
Academic Editor: Nurettin Sahiner

Received: 25 May 2026

Revised: 18 June 2026

Accepted: 1 July 2026

Published: 3 August 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

micro

Review

Self-Powered Bioelectrical Materials for Tissue Repair:
A Charge-Centered Perspective
Xuqiao Zhao 1,2,†, Zijian Wang 1,† , Jiaxuan Li 3, Changxu Chen 3 , Wei Miao 1 , Xi Cui 2,* and Zhou Li 2,4,5,*

1 School of Medical Instrumentation, Shenyang Pharmaceutical University, Shenyang 110016, China;
13485451297@163.com (X.Z.); zijianwang1854@163.com (Z.W.); miaowei202509@163.com (W.M.)

2 Vita Tech Innovation Center, Tsinghua Changgung Hospital, School of Clinical Medicine, Tsinghua University,
Beijing 100084, China

3 School of Nanoscience and Engineering, University of Chinese Academy of Sciences, Beijing 101408, China;
lijiaxuan@binn.cas.cn (J.L.); chenchangxu25@mails.ucas.ac.cn (C.C.)

4 School of Biomedical Engineering, Tsinghua Medicine, Tsinghua University, Beijing 100084, China
5 Beijing Key Laboratory of Clinical Innovation and Translation for Active Implantable and Interventional

Medical Devices, Tsinghua Changgung Hospital, Beijing 100084, China
* Correspondence: cuixi202507@163.com (X.C.); li_zhou@tsinghua.edu.cn (Z.L.)
† These authors contributed equally to this work.

Abstract

Electrical cues are essential regulators of tissue repair processes such as wound healing,
nerve regeneration, and bone remodeling. Implantable electrical stimulation systems have
therefore attracted increasing interest; however, conventional devices typically rely on
external power supplies or batteries, leading to limitations including bulky system inte-
gration, finite lifetime, mechanical mismatch, and elevated risks of infection and revision
surgery. Herein, we propose a conceptual classification of implantable electrical stimulation
materials based on their relationship with electric charges, categorizing them into charge-
storing materials, charge-conducting materials, and charge-generating materials. Among
these, charge-generating materials represent an emerging class capable of autonomously
converting endogenous mechanical, chemical, thermal, or optical energy into electrical
signals, enabling self-powered and self-sustained electrical stimulation without external
energy input. This review systematically summarizes the underlying mechanisms, mate-
rial design strategies, and recent advances of representative charge-generating systems,
including piezoelectric, triboelectric, and electrochemical materials. Their applications in
tissue repair are critically discussed, highlighting unique advantages in device miniaturiza-
tion, long-term operation, and intelligent responsiveness. Finally, current challenges and
future perspectives are outlined to guide the development of next-generation self-powered
bioelectronic therapies.

Keywords: charge-generating materials; self-powered bioelectrical materials; tissue repair

1. Introduction
Tissue injury and organ damage caused by trauma, disease, or aging remain major

clinical challenges. Owing to the limited regenerative capacity of most adult tissues, func-
tional recovery is often incomplete, highlighting the urgent need for advanced therapeutic
strategies that can actively guide repair and regeneration [1,2].

Beyond biochemical regulation, increasing evidence has identified bioelectric signals as
a fundamental physical regulatory layer in regenerative processes [3,4]. Endogenous electric
fields (EFs), arising from transepithelial potential gradients established by asymmetric ion
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transport, are rapidly generated after tissue injury and serve as instructive cues at wound
sites [5,6]. Such injury-induced EFs have been widely observed across skin, nerve, and bone
tissues, suggesting that electrical signaling represents a conserved mechanism underlying
tissue homeostasis and repair [7–10].

Physiological-strength EFs play critical roles in directing key cellular behaviors, includ-
ing electrotactic migration, proliferation, and lineage-specific differentiation, as well as regu-
lating the secretion of cytokines and growth factors involved in tissue reconstruction [11–14].
For instance, keratinocytes migrate cathodally to accelerate re-epithelialization [15–17],
while fibroblast activation and macrophage polarization are modulated toward pro-
regenerative phenotypes [18]. In electrically excitable and mechanoresponsive tissues
such as nerve and bone, bioelectric cues further influence axonal extension and osteogenic
differentiation, underscoring the broad biological relevance of electrical regulation [19,20].

These insights have driven the development of electrical stimulation (ES)–based ther-
apies, including implantable devices and electroactive biomaterials, to enhance wound
healing, nerve regeneration, and osseointegration [21–23]. However, conventional ES
systems typically rely on external power supplies or wired electronics, which introduce
significant translational limitations such as bulky device integration, infection risk, foreign
body reactions, interfacial electrochemical side effects, and insufficient long-term stabil-
ity [24,25]. These challenges motivate the shift from device-centered electrotherapy toward
material-based approaches capable of delivering localized, sustained, and physiologically
compatible electrical cues.

In this context, bioelectrical repair materials have emerged as a promising strategy by
integrating electrical functionality directly into regenerative biomaterial platforms. Based
on their charge-related behavior, electroactive biomaterials can be conceptually classified
into three categories: (i) charge-storing (electret) materials, which retain quasi-permanent
electrostatic charges; (ii) charge-conducting materials, which facilitate electron and/or
ion transport; and (iii) charge-generating (self-powered) materials, which autonomously
convert mechanical or biochemical energy from physiological environments into electrical
outputs [26–29]. These paradigms represent progressive levels of bioelectrical functional-
ity, evolving from passive charge retention to active energy conversion. Understanding
their mechanisms, advantages, and limitations is essential for the rational design of next-
generation self-powered bioelectronic therapies for regenerative medicine.

In this review, we aim to provide a comprehensive and system-level overview of bio-
electrical repair materials for tissue regeneration from the perspective of charge–material
relationships. We first introduce a conceptual classification of implantable electroactive
materials into charge-storing, charge-conducting, and charge-generating categories, high-
lighting their progressive functional evolution from passive electrical interfaces to self-
powered therapeutic systems. We then focus on charge-generating materials, summarizing
their underlying energy-conversion mechanisms, material design strategies, and repre-
sentative examples. Their applications in tissue repair and regeneration are critically
discussed, together with current challenges related to output performance, biocompati-
bility, and translational feasibility. Finally, we outline future directions toward intelligent,
self-powered, and personalized bioelectronic therapies, aiming to guide the rational design
of next-generation materials for regenerative medicine, while objectively acknowledging
the rigorous translational bottlenecks and the current lack of clinical validation that must
be addressed prior to their practical application.
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2. Classification of Bioelectrical Repair Materials Based on
Charge–Material Relationships

Electrical stimulation strategies for tissue repair can be broadly categorized according
to how electrical charges are stored, transported, or generated within biomaterial systems.
While traditional classifications often focus on material composition or fabrication methods,
such approaches may obscure the fundamental relationship between electrical function-
ality and biological regulation. To provide a more therapeutically relevant framework,
bioelectrical repair materials can be conceptually classified based on their interaction with
electric charges, as schematically illustrated in Figure 1. This classification links material
categories to their primary electrical functions and provides a function-oriented perspec-
tive for understanding electroactive biomaterials. By distinguishing whether a material
primarily stores, transports, or generates electrical charges, this framework may facili-
tate the evaluation of their suitability for different therapeutic objectives and implantable
bioelectronic applications.

