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Abstract. Nanostructured functional hydrogels have recently emerged as
highly versatile and promising materials for sustainable energy harvesting
because of their tunable chemical composition, inherent mechanical
flexibility, and outstanding ionic conductivity. Their unique
three-dimensional polymer networks provide abundant space for the
integration of nanostructures, which can significantly improve charge
transport pathways, mechanical stability, and responsiveness to a wide
range of external stimuli such as pressure, temperature, or humidity. By
tailoring molecular design and incorporating functional nanomaterials,
these hydrogels can be engineered to achieve superior electrochemical and
mechanical performance. This review highlights recent progress in the
rational design, fabrication strategies, and advanced applications of
nanostructured functional hydrogels in energy harvesting technologies,
with particular focus on triboelectric nanogenerators (TENGs),
piezoelectric devices, and bioenergy systems. Finally, current challenges,
emerging trends, and opportunities for developing next-generation
hydrogel-based energy harvesters are critically discussed.

1 Introduction

The extensive consumption of non-renewable fossil fuels has raised global concerns
regarding the risk of energy depletion and the associated environmental impacts. Hence, the
transition toward clean and renewable energy sources has become essential. Renewable
resources such as solar, wind, and tidal energy provide sustainable alternatives to fossil
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fuels. However, their reliance on weather, season, and location restricts their ability to meet
continuous energy demand, driving the development of technologies to effectively harvest
and store energy from ambient sources. Energy-harvesting devices, including triboelectric
nanogenerators (TENGs), piezoelectric nanogenerators, and biofuel cells have emerged as
promising solutions to bridge this gap. These systems are capable of scavenging
mechanical, thermal, and biochemical energy from the surrounding environment and
converting it into usable electrical energy. Despite their promise, the utilization of
energy-harvesting technologies still faces several challenges, including low energy
conversion efficiency, limited mechanical durability under cyclic loading, and integration
difficulties with flexible and biocompatible platforms.

Nanostructured functional hydrogels have recently emerged as an attractive class of
materials to address these limitations [1-3]. Hydrogels can closely mimic biological tissues
and accommodate large deformations without mechanical failure, owing to their
three-dimensional polymer networks, high water content, mechanical softness, and ionic
conductivity [1]. More importantly, their highly tunable chemical structure allows precise
control over crosslinking density, porosity, and surface functionality. Additionally, the
incorporation of various nanomaterials further enhances their electrochemical and energy
conversion performance [4-6]. These unique characteristics make nanostructured hydrogels
promising candidates for next-generation energy-harvesting devices.

This review summarizes recent progress in the development and application of
nanostructured functional hydrogels for energy-harvesting technologies. We first discuss the
design strategies and functionalization approaches that govern their mechanical, electrical,
and electrochemical performance. Subsequently, their integration into representative
devices, including TENGs, piezoelectric nanogenerators, and biofuel cells also highlighted.
Finally, we outline the challenges and future directions for advancing hydrogel materials
toward practical, scalable, and multifunctional energy-harvesting systems. This review aims
to provide researchers with a comprehensive understanding of the potential of
nanostructured hydrogels as a platform for self-powered technologies.

2 Design Strategies for Nanostructured Functional
Hydrogels

The performance of hydrogel-based energy-harvesting devices are primarily controlled by
the structural architecture and chemical functionalization of the hydrogel matrix. These

approaches include polymer network engineering, nanostructure incorporation, and
stimuli-responsive functionalization, as depicted in Fig 1.
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Fig. 1. Nanostructured Hydrogel

2.1 Polymer Network Engineering

Controlling hydrogel crosslinking, porosity, and hydrophilicity tunes their mechanics and
ion transport, directly impacting energy-harvesting performance [1]. Tuning the
crosslinking density allows a balance between mechanical robustness and flexibility,
preventing brittle fracture while maintaining sufficient elasticity for cyclic deformation.
Similarly, modulating porosity enhances ion diffusion and facilitates rapid charge transport
within the three-dimensional network, thereby improving the overall electrochemical
response.

