and storage
on paper (Fig. 4(c)). Compared with more intricate PV-AZIB
photo-rechargeable stacks, this planar Si-paper system places
greater emphasis on structural compatibility, particularly the
matching of thickness, flexibility, and bending radius between the
paper battery and the ultrathin photovoltaic layer. Such “substrate-
level” co-design ensures conformal contact, minimizes mechanical
mismatch, and enables reliable solar-charging even during
bending or folding. Although its conversion efficiency may be
lower due to the simplicity of the lamination and wiring strategy,

https:/www.sciopen.com | https:/mc03.manuscriptcentral.com/nre | Nano Research Energy
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Figure4 (a) Schematic of original commercial cellulose filter paper (CP) and HCP. (b) Optical image of HCP (top) and original CP (bottom) with printed circuit
patterns and one piece of HCP under mechanical deformation. (c) Illustration of a self-powered system on paper. Reproduced with permission from Ref. [123], ©
Wiley-VCH GmbH 2022. (d) Schematic process, the design of ultrathin all-in-one AZIBs. (¢) Diagram of the PSM-AZIBs. Optical images of the PSM-ZIBs under
different states: (f) fully photo-charged; (g) delivering power to light an LED. Reproduced with permission from Ref. [122], © Wiley-VCH GmbH 2021.

the work demonstrates a scalable and eco-friendly route toward
fully printed, solar-rechargeable energy modules for wearable and
disposable electronics. Similarly, Niu et al. [122] proposed a
scalable assembly strategy for ultrathin all-in-one AZIBs that
directly addresses the structural and interfacial requirements of
photovoltaic integration in wearable systems (Figs. 4(d) and 4(e)).
By combining blade coating with rolling assembly, they
constructed a monolithic configuration in which the cathode, gel
electrolyte, and anode are unified into a continuous stack. This
architecture enables uninterrupted ion and electron transport and
maintains  mechanical ~ stability = during bending or
twisting—capabilities essential for matching the deformation
profiles of ultrathin photovoltaic modules. The resulting film
batteries are tailorable and shape-editable, allowing conformal
integration with planar or flexible photovoltaic layers without
disrupting charge flow or inducing mechanical mismatch.
Compared with discrete layer-by-layer film cells, the monolithic
design significantly reduces interfacial resistance and minimizes
the risk of delamination during solar-charging cycles. However,
achieving such structural continuity imposes strict requirements
on slurry rheology, gel-electrolyte crosslinking behavior, and
interfacial adhesion to prevent local strain accumulation and to
maintain consistent ionic pathways under complex deformation
[124-127]. Parallel advancements in reinforced cellulose and
nanomicellar hydrogel electrolytes have demonstrated enhanced
Zn* desolvation, suppressed dendrite growth, and retained
mechanical integrity under deformation. These developments

) 27w | Sci@pen

highlight the importance of mechanically robust, ion-regulating
gels for stable photovoltaic-coupled AZIB operation [125].
Integration of these all-in-one AZIBs with a perovskite solar
module (PSM) produced a compact photo charging system
capable of efficient solar energy harvesting and storage (Figs. 4(f)
and 4(g)). In this configuration, the PSM serves as a lightweight,
high-voltage photovoltaic front end, while the ultrathin AZIB
functions as a deformable, fast-response energy buffer. The strong
structural compatibility between the PSM and the monolithic
AZIB minimizes electrical and mechanical discontinuities,
demonstrating a practical route for constructing photovoltaic-
integrated ultrathin AZIB systems suitable for wearable and
customizable electronics.

However, despite their strong potential for integration with
photovoltaic modules, ultrathin AZIBs still face substantial
challenges in scalable assembly, limiting the practical deployment
of large-area solar-rechargeable systems. Current roll-to-roll and
printing-compatible fabrication routes often suffer from thickness
non-uniformity, interlayer defects, and inconsistent electrolyte
uptake across wide-area films. Such manufacturing imperfections
disrupt ionic and electronic continuity, generating local
overpotentials and accelerating material degradation. In
photovoltaic-coupled systems, where uniform charge acceptance is
essential for stable photocharging, these inconsistencies may even
lead to partial loss of self-powered functionality at the module
scale [128-132]. Nevertheless, the combined advantages of
cutabity, printability, and modular compatibility highlight the
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unique suitability of ultrathin AZIBs for photovoltaic integration
in next-generation wearable electronics. Their ability to conform
to ultrathin solar cells and maintain electrochemical stability under
irradiation-induced temperature fluctuations or mechanical
deformation underscores their promise as energy-buffer layers in
integrated solar-charging platforms. Looking ahead, key device-
level design principles from flexible AZIBs, including strain-
tolerant current collectors, robust hydrogel electrolytes, and
standardized solar-to-storage evaluation, can be applied to
emerging photo-rechargeable architectures such as perovskite-
coupled or polymer-photoelectrode AZIBs. Incorporating these
strategies is expected to accelerate the transition of ultrathin zinc-
ion film batteries from proof-of-concept systems to
manufacturable photovoltaic-integrated technologies [133-135].