Figure 1. Conceptual classification of implantable electrical stimulation materials based on charge–
material relationships. Schematic illustration of implantable electrical stimulation materials cate-
gorized according to their relationship with electric charges, including charge-storing materials,
charge-conducting materials, and charge-generating materials. Charge-storing materials provide
preloaded electrostatic fields but suffer from charge decay and limited stimulation modes [30].
Charge-conducting materials act as passive electrical interfaces that rely on external power sources,
leading to challenges such as bulky system integration, mechanical mismatch, and infection risks [31].
In contrast, charge-generating materials are capable of autonomously converting endogenous me-
chanical, chemical, thermal, or optical energy into electrical signals, enabling self-powered and
self-sustained electrical stimulation [32]. This classification provides a system-level perspective
that highlights the unique therapeutic potential of charge-generating materials for implantable
bioelectronic applications [33].

From this perspective, electroactive biomaterials can be divided into three categories:
charge-storing materials, charge-conducting materials, and charge-generating materials.
These categories represent progressively increasing levels of bioelectrical functionality,
ranging from passive electrostatic stimulation to active and autonomous electrical signal
generation. It is worth noting that this charge-centered classification relies strictly on the
material’s in vivo operational mode and thermodynamic behavior, rather than its funda-
mental chemical composition. Consequently, certain materials may exhibit dual identities
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depending on their structural design and application scenarios. A quintessential exam-
ple is poly(vinylidene fluoride) (PVDF) and its copolymers. When PVDF is subjected to
high-voltage corona polarization in vitro to trap quasi-permanent space charges within
its pores or interfaces, and is subsequently used to provide a static, gradually decaying
electric field without continuous mechanical input, it functions strictly as a charge-storing
material (electret). Conversely, when PVDF is deployed in a dynamically active physiologi-
cal environment (e.g., attached to a beating heart or articulating joints), where continuous
mechanical strain dynamically alters its β-phase non-centrosymmetric crystal structure to
induce transient dipole reorientation and generate real-time alternating electrical signals, it
transitions into an active charge-generating material (piezoelectric generator). Thus, this
functional taxonomy accurately captures the dynamic bioelectrical role the material plays
during the tissue repair process.

Importantly, this classification does not aim to replace conventional material-based
taxonomies, but rather to highlight the distinct therapeutic roles, advantages, and limita-
tions associated with different electrical stimulation paradigms. Such a charge-centered
framework provides a foundation for understanding why charge-generating materials, as
self-powered systems, hold particular promise for long-term and implantable regenera-
tive therapies.

2.1. Charge-Storing Materials: Passive Electrostatic Stimulation

Charge-storing materials, commonly referred to as electret materials, represent the
earliest class of bioelectrical repair materials explored for tissue regeneration. Logically, they
operate in a passive electrostatic mode. Their fundamental distinction from conducting or
generating materials lies in the “pre-loaded” and “static dissipation” nature of their charge
origins. These materials retain quasi-permanent electrostatic charges or frozen dipoles
originating entirely from artificial charge injection or external field polarization during
in vitro processing [27,34]. During in vivo operation, the materials themselves do not
undergo any form of energy conversion, nor do they exhibit spontaneous dynamic charge
separation behaviors. When integrated into biomaterial scaffolds or wound dressings,
charge-storing materials can partially mimic endogenous injury-induced electric fields
and provide passive electrostatic stimulation to surrounding cells [35,36]. Their simplicity,
ease of fabrication, and device-free nature have enabled broad investigation in wound
healing, bone repair, and neural applications [36,37]. However, because the electrical
output of charge-storing materials is inherently static and gradually decays over time, their
stimulation modes remain limited, and precise temporal or spatial regulation of bioelectric
cues is difficult to achieve [27,36]. These intrinsic constraints define both the therapeutic
potential and the performance ceiling of charge-storing systems.

The concept of electrets dates back to the early 19th century. The earliest concept
of electrets was proposed by Faraday [38], who studied the phenomenon of materials
retaining electric charges under the influence of external electric fields. In the 1970s,
researchers further developed this theory, particularly regarding the charge storage and
release mechanisms in dielectric materials. They established the theory that electrets achieve
permanent polarization through the alignment of polar molecules and the displacement
of space charges [39]. The working principle of electret materials is based on their unique
internal structure. Typically composed of porous materials, their cavities are filled with air
or other gases. Charges can be injected and permanently retained on the surfaces of these
cavities. The storage and release of charges occur through the phenomenon of electrical
breakdown. When an external electric field exceeds a certain critical threshold, the gas
within the cavities breaks down, causing charges to be injected onto the cavity surfaces and
forming macroscopic dipoles [40].
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Among representative electret materials, common examples include polypropylene
(PP) [41], polytetrafluoroethylene (PTFE) [30], poly(methyl methacrylate) (PMMA) [42],
and poly(vinylidene fluoride) (PVDF) [43]. They have demonstrated tremendous efficacy in
applications such as wound dressings [36] and bone repair [44,45]. However, despite these
promising observations, electret materials possess inherent limitations that restrict their
effectiveness in dynamic biological environments, such as difficulty in processing or high
energy consumption during processing [46,47], sensitivity of the material’s charge stability
to environmental factors [34], or the stored charge diminishes over time [48]. Moreover,
electret materials function as passive charge reservoirs and lack the capacity for energy
conversion, preventing sustained or adaptive electrical regulation in response to tissue
motion or metabolic activity. These shortcomings will significantly hinder the application
of these materials and highlight the need for alternative material systems with enhanced
electrical functionality.

2.2. Charge-Conducting Materials: Electrical Interfaces for Externally Powered Systems

Charge-conducting materials form the foundational electrical interfaces in most con-
ventional electrical stimulation systems for regenerative medicine [49]. Logically, they
operate in a passive non-autonomous transport mode. The fundamental essence of these
materials is to serve as low-impedance physical electron or ion conduits, facilitating efficient
charge transport [50]. They inherently lack both the capacity to pre-store static charges
in vitro and the capability to convert physiological energy in situ. In this paradigm, the
materials themselves do not generate electrical stimuli; rather, the directional movement
of their internal delocalized charges (electrons, holes, or free ions) and the subsequent
transmission of electrical signals are strictly dependent on external electric fields applied
by active external systems (e.g., implantable batteries, wired power supplies) or driven
by intrinsic potential fields within the physiological environment [20,51]. Such systems
have demonstrated strong capability in delivering programmable and precisely controlled
electrical stimulation, particularly in neural and musculoskeletal applications [52,53]. Once
the external energy input is removed, however, the material immediately loses its capacity
to actively modulate the bioelectrical microenvironment. This absolute dependence on
external power introduces substantial translational challenges, including bulky device
architectures, mechanical mismatch with soft tissues, interfacial electrochemical reactions,
and risks of infection or device failure [54,55]. As a result, charge-conducting materials are
increasingly viewed as essential components of device-centered electrotherapy rather than
self-sufficient therapeutic systems [56].

Conductive materials in biomedical material systems refer to a class of materials
capable of efficiently transmitting electrical charges (electrons or ions). Compared with
electret systems that rely on static charge retention, conductive materials enable active
charge transport, offering a more direct strategy for electrical regulation in regenerative
biomaterials. These materials provide a low-impedance physical pathway, coupling electri-
cal signals from external sources or physiological potential gradients to cells and tissues,
thereby modulating the behavior of electrically sensitive cells [49].