Recent studies have highlighted double-network hydrogels, in which a rigid primary
network and a ductile secondary network work synergistically to enhance mechanical
resilience and dissipative capacity under applied stress [2]. In parallel, supramolecular
hydrogels, which rely on reversible non-covalent interactions have been developed to
deliver self-healing capabilities and dynamic responsiveness [3]. These characteristics are
valuable for wearable and flexible energy-harvesting devices, where repeated mechanical
loading and potential micro-damage can compromise long-term stability. By integrating
these structural design principles, researchers can create hydrogel systems that combine
high stretchability, rapid recovery, and efficient ion transport. Thus, ensuring consistent
performance in dynamic and mechanically demanding environments.

2.2 Nanostructure Incorporation

The incorporation of nanomaterials into hydrogel matrix has emerged as a powerful strategy
to enhance their physicochemical and electrochemical properties. Nanostructures such as
carbon nanotubes (CNTs), graphene, and metal nanoparticles (i.e. Au, Ag, Pt) have been
widely employed as functional additives to significantly improve the electrical conductivity,
dielectric constant, and specific surface area of hydrogels [4-6]. These nanomaterials create
interconnected conductive pathways within the hydrogel, enabling fast charge transport and
improving energy-conversion efficiency. Furthermore, the high surface-to-volume ratio of
nanomaterials provides abundant electroactive sites, promoting efficient charge separation
and transfer at the electrode—electrolyte interface [5]. For instance, graphene-based
hydrogels demonstrate enhanced mechanical robustness and electrochemical stability,
attributed to the synergistic interactions between graphene sheets and the polymer network
[4]. Metal nanoparticles having catalytic activity can be used in biofuel cells and
electrocatalytic energy-conversion systems [5]. Overall, the integration of nanomaterials not
only improves the electrical and mechanical properties of hydrogels but also allows for the
design of multifunctional, stimuli-responsive hybrid systems that can adapt to dynamic
operational environments in advanced energy-harvesting devices.

2.3 Stimuli-Responsive Functionalization

The functionalization of hydrogels with stimuli-responsive moieties has opened new
opportunities for creating adaptive and intelligent energy-harvesting systems. The
incorporation of functional groups or supramolecular structures into hydrogel can
dynamically modulate its swelling behavior, ionic conductivity, and mechanical properties
[7,8]. For example, thermo-responsive hydrogels composed of poly(N-isopropylacrylamide)
(PNIPAM) display a reversible volume phase transition near physiological temperature,
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thereby facilitating controlled ion transport and improved energy conversion efficiency
under fluctuating thermal conditions [7]. Additionally, pH-sensitive hydrogels
functionalized with weak acidic or basic groups can alter their ionization state and swelling
ratio in response to local pH changes leading to enhance performance of biofuel cells and
implantable energy devices operating in physiological environments [8]. Such
stimuli-adaptive functionality enables the design of smart hydrogel-based energy harvesters
capable of self-regulation, enhanced durability, and real-time adaptability to dynamic
environmental or biological conditions. These advances pave the way for the development
of next-generation self-powered systems for wearable electronics, implantable medical
devices, and autonomous sensing platforms.

3 Applications in Energy Harvesting

Nanostructured functional hydrogels exhibit considerable promise for various
energy-harvesting applications, owing to their tunable mechanical, electrical, and
electrochemical properties, as illustrated in Fig 2.
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Fig. 2. Nanostructured functional hydrogels applications

31 Triboelectric Nanogenerators (TENGs)

Hydrogel-based triboelectric nanogenerators (TENGs) are a promising class of
energy-harvesting devices that convert mechanical energy into electricity through the
triboelectric effect [9]. The high-water content of hydrogels allows conformal contact with
irregular surfaces, enhancing effective contact area and triboelectric charge generation. In
addition, the high ionic conductivity of hydrogels allows them to serve as effective ionic
conductors or electrodes to promote charge transport during mechanical activation in
TENGs. Recent studies have reported hydrogel-based TENGs capable of harvesting
biomechanical energy from human motion [10], respiration [11], or joint movement [12].
Such systems demonstrate excellent mechanical compliance, durability over thousands of
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operation cycles, and compatibility with flexible and skin-mounted electronics,
underscoring their potential for wearable and self-powered health-monitoring devices.