3.3 Solar-powered flexible zinc-ion energy storage

Integrating flexible aqueous zinc-ion batteries with photovoltaic
devices requires resolving a fundamental electrochemical
mismatch, as solar cells deliver fluctuating, low-current outputs
whereas conventional MnO, cathodes exhibit sluggish charge-
transfer kinetics and severe polarization that limit efficient energy
capture [136]. This kind of system with separate photovoltaic and
energy storage devices has a simple design but essentially
comprises two independent devices with large volume and low
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integration, which easily causes external energy loss and high
space occupancy. The second type is to integrate the
photoelectrode and the energy storage battery into a single unit,
called an integrated solar battery. At present, a significant
challenge of the integrated solar battery is realizing the voltage and
current matching between the photovoltaic conversion unit and
the energy storage unit [137]. This mismatch becomes particularly
acute at the high mass loadings (>20 mgcm™) necessary for
practical areal capacity, where limited electrical conductivity and
slow Zn™ diffusion further exacerbate charging inefficiency. To
address this challenge, a defect-engineering strategy combining
oxygen vacancies with expanded interlayer spacing has been
developed to modulate the electronic structure and ion-transport
pathways of MnO, nanosheets [138] (Figs. 5(a)-5(c)). The
resulting cathode achieves accelerated electron transport and
enhanced Zn™ diftusion, thereby reducing polarization sufficiently
to accept the approximately 1.1 V output from flexible perovskite
solar cells with power conversion efficiencies exceeding 18%. At
an ultrahigh mass loading of 25.5 mg:cm?, the quasi-solid-state
battery delivers an areal capacity of 3.63 mAh-cm™ while tolerating
variable illumination, mechanical bending, impact, and
temperatures spanning —20 to 80 °C, enabling smooth charging to
approximately 5 V and sustained power delivery to wearable
electronics over several hours.

Beyond cathode optimization, efficient solar-battery integration
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Figure5 (a) Step-by-step assembly process of the monolithic self-powered smart bracelet. Practical wearable demonstrations of the integrated system during (b)
outdoor running and (c) indoor cycling activities. Reproduced with permission from Ref. [138], © American Chemical Society 2021. (d) Schematic illustration of a
photo-rechargeable zinc-ion battery (PZIB) architecture. () Charge transfer mechanism in portable PZIBs under solar illumination. (f) Photograph of the as-fabricated
flexible thin-film zinc-ion battery (FTZIB). Mechanical flexibility evaluation: (g) single bending test and (h) cyclic bending durability assessment. (i) Device architecture
of the inverted flexible perovskite solar cell. Reproduced with permission from Ref. [140], © Elsevier Ltd. 2025.
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also demands a stabilized Zn interface capable of accommodating
the rapid and fluctuating photocurrents characteristic of
photovoltaic outputs. Key challenges such as low cell voltage,
dendrite formation, passivation, and hydrogen evolution remain
central obstacles to practical implementation [139]. In a
complementary approach, an Ag-Cu current collector suppresses
galvanic corrosion of the Zn thin film, while a zwitterionic
organohydrogel regulates Zn nucleation to prevent dendrite
formation and preserves ion-transport pathways under
mechanical deformation [140]. These interfacial reinforcements
collectively reduce polarization, enabling the thin-film battery to
accept transient charging pulses without capacity fade (Figs. 5(d)-
5(f)). Architecturally, fabricating the perovskite solar cell and the
battery on opposite sides of a single polyimide substrate eliminates
external wiring and lowers interfacial impedance at the
harvesting-storage junction. The resulting monolithic device
achieves an overall solar-to-storage conversion efficiency of
18.44%, the highest reported value among portable photo-
rechargeable wearable AZIB systems (Figs. 5(g)-5(1)).

Integrating solar cells and AZIBs into a single device for energy
conversion and storage offers several benefits, including space
savings, reduced material use, increased portability, and enhanced
flexibility. These batteries are efficient in energy storage and photo-
rechargeable, making them promising candidates for sustainable
energy use [141]. The growing demand for renewable energy has
heightened the need for efficient energy storage solutions. As the
reliance on renewable energy sources increases, the integration of
robust energy storage systems is essential to stabilize the grid and
compensate for periods of low wind or low sun.

Nevertheless, commercialization efforts are bottlenecked by
active material dissolution, a lack of realistic performance
demonstrations, and the need for manufacturing validation and
cost analysis at the pilot scale [142]. Despite considerable progress
in enhancing performance at room and low temperatures for large-
scale applications, maintaining functionality at high temperatures
remains a major challenge, restricting the use of safe,
biocompatible, and body-adaptive AZIBs in small-scale wearable
and implantable technologies. Together, these advances
demonstrate that mechanism-guided defect modulation at the
cathode, coupled with interface stabilization at the anode and
monolithic architectural design, can reconcile the kinetic demands
of solar charging with the capacity and durability requirements of
flexible energy storage, providing foundational design principles
for solar-rechargeable wearable AZIB systems. Future progress will
require not only improvements in electrode kinetics and
interfacial stability but also the development of standardized
testing protocols that bridge laboratory-scale demonstrations with
real-world performance metrics [143, 144].