Generally speaking, conductive materials can be categorized into the following three
types based on the type of charge carrier: (1) Electronically conductive materials: These
rely primarily on electrons as charge carriers. Representative examples include metallic
nanoparticles (NPs) [57], carbon-based nanomaterials (such as graphene [58] and carbon
nanotubes (CNTs) [59]), and conductive polymers (such as polypyrrole (PPy) [60] and
polyaniline (PANI) [61]). The conductivity of these materials originates from the delocal-
ized migration of electrons within their energy bands or the movement of electrons within
π-conjugated systems, exhibiting high electronic conductivity [49]. (2) Ionic conductive ma-
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terials: In conductive hydrogels (CHs) [62] or certain biological polymer networks, charge
is primarily transferred through the migration of ions (e.g., Na+, K+, Ca2+). This mechanism
closely resembles electrical conduction in native tissues and is generally associated with
good biocompatibility [63]. (3) Electron-ion hybrid conductive materials: Certain conduc-
tive polymers [64,65] or composite hydrogel [66,67] systems can simultaneously support
both electron and ion migration, enabling signal conversion and synergistic conduction
at bio/electronic interfaces. This provides a balanced solution for signal transmission
efficiency and biocompatibility.

It follows that the fundamental distinction among these three categories of conductive
materials lies in their electrical conduction mechanisms. The core function of conductive
materials is to provide low-impedance pathways for sustaining stable electrical stimula-
tion and shaping electrically active microenvironments. This enables their application in
cardiac pacing [68,69] or the promotion of electrically sensitive behaviors such as wound
healing [70,71], angiogenesis [72,73], or nerve regeneration [74,75]. However, their func-
tionality remains intrinsically limited by several factors. First, these conductive materials
are fundamentally passive, relying on external power sources to deliver electrical stimula-
tion, which restricts their long-term and autonomous use in vivo. Second, repeated ionic
doping and dedoping processes during operation can induce structural instability, leading
to degradation of electrical and mechanical performance over time. Moreover, the spatial
and temporal profiles of electrical stimulation are typically externally defined, providing
limited adaptability to dynamic biological microenvironments. Collectively, these limita-
tions constrain the applicability of conductive materials in sustained bioelectrical repair
and motivate the development of alternative material strategies.

2.3. Charge-Generating Materials: Self-Powered Electrical Stimulation Platforms

Charge-generating materials constitute an emerging and transformative class of bio-
electrical repair materials that operate in an active in situ energy conversion mode [76,77].
This category fundamentally departs from the static charge release of electrets and the
passive transport of conducting systems. Its core distinction lies in possessing a real-time
transduction mechanism and self-driven capability: rather than relying on pre-stored elec-
trostatic charges or external active circuits, these materials function as active transducers.
They autonomously harvest unordered dynamic energy from the body—including me-
chanical deformation (e.g., tissue motion, physiological micro-vibrations), biochemical
reactions (e.g., metabolite redox processes, ion concentration gradients), or exogenous opti-
cal/thermal stimuli—and convert it into electrical outputs [78,79]. By driving the relative
displacement of positive and negative charge centers within non-centrosymmetric lattices,
or by inducing the spontaneous transfer of oppositely charged species at heterogeneous
interfaces, they continuously generate spontaneous direct current or pulsed electrical sig-
nals in real time. Their output characteristics are intrinsically tied to the dynamic response
mechanisms of internal crystals or molecules, enabling profound and adaptive coupling
with physiological microenvironmental stimuli. This conceptual shift from externally
powered devices toward material-based therapeutic systems offers intrinsic advantages in
miniaturization, long-term operation, and reduced system complexity.

This property represents a fundamental shift in the design philosophy of bioelectrical
materials—from passive electrical environments to autonomous electrical regulation. As
summarized in Figure 2, charge-generating materials can produce electrical outputs through
several representative energy conversion mechanisms. Mechanical deformation can induce
charge polarization in piezoelectric materials, while periodic contact and separation be-
tween different surfaces result in triboelectric charge transfer. In addition, electrochemical
reactions can drive electron flow through redox processes, and other physical stimuli such
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as temperature gradients or light irradiation may also induce charge separation. These
mechanisms collectively enable the harvesting of diverse physiological energy sources and
their conversion into localized electrical signals. Compared with traditional conductive
materials, self-powered materials theoretically offer multiple promising features, including
energy autonomy, sustained electrical output, and adaptive coupling with dynamic biologi-
cal microenvironments. These characteristics enable long-term, minimally invasive, and
potentially closed-loop bioelectrical stimulation, making them particularly attractive for
next-generation bioelectrical repair strategies [78].

Figure 2. Overview of representative mechanisms for charge generation in self-powered biomaterials.
Piezoelectric materials convert mechanical stress into electrical polarization through lattice deforma-
tion. Triboelectric materials generate electrical signals via periodic contact–separation–induced charge
transfer. Electrochemical systems produce electrical energy through redox reactions and ion transport
between electrodes [64]. Additional mechanisms, including thermoelectric and photo-induced charge
separation, further expand the strategies for harvesting physiological energy sources and generating
localized bioelectrical signals [34].

The piezoelectric effect refers to the phenomenon where certain materials with non-
centrosymmetric crystal structures generate electric charges and voltage when subjected
to mechanical stress. The specific mechanism varies depending on the material’s struc-
tural nature: in traditional inorganic materials, it originates from the displacement of
positive and negative charge centers within non-centrosymmetric crystal structures [80,81];
however, in organic polymers and molecular crystals, it is typically driven by macro-
molecular shear polarization, dipole orientation [82,83], or the mechanical deformation
of macroscopic dipoles [84,85]. Both mechanisms result in a potential difference across
the material’s surface, enabling the conversion of mechanical energy into electrical energy.
Common piezoelectric materials include inorganic piezoelectric ceramics [86,87] conven-
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tional non-degradable piezoelectric polymers [88] emerging biodegradable piezoelectric
materials [89,90], and flexible organic molecular crystals [91,92]. Based on this effect, these
materials are frequently used to fabricate energy generators or sensors for harvesting energy
from external environments. The essence of the triboelectric effect lies in the charge transfer
and interfacial accumulation process triggered by differences in surface physicochemical
properties—such as work functions and ionic affinities—when two materials contact and
separate. Based on this principle, periodic contact-separation or relative sliding between
materials achieved through structural design can efficiently convert mechanical friction
energy into electrical energy, forming the operational foundation of triboelectric nanogen-
erators (TENGs) [93]. In self-powered systems, electrochemical effects typically refer to
processes that generate electrical energy through chemical or biochemical reactions, such as
biofuel cells [94] and enzyme-catalyzed batteries [95]. Under this mechanism, continuous
electrical output is achieved by driving electron flow through redox reactions, making it
particularly suitable for long-term self-powered applications.

Biological tissues are inherently dynamic systems characterized by continuous mo-
tion, fluid flow, and electrochemical gradients. Self-powered materials can harvest these
endogenous energy sources and transform them into localized electrical stimuli, enabling
spatiotemporally adaptive bioelectrical modulation without external power supply. Such
autonomous energy conversion not only improves electrical sustainability but also allows
electrical outputs to be naturally coupled with physiological activities, which more closely
resemble endogenous bioelectric signaling during tissue repair.

