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A B S T R A C T

There is a growing recognition that force-electric conversion biomaterials and devices can convert mechanical 
energy into electrical energy without an external power source, thus potentially revolutionizing the use of 
electrical stimulation in the biomedical field. Based on this, this review explores the application of force-electric 
biomaterials and devices in the field of regenerative medicine. The article focuses on piezoelectric biomaterials, 
piezoelectric devices and triboelectric devices, detailing their categorization, mechanisms of electrical generation 
and methods of improving electrical output performance. Subsequently, different sources of driving force for 
electroactive biomaterials and devices are explored. Finally, the biological applications of force-electric bio
materials and devices in regenerative medicine are presented, including tissue regeneration, functional modu
lation of organisms, and electrical stimulation therapy. The aim of this review is to emphasize the role of 
electrical stimulation generated by force-electric conversion biomaterials and devices on the regulation of 
bioactive molecules, ion channels and information transfer in living systems, and thus affects the metabolic 
processes of organisms. In the future, physiological modulation of electrical stimulation based on force-electric 
conversion is expected to bring important scientific advances in the field of regenerative medicine.

1. Introduction

As human society continues to develop, human concern for their own 
health is increasing. However, the rapid ageing of the population, un
healthy diets and the occurrence of accidents have placed a heavy 
burden on the socio-economic system. The emergence of regenerative 
medicine not only provides personalized treatment options, but also 
leads to innovative treatments such as cell therapy [1,2], tissue engi
neering [3,4] and stem cell technology [5,6]. At the same time, these 
therapeutic processes can integrate material science and biological en
gineering approaches [7,8], which is expected to revolutionize the 
existing medical model and bring better treatment outcomes and quality 
of life to patients. Bioelectricity, as a fundamental feature of biological 
systems [9], plays a crucial role in the development of regenerative 

medicine. The generation of bioelectricity is related to the segregation of 
biofilm formation as well as the distribution and flow of ions on both 
sides of these membranes, and the resulting bioelectricity can be 
involved in the regulation of gene expression, intercellular information 
transfer, and cell growth and differentiation. Therefore, electrical 
stimulation has attracted great attention as a way to effectively regulate 
bioelectricity. It has been found that electrical stimulation can effec
tively modulate cellular life activities, such as cell survival, migration, 
proliferation, or differentiation downstream of cells, leading to advances 
in wound healing [10,11], stem cell differentiation [12,13], nerve 
regeneration [14,15], tumor therapy [16,17], and bone repair [18,19]. 
However, the conventional electrical stimulation application process 
has the problems of temporal and spatial limitations of complex power 
supply devices, poor patient compliance, and the risk of surgical 

This article is part of a special issue entitled: Regenerative Bioelectronics published in Biomaterials.
* Corresponding author.
** Corresponding author.
*** Corresponding author. Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, China.

E-mail addresses: wgcui@sjtu.edu.cn (C. Zhang), zhchao9@mail.sysu.edu.cn (W. Cui), zli@binn.cas.cn (Z. Li). 
1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

https://doi.org/10.1016/j.biomaterials.2025.123288
Received 13 December 2024; Received in revised form 2 March 2025; Accepted 23 March 2025  

Biomaterials 320 (2025) 123288 

Available online 24 March 2025 
0142-9612/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0002-9952-7296
https://orcid.org/0000-0002-9952-7296
mailto:wgcui@sjtu.edu.cn
mailto:zhchao9@mail.sysu.edu.cn
mailto:zli@binn.cas.cn
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2025.123288
https://doi.org/10.1016/j.biomaterials.2025.123288


infections, which limit the further development of electrical stimulation 
in the field of regenerative medicine.