34 Wearable energy applications integrated with AZIBs

Integrating mechanical energy harvesters with AZIBs has become
an attractive strategy for constructing autonomous self-powered
systems, as it enables the direct conversion and storage of
biomechanical energy generated during human motion. For AZIB-
based systems, the key challenge lies in ensuring that the battery
maintains mechanical flexibility, stable charge acceptance, and
long-term  durability under the irregular, low-frequency
mechanical inputs typical of wearable environments. As wearable
electronics increasingly demand sustainable and maintenance-free
power sources, coupling AZIBs with mechanical energy harvesters
offers a promising pathway toward continuous, motion-driven
energy replenishment.
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The mechanical-electrochemical mismatch inherent to
wearable AZIB operation underscores the need to harvest motion
energy as a compensatory charging pathway. Zhi et al. [145]
demonstrated an effective mechanical-energy-to-zinc-storage
system by directly integrating triboelectric nanogenerators
(TENGs) with flexible AZIBs on a 3D spacer textile (Fig. 6(a)).
The textile framework supports scalable, multipixel AZIB arrays
and provides mechanical compliance suited for wearable
applications. Within this architecture, the upper and lower
conductive fabric layers simultaneously function as triboelectric
electrodes for mechanical energy harvesting and as current
collectors for multiple AZIB cells, enabling straightforward series
or parallel integration to tune charging voltage and current.
During periodic mechanical stimuli, such as hand pressing, the
TENG converts contact-separation motions into electrical pulses
that are rectified and used to recharge the AZIBs, increasing their
voltage from 0.93 to 1.28 V within 30 minutes and delivering a
discharge capacity of 10.9 pAh at 4 pA (Fig. 6(b)). The 3D spacer
structure, consisting of two conductive layers separated by an
elastic intermediate layer, ensures both efficient triboelectric
energy generation and stable electrochemical performance under
bending and repeated compression. This hybrid TENG-AZIB
textile system can reliably power small electronics such as digital
watches, demonstrating its potential as a flexible, scalable, and fully
integrated platform for mechanical-energy-driven zinc-ion
storage. These results underscore the feasibility of AZIB-based self-
powered architectures for future wearable, energy-autonomous
electronic systems.

Achieving sustainable power supply for wearable electronics
remains a critical challenge, as conventional systems depend on
external charging sources that fundamentally constrain device
autonomy and practicality. Integrating mechanical energy
harvesting with AZIBs offers a compelling strategy to address this
bottleneck by converting ambient biomechanical motion into
storable electrical energy. Ge et al. developed a polyvinyl
alcohol/polyacrylamide/zinc sulfate (PPZ) hydrogel via one-step
ultraviolet (UV)-initiated polymerization, where the hydrogen-
bonded polyvinyl alcohol (PVA)- polyacrylamide (PAM) dual-
network provides exceptional stretchability (915% strain) while
Zn™ incorporation simultaneously enhances ionic conductivity for
both triboelectric generation and electrochemical storage [146]
(Figs. 6(c)—6(e)). In the single-electrode TENG configuration, the
PPZ hydrogel functions as both triboelectric layer and current
collector, converting mechanical energy from contact-separation
cycles into electrical output through coupled triboelectrification
and electrostatic induction at the silicone rubber interface. Under
optimized conditions, the PPZ-TENG achieves an open-circuit
voltage of 176 V, short-circuit current of 3.56 pA, and maximum
power density of 328 mW-m™~, maintaining stable output over
12,000 cycles. Critically, the same PPZ hydrogel serves as the
electrolyte in a flexible AZIB with MnO, cathode and Zn anode,
exhibiting ~1.15 V open-circuit voltage and stable performance
under bending deformation. By rectifying the TENG’s alternating
current output and coupling with the AZIB, the integrated system
charges the battery from 0.9 to 123 V within 956 s at 3 Hz
operation, thereby establishing a closed-loop energy harvesting-
storage cycle that enables truly self-sustainable wearable power
systems without external energy input (Figs. 6(f)-6(h)).

In summary, wearable AZIBs integrated system with energy
harvesting  capability ~enables simultaneous capture of
environmental energy and electrochemical storage, which not only
overcomes the reliance of traditional AZIBs on external power
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Figure6 (a) The schematic diagram of the three-dimensional (3D) spacer fabric-based energy harvesting and storage device. (b) Demonstration showing an
electronic watch powered by the flexible AZIBs charged by the TENG through hand press. Reproduced with permission from Ref. [145], © Wiley-VCH GmbH 2018.
(c) Photograph of the transparent PP hydrogel conformally attached to a leaf surface. (d) Equivalent circuit diagram of the PPZ hydrogel-based energy harvesting
module. (e) Exploded-view schematic of the PPZ-TENG device architecture. (f) Illustration of wearable sensor placement on the human body for biomechanical
motion detection using self-powered PPZ-TENG sensors. (g) Photographs of the flexible AZIBs under flat and bent states, with light emitting diode (LED) illumination
powered by two serially connected batteries. (h) Conceptual demonstration of the integrated PPZ-TENG and AZIB system for autonomous wearable energy harvesting
and storage applications. Reproduced with permission from Ref. [146], © Elsevier Ltd. 2024.

sources but also fully leverages the inherent advantages of AZIBs
in terms of safety, cost-effectiveness, and environmental
friendliness. This lays a critical technological foundation for
constructing highly integrated and reliable self-powered wearable
AZIB system.

4 Energy sensing

Through synergistic optimization of energy management and
information perception, the integration of wearable AZIBs with
sensing modules constructs a closed-loop intelligent system
capable of self-sensing and self-powering. This system not only
enhances monitoring accuracy but also achieves self-calibration
functionality. It provides a stable, efficient, and self-consistent
solution for real-time, continuous, and long-term vital sign
monitoring or adaptive human-machine interfaces.