Consequently, electrogenic materials introduce a promising conceptual paradigm
in bioelectrical regeneration, aiming to shift electrical stimulation towards a more self-
sustained, self-responsive mode integrated with tissue dynamics. However, it is crucial
to recognize that these systems are still predominantly in the preclinical proof-of-concept
stage. Their claim of superiority must be tempered by significant translational limitations.
Currently, there is a distinct absence of robust clinical validation to confirm their long-term
therapeutic efficacy and safety in human patients. Furthermore, critical challenges such as
the standardization of dynamic electrical outputs, unpredicted device degradation, and
long-term biocompatibility in complex in vivo environments remain unresolved. There-
fore, given the immense theoretical potential alongside these formidable translational
hurdles, this review will comprehensively focus on their mechanisms, material design, and
recent developments.

3. Charge-Generating Materials: Mechanisms and Design Strategies
The defining feature of charge-generating materials lies in their ability to au-

tonomously transform diverse forms of endogenous energy into biologically relevant
electrical signals [79,96]. This capability fundamentally distinguishes them from charge-
storing and charge-conducting systems and underpins their potential as self-powered
electrical stimulation platforms for tissue repair. Rather than serving as passive electrical
reservoirs or transmission interfaces, charge-generating materials function as active trans-
ducers that dynamically couple physiological processes—such as mechanical deformation,
biochemical reactions, thermal gradients, or metabolic activity—with localized electrical
stimulation [33,97].

From a materials design perspective, the performance of charge-generating systems is
governed by both their intrinsic energy-conversion mechanisms and their interactions with
complex biological environments. Key considerations include the efficiency and stability of
electrical output, the compatibility of generated signals with physiological electric fields,
and the ability to integrate seamlessly with soft and dynamic tissues [78,97]. Accordingly,
diverse strategies have been developed to harness different energy sources in vivo, giving
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rise to multiple classes of charge-generating materials with distinct operational principles
and therapeutic profiles. In the following sections, we systematically discuss representative
charge-generating mechanisms and corresponding material design strategies, highlighting
their advantages, limitations, and implications for regenerative bioelectronic applications.

3.1. Piezoelectric Materials: Converting Physiological Mechanical Stimuli into Electrical Signals

Piezoelectric materials are among the most extensively investigated charge-generating
systems for self-powered bioelectrical stimulation, owing to their intrinsic ability to con-
vert mechanical deformation into electrical signals [20]. This property arises from non-
centrosymmetric crystal or molecular structures, in which applied mechanical stress in-
duces relative displacement of positive and negative charge centers in crystals, or the
stress-induced reorientation of molecular dipoles in polymers, resulting in surface charge
accumulation and electric potential generation [32,98]. The fundamental electromechan-
ical conversion process of piezoelectric materials is illustrated in Figure 3. In biological
environments, such electromechanical coupling enables piezoelectric materials to directly
harvest endogenous mechanical energy—such as tissue deformation, body movement,
or fluid-induced stress—and translate it into localized electrical cues relevant for tissue
repair [51,99].

Figure 3. Piezoelectric mechanism for electromechanical energy conversion. Mechanical deformation
of a piezoelectric material induces displacement of charge centers in its non-centrosymmetric structure,
generating surface polarization and an electrical potential. This process enables the direct conversion
of mechanical stimuli into electrical signals for self-powered bioelectrical stimulation.

From a regenerative medicine perspective, the appeal of piezoelectric materials lies
in their natural compatibility with mechanically active tissues. Bone, nerve, and muscle
tissues continuously experience dynamic mechanical stimuli, providing abundant and
sustainable energy sources for in situ electrical generation [79,100]. Electrical signals gen-
erated by piezoelectric materials have been shown to regulate osteogenic differentiation,
enhance axonal growth, and modulate cell migration and proliferation, thereby partially
recapitulating endogenous bioelectric signaling during tissue repair [101,102]. Impor-
tantly, this mechanically triggered electrical output enables a direct coupling between
tissue activity and stimulation intensity, offering a biomimetic and self-adaptive mode of
electrical regulation.

A wide range of piezoelectric materials has been explored for bioelectrical repair
applications, including inorganic ceramics, polymer-based piezoelectrics, and emerging
biodegradable piezoelectric systems [103,104]. Piezoelectric ceramics, such as lead zirconate
titanate and barium titanate, exhibit high piezoelectric coefficients and robust electrical
output, but their intrinsic brittleness and limited biodegradability constrain their long-
term implantability [105,106]. In contrast, polymeric piezoelectric materials, particularly
poly(vinylidene fluoride) and its copolymers, offer superior flexibility, processability, and
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mechanical compatibility with soft tissues, albeit at the expense of reduced electrical out-
put [56,107]. Recent efforts have further extended piezoelectric concepts to biodegradable
materials, enabling transient electrical stimulation platforms that degrade after fulfilling
therapeutic functions [78,108].

Despite these advantages, several challenges limit the translational potential of piezo-
electric materials for sustained bioelectrical repair. The electrical output generated under
physiological mechanical stimuli is often relatively low and highly dependent on loading
conditions, making precise quantification and standardization difficult [78,104]. Moreover,
the predictability of piezoelectric performance during the dynamic degradation process in
complex biological environments, as well as the correlation between generated electrical
signals and therapeutic efficacy, remains insufficiently understood [100,109]. Addressing
these challenges requires rational material design strategies, including structural opti-
mization, composite engineering, and integration with biological interfaces, to enhance
electromechanical efficiency and ensure reliable electrical stimulation in vivo.

3.2. Triboelectric Materials: Contact-Induced Electrical Generation for Dynamic Stimulation

Triboelectric materials represent a rapidly emerging class of charge-generating systems
that produce electrical signals through contact-induced charge transfer and electrostatic in-
duction [110]. When two materials with different surface physicochemical properties—such
as work function, electron affinity, or ionic adsorption behavior—come into contact and sub-
sequently separate, interfacial charge redistribution occurs, resulting in the accumulation of
opposite charges on each surface [111,112]. Repeated contact–separation or sliding motions
can therefore convert mechanical friction energy into pulsed electrical outputs, forming the
fundamental operating principle of triboelectric nanogenerators (TENGs) [96,113,114]. The
working mechanism of triboelectric charge generation is illustrated in Figure 4.

 

Figure 4. Working mechanism of the contact–separation mode triboelectric nanogenerator.
(A) Vertically Contact-Separation Mode; (B) Contact-Sliding Mode; (C) Single-Electrode Mode;
(D) Freestanding-Triboelectric Layer Mode.
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In biological contexts, triboelectric materials are particularly attractive for harvest-
ing low-frequency and irregular mechanical motions, including joint movement, tissue
deformation, and organ pulsation [32,52]. Unlike piezoelectric systems that rely on bulk
deformation, triboelectric systems can generate electrical signals from subtle interfacial
motions, making them well suited for dynamic soft tissues and surface-contact environ-
ments [110,112]. The inherently pulsed and high-voltage characteristics of triboelectric
outputs have been exploited to stimulate cell migration, enhance wound healing, and
modulate tissue microenvironments, enabling self-powered electrical stimulation without
external energy input [77,115].