The human body generates a large amount of biomechanical energy 
during physical activity, cardiopulmonary exercise, and blood circula
tion. In addition, the introduction of external stimuli such as ultrasound 
(US), light and magnetic fields can also cause changes in mechanical 
energy [20]. Force-electric converting biomaterials and devices with 
piezoelectric and triboelectric effects can convert these mechanical en
ergies into electrical energies, thus getting rid of the problems associated 
with conventional power supply devices [21,22]. Since piezoelectric 
materials not only respond to subtle mechanical force changes and 
generate electrical signals, but also have good biocompatibility and 
degradability. Meanwhile, piezoelectric nanogenerators (PENGs) can 
achieve reversible conversion of mechanical and electrical energy, thus 
realizing efficient electromechanical coupling and fast response. In 
recent years, with the emergence of piezoelectric biomaterials and the 
development of new processing technologies, PENGs have developed 
rapidly and made significant progress in the fields of biomedicine and 
nanotechnology [23,24]. In addition, triboelectric nanogenerators 
(TENGs) based on the contact electrification (CE) and electrostatic in
duction coupling effects, as a rapidly developing energy harvesting de
vice, can convert ambient mechanical energy into electrical energy. 
TENG has attracted the attention of many researchers due to its many 
advantages such as low cost, light weight, high charge density, wide 
range of material choices, and flexible structure [25,26]. In the past five 
years, there are three main categories of applications of TENG as a kind 
of electrical stimulator in the field of regenerative medicine. The first 
category is the direct generation of electrical stimulation by TENG [27]; 
the second category is the self-driven devices or microsystems per
forming interventional therapeutic tasks [28]; and the third category is 

the implantable microsystems based on TENG to drive the long-term 
operation of implantable medical devices in vivo [29]. However, the 
weak and uncertain nature of the ambient mechanical forces results in 
weak electrical output of TENG/PENG. With the emergence of new 
materials and the development of processing techniques, some param
eter adjustments can effectively enhance the output performance of 
PENG/TENG, thus promoting the development of PENG/TENG in the 
field of regenerative medicine.

This review paper aims to overview various applications of force- 
electric biomaterials and devices based on piezoelectric and triboelec
tric effects in the field of regenerative medicine (Fig. 1). In order to 
better promote the development of piezoelectric and triboelectric bio
materials and devices in the field of regenerative medicine, this review 
will firstly introduce typical piezoelectric and triboelectric biomaterials 
as well as their force-electric conversion mechanisms, which will pro
vide ideas for the preparation of electrostimulation devices and the 
enhancement of electrical output performance. Subsequently, the power 
generation modes and generator mechanisms of PENG/TENG electro
stimulation devices will be introduced so as to expand their potential 
applications in the field of regenerative medicine. Based on the force- 
electric conversion properties possessed by electroactive materials and 
devices, different force-driven modes (biological movement, cellular 
traction and physical signals) required for the application of electro
active materials and devices in the field of regenerative medicine will be 
discussed in the next section, which is expected to expand the in vivo 
and ex vivo application scenarios of force-electric biomaterials and de
vices. The next section summarizes the applications of biomaterials and 
devices with force-electric conversion effects in the field of regenerative 
medicine, mainly in the regeneration and functional modulation of tis
sues such as nerves, bones, skin and muscles, as well as in the treatment 

Fig. 1. Force-electric biomaterials and devices for regenerative medicine under different force-driven modes.
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of diseases. Finally, challenges and opportunities in the application of 
force-electric biomaterials and devices in the field of regenerative 
medicine are overviewed.

2. Piezoelectric biomaterials based on force-electric conversion

In 1880, the Curie brothers revealed the piezoelectric effect in 
piezoelectric materials for the first time in their published paper [30], 
which laid the fundamental working principle of piezoelectric materials. 
The piezoelectric effect is specifically described as follows: When certain 
specific dielectrics undergo deformation along a certain direction due to 
external force, polarization occurs internally, resulting in the accumu
lation of opposite charges on the two opposite surfaces of the material. 
Once the external force is removed, the material will revert to its initial 
uncharged state, a phenomenon termed the direct piezoelectric effect. 
Conversely, if an electric field is applied in the polarization direction of 
these dielectrics, they will also undergo deformation, and the defor
mation will disappear when the electric field is removed, known as the 
converse piezoelectric effect [31]. Based on the direction of applied 
stress, two primary piezoelectric modes can be distinguished: longitu
dinal mode (d33) and transverse mode (d31) [32]. Specifically, when 
stress/strain is applied parallel to the 3-axis direction of the piezoelectric 
material, if the generated potential also occurs along the same axis 

direction, this design mode is referred to as the d33 mode; if the potential 
is perpendicular to the direction of applied stress/strain (i.e., the 1-di
rection), it is termed the d31 mode. Additionally, a special piezoelec
tric direction, namely d14, has been observed in piezoelectric polymers. 
In this scenario, when stress is applied in the shear direction (1-direc
tion), a potential is generated in a specific polarization direction (4-di
rection). Notably, when piezoelectric materials are subjected to shear 
forces, another known shear mode exists, namely d15 mode. These 
different piezoelectric modes and directions not only enrich the appli
cation fields of piezoelectric materials but also provide an important 
theoretical basis for scientific research in related fields.