3.2 Piezoelectric Nanogenerators

The incorporation of piezoelectric nanostructures such as barium titanate (BaTiOs), zinc
oxide (ZnO), or poly(vinylidene fluoride) (PVDF)-based nanofillers into hydrogel matrix
has been recognized as an effective strategy for developing flexible piezoelectric
energy-harvesting systems [13-15]. These hybrid materials take advantage of the
piezoelectric effect to generate -electrical potential. Integration of piezoelectric
nanostructures also significantly improves the sensitivity and energy conversion efficiency
of the system. The porous and stretchable network of the hydrogel facilitates uniform
dispersion of piezoelectric particles, maximizing their effective surface area and enabling
efficient stress transfer from the matrix to the active phase [13]. Recent studies have shown
that BaTiOs-hydrogel composites can achieve higher output voltages and currents
compared to pristine hydrogels, making them attractive for biomechanical energy
harvesting from motions such as bending, pressing, and stretching [14]. Similarly,
ZnO-hydrogel hybrids have been used to create flexible piezoelectric nanogenerators
capable of real-time physiological monitoring [15]. In addition to improved
electromechanical performance, the combination of piezoelectric nanostructures with
conductive or ionic hydrogels offers multifunctionality, including self-healing,
biocompatibility, and stretchability, which are highly desirable for wearable and implantable
energy devices. These advances highlight the potential of piezoelectric hydrogel hybrids as
next-generation power sources for soft electronics, medical implants, and autonomous
sensing platforms.

3.3 Bioenergy Harvesting

Nanostructured hydrogels have emerged as promising bioelectrode materials for enzymatic
biofuel cells (EBFCs), owing to their unique ability to provide a hydrated,
three-dimensional, and biocompatible microenvironment that preserves enzyme activity and
facilitates efficient mass and charge transport [16]. The high-water content and
interconnected porous network of hydrogels allow rapid diffusion of substrates (e.g.,
glucose, lactate) and oxygen to the immobilized biocatalysts, thereby enhancing the overall
reaction kinetics. Moreover, the soft and flexible nature of hydrogels enables intimate
contact with biological tissues, making them highly attractive for implantable and wearable
biofuel cell systems. Incorporation of nanostructures such as carbon nanotubes, graphene,
and metal nanoparticles within the hydrogel matrix has been shown to significantly improve
the electrical conductivity and electron transfer rate between the redox centers of enzymes
and the electrode surface. For example, CNT- or graphene-functionalized hydrogels have
achieved higher power densities by lowering charge-transfer resistance and promoting
direct electron transfer (DET) pathways. Additionally, functionalization with redox
mediators or conductive polymers (e.g., polypyrrole, PEDOT:PSS) further boosts current
output and operational stability. Recent studies have demonstrated that nanostructured
hydrogel-based EBFCs can deliver long-term stable power generation under physiological
conditions, enabling applications in self-powered biosensors, continuous glucose
monitoring systems, and even low-power implantable medical devices. These advances
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underscore the potential of nanostructured hydrogels as a versatile platform for
next-generation bioenergy harvesting and biomedical power supply technologies.

4 Conclusion and Future Perspectives

Despite the remarkable advances achieved in recent years, hydrogel-based energy
harvesting technologies still face several critical challenges that must be addressed before
they can be widely adopted in practical applications. One of the most pressing issues is the
limited long-term stability of hydrogels, as their high-water content often leads to
dehydration under ambient conditions, resulting in performance degradation over time. In
addition, the scalability of current manufacturing processes remains a bottleneck, as many
fabrication methods are either costly, time-consuming, or difficult to reproduce consistently
at industrial levels. Addressing these limitations will require the design of advanced
hydrogels with antifreeze, anti-drying, and self-healing properties, enabling them to
maintain structural integrity and functional performance even under harsh environmental
conditions. Future research directions should also emphasize the integration of hydrogels
with wireless data transmission systems to create self-powered wearable and implantable
electronic devices that can operate continuously without external power sources.
Furthermore, the use of machine learning-guided material design, coupled with advanced
nanofabrication techniques, offers exciting opportunities to accelerate the discovery and
optimization of hydrogel systems. By combining predictive modelling with high-throughput
experimental approaches, researchers can rapidly identify next-generation nanostructured
hydrogels with superior efficiency, multifunctionality, and adaptability for diverse energy
harvesting applications.
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