A variety of triboelectric material combinations and structural designs have been
explored for biomedical applications, including polymer–polymer, polymer–metal, and
polymer–hydrogel interfaces [32,113]. Soft and flexible polymers, such as polydimethyl-
siloxane and fluorinated polymers, are frequently employed owing to their mechanical
compliance and tunable surface properties [52,112]. Structural engineering strategies, in-
cluding micro/nanostructuring and multilayer architectures, are commonly adopted to
enhance charge density and output performance [112]. These design approaches allow
triboelectric systems to be integrated into wearable or implantable platforms for localized
bioelectrical stimulation.

Despite their promising capabilities, triboelectric materials face several challenges for
long-term bioelectrical repair. Electrical output is highly dependent on contact stability
and surface integrity, which may be compromised under repetitive motion or in moist
physiological environments [56,78]. In addition, the pulsed and often high-voltage na-
ture of triboelectric signals complicates precise control and quantitative correlation with
biological responses [76,77]. Addressing these challenges requires advances in surface
chemistry, structural durability, and signal modulation to enable reliable, biocompatible,
and therapeutically relevant triboelectric stimulation in vivo [116].

3.3. Electrochemical and Bio-Galvanic Systems: Continuous Electrical Output from
Physiological Environments

Electrochemical and bio-galvanic systems constitute a distinct class of charge-
generating materials that produce electrical signals through chemical or biochemical redox
reactions [77,117]. In these systems, electrical energy is generated by driving electron flow
between electrodes with different electrochemical potentials, typically mediated by phys-
iological electrolytes or biofluids [77,118]. The fundamental electrochemical mechanism
underlying bio-galvanic electrical generation is illustrated in Figure 5. Unlike mechani-
cally driven piezoelectric or triboelectric materials, electrochemical systems can generate
continuous and relatively stable electrical outputs, making them particularly suitable for
long-term self-powered electrical stimulation in vivo, although their operational lifespan is
ultimately dictated by electrode consumption or biocatalyst stability.

From a biological standpoint, electrochemical charge generation is inherently compati-
ble with physiological environments rich in ionic species, metabolites, and redox-active
molecules. Bio-galvanic systems can directly harvest chemical energy from body fluids
or metabolic processes, enabling sustained microcurrent generation without reliance on
external power sources [119,120]. Such continuous electrical stimulation has been shown to
influence cell proliferation, inflammation modulation, angiogenesis, and tissue remodeling,
aligning well with the requirements of chronic tissue repair and regeneration [121,122].
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Figure 5. Schematic illustration of electrochemical charge generation in bio-galvanic systems. Electri-
cal energy is generated through redox reactions occurring at electrodes with different electrochemical
potentials. Oxidation reactions at the anode release electrons, which flow through an external circuit
toward the cathode where reduction reactions occur. Meanwhile, ionic transport within the elec-
trolyte maintains charge balance and completes the electrochemical circuit. Such systems can harvest
chemical energy from physiological fluids or metabolites to produce continuous microcurrents for
self-powered bioelectrical stimulation.

Representative electrochemical systems for bioelectrical repair include metal-based
galvanic couples, biofuel cells, and enzyme-catalyzed electrochemical platforms [119,123].
Metal-based bio-galvanic systems generate electrical output through spontaneous redox
reactions between dissimilar electrodes immersed in physiological electrolytes, while bio-
fuel cells utilize endogenous metabolites—such as glucose or lactate—as energy sources
through enzymatic or catalytic pathways [117,124]. These approaches offer distinct advan-
tages in terms of energy autonomy and sustained electrical output, and have been explored
in applications ranging from wound healing to bone regeneration [56,121].

Despite their promise, electrochemical and bio-galvanic systems face important chal-
lenges that limit their translational potential. The long-term stability and safety of redox
reactions in vivo remain critical concerns, particularly with respect to electrode degrada-
tion, by-product accumulation, and local tissue responses [20,125]. In addition, controlling
electrical output magnitude and duration in complex biological environments is non-trivial,
and the coupling between generated microcurrents and specific therapeutic outcomes is
not yet fully understood [77,126]. Future progress will require careful material selection,
interface engineering, and system-level optimization to ensure biocompatible, predictable,
and therapeutically effective electrochemical stimulation.

3.4. Other Emerging Energy-Conversion Mechanisms (Thermoelectric, Photoelectric)

Beyond piezoelectric, triboelectric, and electrochemical systems, several emerging
energy-conversion mechanisms have been explored to enable self-powered bioelectrical
stimulation for tissue repair [79,117]. These approaches expand the conceptual landscape of
charge-generating materials by harvesting alternative endogenous or externally accessible
energy sources, including thermal gradients, light and so on [127,128]. Although most of
these strategies remain at an early stage of development, they provide valuable insights
into the versatility and future potential of self-powered bioelectronic materials.

Thermoelectric materials generate electrical signals by converting temperature gradi-
ents into electrical potential through the Seebeck effect [48]. In biological systems, subtle
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temperature differences between tissues or between implanted materials and surrounding
environments can serve as continuous energy sources [78,129]. Thermoelectric systems
have been investigated for long-term, low-power electrical stimulation, particularly in
scenarios where mechanical motion is limited [117]. However, the relatively small tem-
perature gradients available in vivo and the low conversion efficiency of biocompatible
thermoelectric materials currently constrain their practical output [79,117].

Photoelectric materials represent another emerging strategy, in which light energy
is converted into electrical signals to stimulate cellular activity [130]. Photoresponsive
systems enable spatiotemporally precise electrical modulation and have been explored
for neural stimulation and wound healing applications, especially when combined with
minimally invasive or transdermal light delivery [96,131]. Nevertheless, light penetration
depth in biological tissues and the need for external optical sources limit the applicability
of photoelectric stimulation for deeply implanted systems [96,131].

Collectively, these emerging mechanisms underscore the expanding toolbox of self-
powered bioelectrical materials and highlight opportunities for hybrid or multi-modal
energy-conversion strategies [76,79]. Future advances in material chemistry, device archi-
tecture, and biological integration may enable these alternative mechanisms to complement
established charge-generating platforms, further enriching the design space of self-powered
bioelectronic therapies for tissue repair.

Despite their distinct operating principles, all charge-generating systems face common
challenges when deployed in complex physiological environments. In vivo conditions are
characterized by high ionic strength, continuous fluid exchange, and abundant proteins and
cells, all of which may influence charge generation and electrical output. For triboelectric
systems, ionic shielding can partially neutralize surface charges and weaken electrostatic
induction, while protein adsorption may alter interfacial properties and reduce charge-
transfer efficiency [132,133]. Piezoelectric materials may also experience attenuation of
local electric fields due to ionic screening of mechanically induced surface charges [134,135].
In electrochemical systems, protein fouling, biofilm formation, and electrode passiva-
tion can increase interfacial resistance and compromise long-term charge-transfer perfor-
mance [136–138]. Therefore, improving the stability and efficiency of charge generation
under physiological conditions remains a critical challenge for the clinical translation of
self-powered bioelectrical materials, motivating ongoing efforts in surface engineering,
interface optimization, and protective material design. In this context, bioorthogonal click
chemistry may provide precise and biocompatible tools for scaffold functionalization and
cell–biomaterial interface construction, thereby facilitating the integration of electroactive
platforms with regenerative microenvironments [139].