Piezoelectric materials are a direct manifestation of the force-electric 
conversion effect and are crucial components in many modern devices, 
such as sonar [33], medical US [34], sensors, actuators [35], and 
vibration-driven electronic equipment [36,37]. Their piezoelectric ef
fect is attributed to their non-centrosymmetric structure, where the 
positive and negative charge centers do not coincide. Based on the 
properties of piezoelectric materials, they can be classified into: piezo
electric ceramics, piezoelectric polymers, piezoelectric hydrogels, 
piezoelectric biomolecules, and composite piezoelectric materials. As 
shown in Fig. 2, we have summarized here the types of piezoelectric 
materials and their common processing in order to enhance 
piezoelectricity.

Fig. 2. Types of piezoelectric materials and their common forms or processing methods to enhance piezoelectricity. A) Piezoelectric ceramic. i) piezoelectric ceramic 
particles distributed in hydrogels; ii) piezoelectric ceramic particles distributed in polymers; iii) oriented growth of piezoelectric ceramics on flexible substrates. B) 
Piezoelectric polymers. i) high-voltage electric field polarization; ii) molecular orientation by stretching; iii) crystallinity increase by high temperature annealing. C) 
Piezoelectric ionic hydrogel. i) polymer-ionic hydrogel; ii) metal-coordination hydrogel. D) Piezoelectric biomolecular. i) γ-glycine, ii) Triple helix piezoelectric 
collagen fibers. E) Piezoelectric composites. i) improvement of piezoelectricity by increasing crystallinity, ii) improvement of piezoelectricity by increasing the 
degree of polarization.

S. Yao et al.                                                                                                                                                                                                                                      Biomaterials 320 (2025) 123288 

3 



2.1. Piezoelectric ceramics

Piezoelectric ceramics are primarily composed of ferroelectric 
grains. Due to the polycrystalline nature of ceramics, with grains 
randomly oriented, the spontaneous polarization vectors of individual 
ferroelectric grains are also randomly oriented. To exhibit macroscopic 
piezoelectric properties, the ceramics undergo polarization treatment 
after sintering and electrode application. This process involves exposing 
the ceramics to a strong direct current electric field, causing the origi
nally disordered spontaneous polarization vectors to align preferentially 
along the electric field direction. After polarization treatment, even 
when the electric field is removed, the ceramics retain a certain 
macroscopic residual polarization intensity, thereby acquiring piezo
electric properties.

Piezoelectric ceramics can be classified into lead-based and lead-free 
categories. Lead-based ceramics, such as lead zirconate titanate (PZT), 
Pb (Mg1/3Nb2/3) O3 (PMN), and Pb0.96Sr0.04(Zrx, Ti1-x)0.7(Zn1/3Nb2/ 

3)0.3O3 (PNZT), composed mainly of lead, zirconium, and titanium, 
exhibit high piezoelectric coefficients and good stability, making them 
widely used in sensors and electro-acoustic devices. However, the 
toxicity of lead limits their application in biology. Lead-free piezoelec
tric ceramics, on the other hand, include barium titanate (BiTiO3-based), 
sodium bismuth titanate (BNT-based), potassium sodium niobate [(K, 
Na) NbO3-based] (KNN-based), and bismuth-layered structures (such as 
bismuth titanate Bi4Ti3O12, calcium bismuth titanate CaBi4Ti4O15, and 
strontium bismuth titanate SrBi4Ti4O15). Lead-free piezoelectric ce
ramics exhibit excellent sintering stability, with surfaces that are easy to 
process and adhere well to other materials.