4.1 Mechanically
systems

responsive self-powered zinc-ion

Bridging energy storage and sensing, recent AZIB platforms are
being designed so that mechanical deformation directly regulates
Zn-ion transport and deposition, enabling battery-as-sensor
integration. Zhang et al. reported a PAM/polyvinylidene
fluoride@UiO-66 (PAM/PVDF@UiO-66, PPM) composite

membrane that couples a piezoelectric-induced piezo-ionic effect
with aqueous Zn-ion electrochemistry, allowing one material layer
to function as both a flexible sensor and an AZIB
electrolyte/separator [147] (Figs. 7(a)-7(c)). Under pressure,
polarization of the PVDF-based fiber network generates an
internal electric field that accelerates ion migration and
redistributes local Zn* flux, improving signal transduction and
promoting uniform Zn nucleation to suppress dendrites. As a
result, the membrane delivers ultrafast sensing with electrical
outputs up to 23.64 pA, while also supporting dendrite-free
symmetric cycling for 2000 h and a stable battery capacity of 150
mAh-g”'. Although the harvested power is typically modest and is
more suitable for self-powered sensing than rapid energy
replenishment [148-150], the integrated AZIB system enables
light-, pressure-, and motion-responsive monitoring, supporting
wearable functions such as facial-expression recognition and
intelligent motion guidance with accuracies above 94%.

Beyond piezoelectric approaches, designing wearable AZIBs to
function as pressure sensors represents another important strategy
for creating compact and self-powered sensing systems. Although
these devices focus on signal transduction, their working
principles remain closely related to those of mechanically driven
wearable AZIBs, as both depend on the interaction between
mechanical stimuli and zinc-ion electrochemistry [151, 152]. The
sensing mechanism arises from pressure-induced changes in
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Figure7 (a) Working principle and electrical output performance of piezoelectric ion sensor based on PPM composite agglutination fiber with the structure of PPM
piezoelectric ion sensor, the working principle of piezoelectric sensor and PPM piezoelectric ion sensor. (b) Power supply unit of the flexible sensing system. (c)
Intelligent training system, applications of PPM sensors. Reproduced with permission from Ref. [147], © Elsevier Ltd. 2025. (d) Overall design strategy diagram of the
AZIB-flexible pressure sensor. and schematic diagram of the multilayered hierarchical structure of human skin. (e) Schematic illustration of the structure of the micro
electrodes. (f) 6 x 6 matrix of pressure sensors (schematic and physical) and pressure mapping of objects. Reproduced with permission from Ref. [153], © Elsevier Ltd.
2024. (g) Overall design strategy diagram of the gelatin battery pressure sensor. Reproduced with permission from Ref. [156], © Elsevier Ltd. 2024.

internal resistance or electrode potential, where mechanical
deformation modifies ion transport and the electrical response of
the cathode, directly converting mechanical stimuli into
measurable electrical signals. The pressure-modulated contact area
strategy exemplifies this approach by converting mechanical
deformation into electrical signals through controlled changes at
the electrode-electrolyte interface. Guo and co-workers
constructed a conductive layer decorated with PMMA
microspheres, a porous spacer, and a flexible zinc anode integrated
with a PVA and GO gel electrolyte [153] (Fig.7(d)). The
engineered concave and convex interface prevents hydrogel
adhesion and converts applied pressure into resistance changes,
enabling the AZIB to function in a self-powered sensing mode
with an open-circuit voltage of 1.46 V and an energy density of
392 uWh-cm™ Compression increases the electrode-gel contact
area, which facilitates jon transport and charge transfer and
thereby lowers internal resistance and polarization. Consequently,
under a fixed load, the output voltage or current increases with
applied pressure, enabling self-powered sensing. The device
conforms to soft surfaces and detects balloon expansion, finger
bending between 30° and 90°, and wrist pulse features, while two
series-connected units can power two LEDs while encoding
pressure signals (Figs. 7(e) and 7(f)). Since porous spacers add
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inactive volume, recent studies focus on refining spacer geometry
to improve sensitivity while maintaining continuous ion pathways
[154,155]. To further simplify the structure, a battery-type
pressure sensor in which a gelatin—chitosan (GEL-CTS)
composite hydrogel serves simultaneously as the electrolyte and
pressure-sensing layer, while a thin polydimethylsiloxane (PDMS)
isolation layer keeps the device in an open-circuit, zero-signal
standby state until loading occurs [156] (Fig.7(g)). Upon
compression, the PDMS barrier is progressively weakened,
enabling Zn* transport through the GEL-CTS membrane and
generating a stable direct-current (DC) voltage signal that directly
tracks pressure, which allows reliable static pressure monitoring
for >10,000 s. This integrated design delivers fast
response/recovery, high sensitivity and a wide pressure window,
and it also shows broad electrode/material compatibility,
supporting practical integration into flexible AZIB systems
without complex external circuitry. As a proof of application, the
concept was scaled to a 7x5 pressure-mapping array with
biodegradable encapsulation, highlighting its potential for self-
powered electronic skin and biomedical pressure monitoring
where long-term static signals and low standby power are
essential.