4. Biomedical Applications of Charge-Generating Materials
The therapeutic relevance of charge-generating materials ultimately lies in their ability

to transform autonomous electrical signal generation into meaningful biological outcomes
in tissue repair and regeneration. Building upon the mechanistic principles discussed in the
previous section, self-powered electrical stimulation platforms have been explored across a
range of regenerative applications, where electrical cues play critical roles in coordinating
cellular behavior, tissue remodeling, and microenvironmental regulation [77,140]. By di-
rectly coupling endogenous energy sources with localized electrical outputs, these systems
offer a distinct advantage in delivering sustained and physiologically adaptive stimulation
without external power supply [79,97].

Importantly, different tissues exhibit distinct electrical sensitivities, mechanical envi-
ronments, and regenerative demands, necessitating tailored stimulation strategies [77,141].
Self-powered materials enable electrical signals to be intrinsically synchronized with tissue-

https://doi.org/10.3390/micro6030059

https://doi.org/10.3390/micro6030059


Micro 2026, 6, 59 14 of 29

specific dynamics, such as motion, loading, or metabolic activity, thereby providing a more
biomimetic mode of intervention [77,142]. In this section, we summarize representative
biomedical applications of self-powered electrical stimulation, focusing on wound healing,
nerve regeneration, bone repair, and related therapeutic contexts. An overview of represen-
tative regenerative applications enabled by self-powered charge-generating materials is
illustrated in Figure 6. Emphasis is placed on how material design and energy-conversion
mechanisms influence biological performance, as well as on current limitations that must
be addressed to advance clinical translation.

Figure 6. Overview of regenerative applications enabled by self-powered charge-generating mate-
rials. Self-powered electrical stimulation platforms can harvest endogenous mechanical, chemical,
or physiological energy and convert it into localized electrical signals to modulate tissue repair pro-
cesses. These electrical cues regulate multiple cellular behaviors—including migration, proliferation,
differentiation, and angiogenesis—thereby promoting regeneration in diverse tissues. Representative
applications include wound healing, nerve regeneration, bone repair, and other electroactive tissue
systems. The integration of energy harvesting and bioelectrical modulation provides a biomimetic
strategy for autonomous and sustained regenerative stimulation.

4.1. Wound Healing and Soft Tissue Repair

Wound healing is a highly dynamic cascade strictly dependent on bioelectric sig-
nals [126]. Epithelial injury disrupts the transepithelial potential and rapidly establishes
an endogenous electric field (EEF), which guides the directional migration of cells to close
the wound [143]. However, in chronic wounds, the dysregulation of electrical signals often
leads to healing stagnation [144]. To actively reshape this electrophysiological microenvi-
ronment, Li, Zhang, and co-workers developed an electrogenerative dressing (EGD) based
on a triboelectric nanogenerator (TENG) [145]. The ingenuity of this design lies in its ability
to actively convert the macroscopic mechanical deformation from clinical negative-pressure
suction into a continuous therapeutic electric field, thereby forcefully driving macrophage
polarization toward a reparative phenotype while maintaining highly efficient exudate
drainage [12] (Figure 7A).
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Figure 7. Self-powered charge-generating materials for wound healing and soft tissue repair.
(A) TENG-based electrogenerative dressing converts negative-pressure-induced mechanical de-
formation into therapeutic electric fields to regulate macrophage polarization and enhance wound
healing [12]. Copyright 2023, John Wiley and Sons. (B) Ion-gradient-based smig-EESD amplifies
endogenous electric fields via passive Na+ adsorption from wound exudate, enabling source-free
electrical stimulation [24]. Copyright 2025, John Wiley and Sons. (C) Snowflake-inspired piezo-
electric contact lens generates electrical cues from blinking motion to promote corneal epithelial
regeneration [146]. Copyright 2023, Springer Nature. (D) Flexible amorphous silicon radial junction
patch produces photoelectric stimulation under near-infrared light to enhance neuro-cutaneous
regeneration [147]. Copyright 2025, American Chemical Society.

Nevertheless, mechanical force-driven mechanisms are not suitable for all clinical sce-
narios. Targeting static wounds where external motion is difficult to apply, Li et al. further
achieved a paradigm shift from “mechanical force dependency” to “microenvironment
adaptability” by developing a self-manipulating sodium ion gradient-based endogenic
electrical stimulation dressing (smig-EESD). This system non-invasively amplifies the en-
dogenous electric field by passively adsorbing natural ions from wound exudates, enabling
a completely battery-free and self-sustained power supply [24] (Figure 7B). For delicate
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and highly sensitive soft tissues, piezoelectric materials demonstrate distinct advantages.
Yao, Lin, and co-workers developed a snowflake-inspired piezoelectric contact lens (BPCL).
This device stands out for its extreme sensitivity in capturing the minute physiological
motion of “blinking” and converting it into localized electric fields, realizing non-invasive
electrical repair of corneal injuries [146] (Figure 7C).

Furthermore, while traditional self-powered dressings primarily focus on angiogene-
sis or macrophage polarization, the flexible amorphous silicon radial junction (RJ) patch
developed by Liu, Chen, and co-workers pioneers a novel repair pathway targeting the
“neuro-cutaneous axis”. Its uniqueness lies in utilizing wireless photoelectric signals under
near-infrared light to precisely promote synaptic growth and neural network reconstruc-
tion of damaged sensory nerves in the deep wound bed, effectively addressing the clinical
dilemma of mismatched regeneration speeds between neural and skin tissues, ultimately
achieving high-quality full-thickness skin regeneration accompanied by neural functional
recovery [147] (Figure 7D). In the future, intelligent patches integrating multiplexed adap-
tive regulation of physiological microenvironments will inevitably dictate the evolutionary
direction of soft tissue repair materials [148].

4.2. Nerve Regeneration and Neural Interfaces

Nervous system injuries, encompassing both peripheral nerve injuries (PNI) and
traumatic brain injuries (TBI), present formidable clinical challenges, primarily due to the
extremely limited intrinsic regenerative capacity of neurons and the formation of inhibitory
glial scars post-injury [22,149]. Given that electrical signaling is the fundamental language
of neural activity, restoring physiological electric cues via self-powered bioelectronics has
emerged as a transformative therapeutic strategy [150].

In terms of providing sustained direct-current (DC) electrical stimulation, Yin and
co-workers developed a biodegradable nerve guidance conduit based on zinc-molybdenum
micro-batteries. Without requiring any external energy penetration, this system relies solely
on the spontaneous redox reactions of the metallic conduit walls within body fluids to
provide long-lasting microcurrents for axonal extension [151] (Figure 8A). To fully har-
ness the abundant biomechanical energy in vivo, Li, Zhao, and co-workers engineered a
wirelessly self-powered and electroconductive composite scaffold (CNTs@GelMA/PLLA).
The ingenuity of this design lies in seamlessly integrating a soft, biomimetic conductive
microenvironment with endogenous piezoelectric stimulation, which actively translates the
macroscopic mechanical forces of natural body movements into localized therapeutic elec-
trical signals, thereby significantly promoting Schwann cell myelination and accelerating
peripheral nerve regeneration [152] (Figure 8B).