These examples, together with emerging hydrogel-based TENG



Nano Reseamh Ene'gy 2026’ 5: 9120222 %ﬂ

and zinc-ion hybrids, suggest that future self-powered AZIBs will
increasingly adopt monolithic or modular architectures in which
shared gel or polymer frameworks support both mechanical
energy harvesting and zinc-ion storage. However, this integration
introduces inherent trade-offs. Improving flexibility often lowers
energy density and increases the need for strong interfacial
engineering to maintain stability during repeated deformation. A
major technical challenge is the impedance mismatch between
TENG or piezoelectric harvesters and AZIBs, as the harvesters
usually output intermittent signals with high impedance while
AZIBs require continuous charging at low impedance. Solving this
mismatch often requires rectifiers or charge management circuits,
which introduces additional losses, added bulk, and extra points of
failure [157, 158]. Mechanical compatibility also remains difficult
to achieve, since soft and breathable textiles support wearability
but conflict with the protection of zinc anodes and with stable
electrolyte retention, and reliable encapsulation that is both leak-
proof and ion-conductive is still lacking [159, 160]. Furthermore,
repeated deformation may lead to hydrogel fatigue and interfacial
failure, highlighting the need for tougher and self-healing polymer
networks as well as monolithic architectures that reduce interfacial
impedance [161,162]. Progress therefore depends on the
establishment of standardized metrics for conversion efficiency,
charge delivery per cycle, and system-level reliability, while
multiphysics modeling can further guide materials selection and
device design [163,164]. Fully stretchable textile systems remain
promising, although their continued development will rely on
improved energy management strategies and on more resilient
materials with high electrochemical stability.

4.2 Self-powered sensor designs and applications of
AZIBs

A major challenge for AZIB based pressure sensors is the need to
maintain stable signal transduction while preserving device
compactness and energy storage capability. Monolithic
architectures that combine pressure sensing and zinc ion storage
within a single device have therefore become an effective strategy.
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Gao et al. [165] developed a monolithic AZIB pressure sensor in
which the battery itself operates as the sensing unit. A PVA
nanofiber isolation layer was introduced into a sandwich
configuration and paired with a PVDF-hexafluoropropylene-
graphene oxide solid electrolyte. This arrangement enables
pressure detection through internal resistance modulation (Figs.
8(a)-8(c)). The device shows response and recovery times of 76
and 88 ms, an ultrawide detection range from 2 Pa to 3368 kPa,
and stable performance for more than 100,000 cycles. It also
supports dual voltage and current operation with very low standby
loss. The open circuit voltage is about 1 mV. The sensor detects
pressures as low as 2 Pa, remains stable for 24 h, retains signals for
thirty days, and fully restores its open circuit potential after
repeated charge and discharge. The integrated device can monitor
pulse waves including P, T, and D waves, track limb motion, and
light LEDs when two units are connected in series. The system
also exhibits material universality when used with VO,
manganese hexacyanoferrate (MnHCF), or MoS, cathodes, which
allows tuning of output and sensing performance. Interface
engineering represents another effective method to enhance
pressure sensitivity in AZIB based sensors. This approach relies on
micro-structured electrode surfaces that enlarge the pressure
responsive contact area. It helps overcome interfacial limitations
inherent to these systems [166, 167]. It differs from strategies that
rely only on bulk resistance modulation. Micro-structured
interfaces enable higher sensitivity by optimizing the electric
double layer and charge transfer behavior at the same time. Using
this concept, Zhang et al. [168] prepared a thorn like polyaniline
composite that serves as the active electrode in a solid state AZIB
and also as the sensing layer in a flexible pressure sensor. A layer-
by-layer assembly method was used (Figs. 8(d)-8(f)). Upon
pressing, the thorn-like microstructure is compressed, increasing
the real contact area and facilitating interfacial ion adsorption and
charge transfer. This reduces polarization and converts pressure
into a reproducible change in the AZIB output or resistance,
enabling high sensitivity. The system delivered a specific capacity
of 405.07 mAh-g”, a sensitivity of 5.64 x 10° kPa™, rapid response
and recovery times of 60 and 80 ms, a detection ranges from 50 Pa
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Figure8 (a) Schematic diagram of response process of the AZIBs-pressure sensor to external mechanical pressure. (b) Schematic of AZIBs-pressure sensor to human
pulse. (c) Photo of the AZIBs-pressure sensor attached to the human wrist for real-time monitoring of the pulse signal. Reproduced with permission from Ref. [165], ©
Wiley-VCH GmbH 2022. (d) A schematic illustration of an all-fabric tactile sensor and schematic diagram of the measurement principle of the sensor. (e) Air and light
dual-assisted self-powered Zn-PANI battery. (f) The ultra-sensitive, self-powered sensor integrated system is used for pulse monitoring, blow detection, and even real-
time response to rice-grain-sized polyurethane particle. Reproduced with permission from Ref. [168], © Elsevier Ltd. 2022.
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to 70 kPa, and stable operation over 8000 cycles. These
developments illustrate that AZIB based sensors can achieve
compact design, self-powered operation, and high sensitivity
through the combined use of structural optimization and interface
engineering. They provide a promising platform for wearable
electronic skin and autonomous intelligent systems integrated
with AZIBs.

In summary, these battery-sensor hybrids show that aqueous
zinc-ion batteries can achieve simultaneous energy storage and
pressure sensing through interface and structural engineering.
Monolithic designs and micro-structured electrodes demonstrate
that regulating the electrode—electrolyte contact state is key to
maintaining signal stability and high sensitivity. Although current
devices still depend on stored electrochemical energy, their sensing
mechanisms provide a foundation for developing fully self-
powered systems. Transitioning from passive resistance
modulation to active mechanical-energy harvesting will require
interfaces that couple mechanical stress with electrochemical
potential changes [169—171]. Despite fabrication challenges, one-
body architectures offer a practical way to minimize interfacial
resistance and material mismatch. Continued advances in
interfacial engineering are expected to further enhance sensitivity
and support the development of integrated AZIB-based platforms
for electronic-skin, smart-home devices, and autonomous
monitoring.