In the repair of central nervous system injuries (e.g., traumatic brain injury), the
requirement for therapeutic targeting precision is exceedingly high. To this end, Liu,
Qiu, and co-workers proposed a “piezo-nanowired stem cell” strategy. By anchoring
high-aspect-ratio piezoelectric nanowires onto the stem cell membrane, they achieved ultra-
high spatiotemporal resolution electrical modulation at the single-cell membrane level
under ultrasound penetration, substantially improving the reconstruction rate of neural cir-
cuits [153] (Figure 8C). Additionally, in the realm of advanced light-driven stimulation, Yin,
Wang, and co-workers designed a fully biodegradable and flexible neural interface. This
design pioneered a new pathway for transdermal wireless optoelectronic neuromodulation
by efficiently converting near-infrared light into localized electrical stimuli to promote
peripheral nerve regeneration [127] (Figure 8D). Ultimately, delivering high-fidelity spa-
tiotemporal electrical signals while strictly avoiding neuronal excitotoxicity will determine
the clinical translation potential of these neuro-electroceuticals.

https://doi.org/10.3390/micro6030059

https://doi.org/10.3390/micro6030059


Micro 2026, 6, 59 17 of 29

 

Figure 8. Self-powered charge-generating materials for nerve regeneration and neural interfaces.
(A) Biodegradable Zn–Mo microbattery-based nerve guidance conduit generates sustained DC elec-
tric fields via spontaneous redox reactions to promote axonal extension in long-gap peripheral nerve
injury [151]. Copyright 2024, Elsevier. (B) CNTs @GelMA/PLLA conductive scaffold converts biome-
chanical motion into piezoelectric stimulation, enhancing Schwann cell myelination and peripheral
nerve regeneration [152]. Copyright 2022, Elsevier. (C) Piezoelectric nanowired stem cells enable
ultrasound-triggered electrical stimulation at the single-cell level, facilitating neural circuit recon-
struction in traumatic brain injury [153]. Copyright 2025, Springer Nature. (D) Flexible biodegradable
optoelectronic interface produces localized electrical cues under near-infrared irradiation to promote
peripheral nerve regeneration [127]. Copyright 2024, Springer Nature.

4.3. Bone Regeneration and Osteointegration

Bone tissue naturally possesses a unique hierarchical structure and inherent piezoelec-
tric properties, and its remodeling process is highly dependent on the electromechanical
coupling of mechanical loading and electrical signaling (Wolff’s Law) [154]. Traditional
implantable electrical stimulators often face the pain points of bulky size and absolute
reliance on external batteries, whereas self-powered biomaterials have opened a new
paradigm for bone repair via in situ energy harvesting. Addressing the anti-moisture
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challenge of triboelectric materials in vivo, You and co-workers proposed a 3D-printed
“encapsulation-free” triboelectric scaffold. It leverages internal hydrophobic micropores
to stably generate electricity in humid bodily fluids, while the surface dynamically turns
hydrophilic upon degradation to promote cell adhesion, perfectly resolving the in vivo
aquatic failure dilemma of traditional TENGs [54] (Figure 9A).

Figure 9. Self-powered charge-generating materials for bone regeneration and osteointegration.
(A) Encapsulation-free triboelectric scaffold with hydrophobic micropores enables stable electricity
generation in wet environments, promoting cartilage and bone tissue regeneration [54]. Copy-
right 2024, John Wiley and Sons. (B) Ultrathin self-reinforced AlN piezoelectric microchip converts
physiological micro-vibrations into electrical stimulation to accelerate vascularized bone repair in
critical-sized defects [37]. Copyright 2025, Springer Nature. (C) Ultrasound-activated piezoelectric
nanoreactor induces sono-piezoelectric catalytic therapy to eliminate bacterial infection while enhanc-
ing osteogenic differentiation [155]. Copyright 2025, The American Association for the Advancement
of Science. (D) Biodegradable battery scaffold releases Mg2+ during degradation and generates
sustained endogenous microcurrents to support long-term bone regeneration [140]. Copyright
2025, Elsevier.
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To break free from the constraints of bulky 3D scaffolds, Tian, Li, and co-workers
introduced a minimalist engineering concept of “scaffold-free” repair. Relying merely on
an ultra-thin, self-reinforced aluminum nitride piezoelectric microchip attached to the bone
surface, it can acutely capture physiological micro-vibrations to induce vascularized repair
of large segmental bone defects within four weeks [37] (Figure 9B). Furthermore, target-
ing the severe clinical challenge of implant-associated infections in bone defects, Zhou,
Wang, and co-workers pioneered a multimodal defect-rich nanoreactor. Driven by deep-
penetrating ultrasound, this strategy stands out by not only initiating sono-piezoelectric
tandem catalysis to eradicate resistant biofilms via reactive oxygen species, but, more
profoundly, modulating local iron metabolism to rescue the osteogenic differentiation of
stem cells, thereby achieving simultaneous infection clearance and robust bone regenera-
tion [155] (Figure 9C). Meanwhile, pursuing the chemical-to-electrical energy conversion
pathway, He and co-workers pioneered a “battery scaffold”. While degrading in vivo and
releasing magnesium ions, this porous scaffold converts disordered chemical energy into
directional, closed-loop osteogenic microcurrents, achieving long-lasting and stable elec-
trical stimulation even without the involvement of mechanical loading [140] (Figure 9D).
Future designs of orthopedic electroactive materials must be dedicated to ensuring that the
dynamic degradation and electrical attenuation curves of the materials flawlessly intersect
with the mechanical climbing trajectory of nascent bone.

4.4. Comparative Analysis of Charge-Generating Mechanisms for Tissue-Specific
Electrical Stimulation

Self-powered electrical stimulation platforms have demonstrated considerable poten-
tial across diverse regenerative applications. However, their therapeutic performance is
highly dependent on the biological, mechanical, and electrical characteristics of specific
tissues. In addition to tissue-specific biological requirements, the electrical output profiles
of different charge-generating mechanisms should also be considered. Triboelectric systems
generally produce pulsed electrical outputs with relatively high voltage but motion- and
interface-dependent current, making them suitable for dynamic tissues or applications
where intermittent mechanical motion is available [156,157]. Piezoelectric systems generate
load-dependent alternating electrical signals that are directly coupled with mechanical
deformation, which is particularly relevant for mechanically active tissues such as bone,
cartilage, and peripheral nerves [37,156]. In contrast, electrochemical and bio-galvanic sys-
tems usually provide more continuous microcurrent outputs driven by redox reactions in
physiological electrolytes, making them attractive for chronic repair scenarios that require
sustained stimulation [158,159]. Representative studies have reported outputs ranging
from high-voltage pulsed signals in triboelectric systems to deformation-dependent piezo-
electric potentials and sustained microcurrents in electrochemical platforms. However,
direct comparison of power density across different studies should be interpreted cau-
tiously, because reported values are strongly affected by device geometry, testing frequency,
loading conditions, electrolyte composition, and normalization methods [37,156,158,159].
Therefore, representative quantitative metrics should be considered together with output
mode and stability when selecting charge-generating mechanisms for tissue-specific re-
generative applications. Soft tissues such as skin and wounds possess accessible surfaces
and dynamic microenvironments, where endogenous electric cues play a critical role in
regulating cell migration, inflammation resolution, and angiogenesis [160,161]. In these
contexts, triboelectric and electrochemical systems are particularly advantageous. Due to
their conformal integration with soft tissues, these systems can translate mild mechanical
or biochemical activation into physiological-level electric fields and safe microcurrents
(typically in the microampere range), making them exceptionally well suited for wound
healing applications without triggering undesirable Joule heating or tissue damage [20,162].
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Neural tissues, in contrast, require more precise spatial and temporal control of electri-
cal signals to guide axonal extension and neurite outgrowth while avoiding unintended
neuronal excitation [147]. Piezoelectric systems, which convert mechanical deformation
into electrical output, can seamlessly harness abundant physiological motions (e.g., respira-
tory movements of the chest wall and muscle contractions) to provide activity-dependent
stimulation [104]. However, for central nervous system (CNS) repair, where natural macro-
scopic motion is severely restricted by bony encasements (a typical low-strain tissue en-
vironment) [163], deep-penetrating external triggers such as ultrasound are imperative
to remotely actuate these piezoelectric implants [149,153]. Photoelectric platforms offer
superior spatiotemporal precision for neural modulation through light-triggered charge
generation, although their application is constrained by limited light penetration in bio-
logical tissues [127]. Electrochemical systems can also deliver continuous stimulation but
require careful control of electrical output to ensure neural safety and maintain long-term
electrode–tissue interface stability [151,164].

Bone regeneration represents a distinct scenario in which mechanical loading and elec-
trical signaling are intrinsically coupled. Piezoelectric materials are particularly well suited
for this load-bearing environment, as they can convert mechanical stress into electrical
signals that mimic the native electromechanical behavior of bone tissue [165]. Electrochem-
ical systems can further complement this strategy by generating sustained microcurrents
that support long-term osteogenesis and osseointegration [140]. Nevertheless, variations
in patient mobility and mechanical loading conditions may influence the magnitude and
consistency of the generated electrical stimulation [104].

Overall, these comparisons suggest that no single self-powered mechanism is univer-
sally optimal for all regenerative scenarios. Instead, effective bioelectrical repair strategies
require careful matching between tissue-specific regenerative demands and the charac-
teristics of different charge-generating systems, including their energy sources, electrical
output profiles, and stimulation modes. Such a comparative perspective is essential for
guiding material selection, device design, and translational development in self-powered
bioelectronic therapies, as summarized in Table 1.

Table 1. Tissue-specific design considerations for charge-generating materials in regenerative bio-
electronic therapy. Application–Mechanism Mapping of Self-Powered Electrical Stimulation in
Tissue Repair.

Application Application
Suitable

Charge-Generating
Mechanisms

Typical Electrical
Output Features Key Advantages Major Challenges

Wound healing
Electrotaxis,

inflammation
modulation, angiogenesis

Triboelectric,
Electrochemical,

Piezoelectric

Low-intensity
endogenous-like
electric fields or
microcurrents,

continuous or pulsed
stimulation

Conformal
integration with soft
tissues, self-powered

activation under
subtle motion

Output stability in
moist environments,
lack of standardized

stimulation
parameters

Nerve
regeneration

Axonal guidance, neurite
outgrowth

Piezoelectric,
Photoelectric,

Electrochemical

Directional and
spatiotemporally

controlled electrical
cues

Activity-responsive
stimulation and
precise spatial

modulation

Precise signal control
and long-term

electrode–tissue
interface stability

Bone
regeneration

Osteogenic
differentiation,

mechanotransduction

Piezoelectric,
Electrochemical

Load-dependent or
sustained electrical

stimulation

Mimics native bone
electromechanical

coupling

Limited electrial
output under
insufficient

mechanical loading

5. Challenges and Future Perspectives
Despite rapid advances in self-powered bioelectrical materials for tissue repair, sev-

eral fundamental challenges must be addressed before these systems can be translated
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from promising laboratory demonstrations to clinically viable therapies. Unlike externally
powered electrical stimulation devices, self-powered platforms rely on endogenous energy
sources and material-intrinsic transduction mechanisms, which introduce unique com-
plexities in output stability, signal predictability, and therapeutic standardization [104,166].
Bridging the gap between material innovation and clinical application therefore requires
a holistic understanding that integrates materials science, bioelectrical regulation, and
translational medicine.

One of the primary challenges lies in the quantitative characterization and standardiza-
tion of self-generated electrical signals in vivo. Electrical outputs are highly dependent on
tissue-specific mechanical activity, biochemical environments, and patient-to-patient vari-
ability, complicating direct comparisons across studies and therapeutic contexts [105,167].
In addition, long-term biocompatibility and functional stability remain critical concerns,
particularly with respect to material degradation, interfacial reactions, and potential im-
mune responses during prolonged implantation [79,168].

Among these challenges, several bottlenecks should be prioritized for future de-
velopment. First, the standardization of self-generated electrical outputs represents a
fundamental prerequisite for comparing different charge-generating systems. Parameters
such as voltage, current density, charge density, power density, stimulation duration, fre-
quency, and waveform should be reported under physiologically relevant and standardized
testing conditions. Second, quantitative correlations between generated electrical signals
and biological outcomes remain insufficiently established. Defining how specific electrical
parameters regulate cell migration, proliferation, differentiation, immune modulation, an-
giogenesis, or tissue remodeling is essential for identifying effective therapeutic windows
and avoiding under- or over-stimulation. Third, long-term biocompatibility and functional
stability must be systematically evaluated, particularly for degradable, electrochemically
active, or chronically implanted systems. In this regard, future studies should not only
demonstrate short-term regenerative efficacy but also assess material degradation, inter-
facial reactions, immune responses, output attenuation, and tissue safety over clinically
relevant timescales.

Beyond these material-level challenges, the clinical translation of self-powered bioelec-
trical materials also faces distinct regulatory and manufacturing barriers compared with
conventional battery-powered implants. Conventional implantable stimulators are typi-
cally based on mature battery modules and established electronic architectures, whereas
self-powered systems introduce material-integrated energy conversion as an active thera-
peutic function. Therefore, regulatory evaluation should not only address conventional
requirements for implantable devices, such as biocompatibility, electrical safety, electro-
magnetic compatibility, sterilization, and long-term reliability, but also validate the stability,
controllability, and safety of self-generated electrical outputs under physiologically relevant
conditions [169,170]. For degradable or electrochemically active systems, additional atten-
tion should be paid to degradation products, reaction by-products, electrode consumption,
and time-dependent changes in output performance [169]. Moreover, when self-powered
platforms are integrated with wireless communication, sensing, or closed-loop control
modules, electromagnetic coexistence, cybersecurity, and data integrity may represent ad-
ditional regulatory considerations [170–172]. From a manufacturing perspective, scale-up
remains challenging because electrical outputs are highly sensitive to micro/nanostructure,
interfacial chemistry, polarization state, electrode geometry, encapsulation quality, and
sterilization processes [173,174]. Batch-to-batch reproducibility, scalable fabrication of
hierarchical structures, in-line quality control of electromechanical or electrochemical per-
formance, and reliable integration with flexible or biodegradable substrates are therefore
key bottlenecks that must be addressed before clinical translation [173,174].
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From a forward-looking perspective, the future of self-powered bioelectrical therapies
is likely to be shaped by advances in intelligent material design, system integration, and
personalized medicine [175]. Strategies that enable adaptive or feedback-regulated elec-
trical stimulation, hybrid energy-conversion mechanisms, and seamless integration with
regenerative biomaterials may further enhance therapeutic efficacy and reliability [78,176].
Ultimately, addressing these challenges will be essential for establishing self-powered
bioelectrical materials as a robust and clinically impactful platform for next-generation
regenerative therapies.
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