4.3 Hydrogel sensors and integrated wearable devices
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Hydrogel-based sensors play an important role in wearable AZIB
systems because their high ionic conductivity, mechanical
compliance, and intrinsic mechanoelectrical responsiveness allow
hydrogels to act as both electrolytes and active sensing elements.
Their ability to convert deformation, pressure, or strain into ionic
or electrical signals supports the creation of fully integrated and
self-powered sensing modules. Effective design relies on the
separation of ionic and electronic transport. It also requires stable
mechano-electrochemical coupling and a balance between ionic
conductivity and mechanical durability to maintain long-term
sensing performance. Recent studies increasingly emphasize these
requirements when examining relationships between hydrogel
structure and properties, the stability of zinc and hydrogel
interfaces, and the practical needs of hydrogel-based sensing
components in flexible AZIBs [172].

Hydrogel microstructuring provides an effective route to
enhance pressure sensitivity in AZIB-based wearable sensors.
Zhou et al. [173] designed a locust bean gum/polyvinyl
alcohol/carbon nanotube hydrogel with double-rough interfaces,
achieving piezoresistive sensitivities of 20.5 kPa™ (0-1 kPa) and
broad-range detection (0.1-100 kPa). When monolithically
integrated with flexible AZIBs, it enables stable self-powered
motion sensing over 1000 cycles (Figs. 9(a)-9(c)). The amplified
sensitivity originates from the roughened contact surfaces, while
the CNT network maintains robust ionic—electronic transmission
during deformation. However, enhancing surface responsiveness
alone cannot ensure stable ion transport under large or repeated
deformations, which highlights the need for deformation-tolerant
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Figure9 (a) Schematic diagram of the structure of the sensor with LBG/PVA/CNTs-DR hydrogels. (b) The sensor with LBG/PVA/CNTs-DR hydrogels’ mechanism
analysis of the pressing process. (c) The signal responses arise from finger bending. Reproduced with permission from Ref. [173], © Spring Nature 2022. (d) A 1.8 V
LED can be efficiently powered by two AZIBs in series connection. Reproduced with permission from Ref. [174], © The Royal Society of Chemistry 2023. (e)
Integrated strategy of the multifunctional device and schematic of the structural design. (f) Schematic of folding the wearable device in half on the skin for actual use.
(g) Schematic and digital photos of wearable sensors attached to different parts of the human body for sensing various signals. Reproduced with permission from Ref.

[178], © Elsevier Ltd. 2025.
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hydrogel networks. Addressing this, Han et al. [174] developed a
polyacrylamide/carboxymethyl = cellulose/tannic acid (PAAM/
CMC/TA) ionic hydrogel containing ZnSO, and MnSO, that
combines high stretchability (622%), self-healing capability, and
high ionic conductivity (0.76 + 0.04 S'm™). Serving as both the
strain-sensing medium and the electrolyte in Zn // MnO, batteries,
it maintains capacities up to 223.0 mAh-g" and stable output
under deformation (Fig. 9(d)). Under strain, deformation alters
the hydrogel geometry and ion-conduction pathways, producing a
measurable change in ionic resistance and thus in the battery
output under a given load. Meanwhile, dynamic crosslinking
and self-healing restore the network after stretching, stabilizing
ion transport and enabling repeatable strain sensing during
large or cyclic deformations. Its mechanical resilience originates
from dynamic crosslinking that preserves ion-transport pathways
under strain. Such network engineering is key to ensuring
stable sensing-energy-storage decoupling in hydrogel-based
AZIBs [175, 176].

Further refinements in hydrogel composition such as PAAM,
CMC and LiCl systems [177] introduce antifreezing capability
down to —48.27 °C and ionic conductivity of 0.56 S-m™. These
properties allow a single flexible AZIB to support both energy
storage and strain sensing under continuous mechanical input.
The main mechanism involves regulating free water through a
water and ethylene glycol mixed solvent. This approach suppresses
ice formation and expands the operating temperature window.
LiCl also supplies additional ionic carriers. This temperature
adaptive strategy illustrates how hydrogel electrolytes maintain self-
powered sensing and energy storage performance in harsh
environments. Achieving multiple functions often introduces
trade-offs. For example, extreme stretchability and self-healing
may slow the response speed or lower the energy density. ZnCl,-
loaded poly(acrylic acid)-based composite hydrogels (Zn-PAA-C)
offer a practical route to wearable, self-powered AZIB systems that
combine strain sensing, Zn-ion transport, and battery self-
diagnosis in one material platform. By engineering ionic
coordination within a poly (acrylic acid) N-hydroxysuccinimide
ester (PAA-NHS)/gelatin network and using an ethylene
glycol/water solvent, the hydrogel maintains high ionic mobility
and mechanical compliance while remaining freeze-resistant
down to —80 °C [178]. As a strain sensor, it provides a broad
working window (0-180% strain) and a fast response (~57 ms),
enabling real-time motion/strain monitoring (Figs. 9(e)-9(g)).
When used as a flexible AZIB electrolyte, the same ion-conductive
matrix supports long-term cycling and, importantly, enables in
situ safety monitoring, allowing real-time detection of battery
swelling and Zn dendrite formation.

A comparison of these strategies reveals three connected design
principles for hydrogel based self-powered sensing and energy
storage systems. At the material level, dynamic crosslinked
networks maintain ion transport pathways during deformation
and ensure mechanical robustness and electrochemical continuity.
At the structural level, anisotropic or gradient architectures help
redistribute stress and reduce the trade-off between ionic
conductivity and mechanical strength. At the functional level,
multimodal sensing of strain, temperature and battery health
combined with multiple forms of energy replenishment including
electrochemical and chemical self-powered supports closed loop
and autonomous operation. Looking ahead, research should focus
on improving self-powered efficiency, developing degradable and
biocompatible hydrogels for implantable AZIB systems, and using
machine learning guided materials design to accelerate
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optimization across multiple objectives [179,180]. Overall,
strategic hydrogel innovation supports self-powered sensing and
energy storage within AZIBs. It also provides environmental
resilience and self-diagnostic capability, positioning hydrogels as
key components for next generation wearable biomedical devices.

44 Multifunctional sensing-integrated AZIBs

Integrating sensing functionality directly into AZIBs represents an
emerging strategy that unifies energy storage and signal
transduction within a single electrochemical platform, eliminating
conventional multi-component integration complexity while
enabling self-powered operation. Hybrid microgrids coupling
energy harvesting with AZIB storage exemplify this concept for
autonomous biochemical sensing, as demonstrated by Wang et al.
who developed a fingertip-wearable microgrid integrating
enzymatic biofuel cells with AgCl-Zn batteries to harvest and
store bioenergy from sweat, enabling autonomous multi-
metabolite sensing of glucose, vitamin C, lactate, and levodopa in
conjunction with low-power electronics for signal acquisition and
wireless transmission [181] (Figs. 10(a) and 10(b)). Beyond
biochemical detection, translating electrode microstructure into
ionic signals offers a direct route for AZIB-based tactile sensing.
The self-powered MXene-Zn* sensor generates pressure-
responsive signals through Zn** migration without external power
supply, inspired by biological skin-like ion-mediated sensing
[182]. In this holey-MXene monolithic architecture, in-plane
mesopores reduce ion-transport tortuosity; under applied
pressure, expanded electrolyte—electrode contact shifts the low-
frequency

Nyquist arc leftward and sharply lowers interfacial impedance,
enabling approximately 49 ms response time and extended linear
detection range when microstructured gel interlayers delay
interfacial saturation (Figs. 10(c) and 10(d)). Compared with
conventional capacitive sensors, Zn*-based devices provide
enhanced resistance to environmental noise, humidity, and
electromagnetic interference [183], while all-in-one designs
convert pressure-modulated internal resistance into electrical
outputs, greatly simplifying device architecture [184]. To address
the inherent conflict between electrochemical stability and
mechanical compliance, hydrogel-mediated designs assign both
functions to a single ionic matrix. The PSC hydrogel serves
simultaneously as the electrolyte for a Zn // V,05 microbattery and
as the strain-sensing layer, eliminating interfaces between energy
and sensing modules [152] (Figs. 10(e) and 10(f)). The reinforced
polymer network retains 42 mS-cm™ conductivity at 20 °C,
regulates Zn* solvation to homogenize deposition, and
accommodates cathode lattice breathing across —20 to 80 °C.
Operando XRD confirms that cathode phase evolution correlates
directly with Zn plating/stripping-induced strain, establishing
intrinsic coupling between electrochemical state and mechanical
output. Extending operational robustness to extreme
environments, deep eutectic/ionic-liquid composite  gels
reconstruct the hydrogen-bond network to create water-poor
coordination environments, suppressing free-water activity and
homogenizing Zn deposition to yield 1003 h Zn//Zn cycling
at 2 mA-cm™ and stable Zn// VO, operation from —20 to 80 °C
[185] (Fig.10(g)). The same molecular design confers 2500%
stretchability, continuous ion-transport pathways under load, and
strong adhesion to electrodes and biological tissue, allowing
geometry-induced resistance changes to be transduced during
bending, stretching, or joint motion (Fig. 10(h)). Collectively, these
advances establish that AZIB-based sensors require high active-site
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Schematic of the working principle of fingertip-mounted energy microgrid.

Reproduced with permission from Ref. [181], © Spring Nature 2024. (c) Photographs of micropatterned holey MXene electrodes fabricated via a scalable stamping
technique. (d) Demonstration of the mechanical flexibility and structural integrity of the holey MXene-based paper electrode array under bending deformation.
Reproduced with permission from Ref. [182], © Spring Nature 2026. (e) Schematic illustration of anatomical positions for wearable microsensor deployment on the
human body. (f) Real-time resistance response curves of the flexible sensor under varying bending angles, indicating rapid step-response characteristics. Reproduced
with permission from Ref. [152], © American Chemical Society 2024. (g) Proposed interfacial adhesion mechanism between the deep eutectic solvent/ionic liquid
composite gel substrate and porcine skin tissue, illustrating conformal bio-integration capability. (h) Practical demonstration of the flexible battery powering a mobile
phone, highlighting potential applications in portable consumer electronics. Reproduced with permission from Ref. [185], © Wiley-VCH GmbH 2026.

density for amplified Zn** responsiveness, compressible interfaces
to couple mechanical input with ionic flux, and porous conductive
networks to accelerate interfacial charge transfer.

Therefore, the significance of developing a wearable AZIB
sensing system lies in the integration of self-powering and self-
sensing capabilities into a unified platform. This successfully
establishes an intelligent system capable of continuous
autonomous energy supply and real-time response to external
information changes. It not only overcomes the challenge of
providing long-term stable power to electronic devices in remote
or extreme environments but also incorporates high-precision
sensing technology.

5 Challenges and perspectives

Drawing on its inherent safety, low cost, and environmentally
friendly aqueous electrolyte properties, integrated wearable AZIBs
systems, through flexible structural design, can effectively conform
to curved and dynamic surfaces of human body, thereby balancing
wearing comfort with device reliability. From dual perspectives of
energy storage and energy response, this review focuses on
analyzing the working principles of wearable AZIBs integrated
systems, elucidates the advantage and necessity of system
integration. Further, by examining representative research cases,

(&) 22w | Sci@pen

the review systematically explores the construction methods of
such integrated systems and evaluates the effectiveness of relevant
strategies in addressing their core scientific challenges.

However, wearable AZIBs integrated systems still face
multidimensional and profound comprehensive challenges. At
fundamental material level, the differences between energy
harvesting units and battery electrode/electrolyte materials lead to
inefficient energy transfer during integration. The complexity of
multifunctional stacking and issues such as interfacial intricacy
and stress concentration make it difficult for materials to meet
high reversible response capability required for sensing functions.
At device integration level, the introduction of inactive
components like connecting circuits and encapsulation layers
significantly compromises the system’s energy and power density.
Additionally, signal interference generated during battery
charging/discharging and deformation processes can affect the
accuracy and reliability of sensing. In terms of large-scale
manufacturing, the internal structural complexity resulting from
multifunctional integration imposes extremely high demands on
circuit design precision and microfabrication processes. This
necessitates the development of high-precision automated
production lines alongside addressing environmental and safety
concerns. In practical applications, the demand for continuous, all-
day energy supply is challenging to meet, especially under extreme
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environmental conditions. Mechanical deformation, sweat
erosion, and fluctuations in temperature and humidity during
daily use can easily lead to the failure of critical components.
Furthermore, both safety and biocompatibility must undergo
rigorous validation.

Building on the above systematic discussion, we propose the
following outlook for the future development of wearable AZIBs
integrated system, aiming to establish a complete technological
pathway from laboratory performance breakthroughs to large-
scale market application (Fig. 11).

5.1 Foundation materials

To address the issues of poor integration adaptability and
insufficient stability of material interfaces under dynamic
deformation in wearable AZIBs integrated system, the following
core strategies can be adopted. Firstly, by constructing functionally
graded composite electrodes, the energy harvesting units are
coupled with zinc-ion storage active materials. Dynamic adaptive
interfacial layers are employed to mitigate mechanical mismatches
between different materials, thereby establishing efficient and
stable ion/electron transport pathways to enhance energy transfer
efficiency. Simultaneously, the introduction of intelligent polymer
electrolytes with dynamic and reversible bonding capabilities
ensures that the materials can maintain high reversibility in
sensing responses while preserving their structural integrity during
repeated deformation.

5.2 Device integration

In the integrated design of wearable AZIBs, special emphasis
should be placed on dealing with challenges such as low energy
supply efficiency, limited integration density, and susceptibility of
sensing signals to interference under complex operating
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conditions. Through advancing high-density 3D heterogeneous
integration  technologies and  ultrathin  multifunctional
encapsulation materials, the volume proportion of inactive
components is minimized while maintaining excellent mechanical
flexibility =~ and  encapsulation  reliability. — High-density
interconnection techniques are leveraged to enhance overall
energy and power density. Then embedded signal conditioning
modules and adaptive noise suppression algorithms are
introduced to achieve real-time isolation and compensation of
sensing signals from interference caused by charging/discharging
and deformation at the hardware level Simultaneously,
multimodal data fusion processing is employed to improve signal
accuracy and environmental adaptability.

5.3 Scalable manufacturing

Systematic technological innovation is required to achieve high
performance and scalable production of wearable AZIBs
integrated system. High-precision and high-consistency integrated
manufacturing of heterogeneous structures can be achieved by
developing a digital production line platform with multi-process
collaboration. Besides, the introduction of artificial intelligence-
driven real-time process monitoring dynamically optimizes
manufacturing parameters to compensate for process fluctuations,
significantly improving the processing yield and performance
consistency of complex structures. Additionally, it is essential to
advance the development of green manufacturing processes and
closed-loop material cycling systems, while establishing a
comprehensive chain system covering raw materials, production,
and recycling.
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Figure 11 Multidimensional challenges and perspectives for wearable AZIB integrated systems.
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integrated system in complex application scenarios, it is necessary
to establish a comprehensive solution that covers environmental
adaptability, structural protection, long-term verification, and
biocompatibility. Environment-adaptive energy supply systems
should be developed to enhance continuous operational capability
under extreme conditions. Meanwhile, multi-level protective
encapsulation systems should be designed to effectively resist
combined threats from mechanical deformation, sweat corrosion,
and temperature/humidity fluctuations. At the same time, it is
essential to establish accelerated aging and failure analysis
platforms to simulate the multi-stress coupling effects under real-
world wearable scenarios, thereby systematically validating the
long-term reliability of components. Furthermore, progress should
be made step-by-step from material chemical safety and
cytocompatibility to long-term human wear trials to ensure the
system ultimately achieves medical compliance certification.

Guided by full-chain innovation strategy for wearable AZIBs
integrated system, which spans from foundational materials to top-
level system design, we would build performance foundations
through material innovation, optimize ion transport via interface
engineering, balance key parameters with device design, maximize
overall efficiency through system integration, and ensure reliability
via practical application. We are confident that this comprehensive
approach will not only overcome the current technical bottlenecks
of wearable AZIBs integrated system but also pave the way for
their successful commercialization.
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