Most traditional piezoelectric ceramic materials are bulky and frag
ile, limiting their application in regenerative medicine. In response, 
researchers have conducted extensive studies on the flexibilization of 
piezoelectric ceramics while ensuring sufficient electromechanical 
conversion efficiency. Two common strategies are employed: one in
volves preparing ceramics into nano- or micrometer-sized particles and 
doping them into flexible materials or dispersing them in hydrogel 
systems (Fig. 2A ͘0;-ii). For instance, Zhu et al. processed tetragonal 
BaTiO3 nanoparticles (BTO NPs) into an injectable system for ultrasonic 
piezoelectric generation of internal electric fields, catalyzing the pro
duction of reactive oxygen species (ROS) to achieve tumor eradication 
[38]. Shan et al. processed BTO particles into polylactic acid (PLA) 
nanofibers to create flexible implantable sensors for monitoring neural 
repair after injury [39]. As shown in Fig. 2A iii, the other strategy in
volves processing ceramics onto the surface of flexible substrates using 
methods such as chemical lift-off, laser lift-off [40], wet etching [41], 
liquid-phase synthesis [42], and gravity sintering [43] to create 
discontinuous microstructures, thereby enhancing flexibility. For 
example, Xu et al. employed a biomimetic soft-rigid hybrid strategy to 
fabricate droplet-shaped ceramics with damage-resistant properties on a 
superhydrophobic surface using the freeze-casting method. As rigid 
components, their unique arched surfaces and rounded corners effec
tively disperse stress during deformation, preventing fracture. Liquid 
metal (gallium-indium eutectic, EGaIn) was patterned into customized 
soft circuits to maintain nearly constant resistance during high-level 
deformation and form direct, stable electrical connections with the 
piezoelectric ceramics, achieving excellent sensitivity and durability 
[44]. Additionally, Liu et al. prepared high-piezoelectric-effect PZT films 
(piezoelectric charge constant d33 ≈ 271 pC N− 1) on flexible zirconia 
ribbon ceramics (ZRC) substrates using a low-cost one-step sol-gel 
method [45]. Yuvasree et al. prepared lead-free (K, Na)NbO3-based 
piezoelectric ceramics textured along the (001) direction using NaNbO3 
(NN) seeds and investigated the variation in dielectric and piezoelectric 
properties of KNN-xNN (x = 0, 3, 5, 7 wt%) materials with sintering 
temperature and texturing degree [46]. In this strategy of fabricating 
ceramics into micro- or nanostructures, the nanostructures further 
enhance the effective piezoelectric constant due to the size effect [47]. 
Meanwhile, researchers have also turned their attention to piezoelectric 

polymers.

2.2. Piezoelectric polymers

The piezoelectric polymers, despite exhibiting a lower piezoelectric 
coefficient compared to piezoelectric ceramics, offer significant advan
tages in regenerative medicine due to their flexible processing methods, 
adjustable elastic moduli, excellent biocompatibility, abundant avail
ability, and low cost. Unlike ceramics, which possess a well-defined 
crystalline structure, polymers are composed of long molecular chains. 
These chains can form small crystalline regions surrounded by amor
phous areas. Piezoelectric polymers also possess a non-centrosymmetric 
structure. Regarding the contribution of either the crystalline or amor
phous regions to polymer piezoelectricity, there exist contradictory 
model theories (molecular models). While most studies attribute the 
piezoelectricity of polymers to their crystalline regions, research by 
Katsouras et al. has shown that some piezoelectric polymers exhibit 
significant relaxation near the glass transition temperature, a charac
teristic of amorphous polymers, thus confirming that amorphous poly
mer chains have a certain degree of influence on the piezoelectricity of 
these polymers [31,48,49].

Polyvinylidene fluoride (PVDF) was the first synthetic polymer 
discovered to possess good piezoelectric properties (first discovery). 
Subsequently, the confirmation of its pyroelectric and ferroelectric be
haviors (pyroelectricity, ferroelectricity) quickly garnered the attention 
of many researchers. Following this, piezoelectric behavior was identi
fied in several other polymer families (discovery of piezoelectric poly
mers). PVDF exhibits a planar conformation of its polymer chains, 
making it insufficient for the simple arrangement of molecules to elim
inate the non-centrosymmetric center (Fig. 2B). However, it can exhibit 
ferroelectric behavior under a strong electric field through polarization, 
ultimately demonstrating piezoelectricity in both normal and shear di
rections. Poly(L-lactic acid) (PLLA) differs from PVDF in that it does not 
require polarization but only simple alignment of its polymer chains to 
eliminate the symmetric center. Due to its asymmetric carbon distribu
tion, PLLA exhibits piezoelectricity only in the shear direction (d14), 
which explains the origin of natural piezoelectric materials in organisms 
[50]. These materials possess piezoelectricity in vivo without being 
polarized or stretched, relying solely on the ordered arrangement of 
molecules.

The piezoelectric properties of piezoelectric polymers are closely 
dependent on their processing methods, which commonly include 
annealing, stretching, and polarization (Fig. 2B ͘0;-iii). These processes 
are interrelated to some extent, and performing one process may affect 
the outcome of another.

Polarization is the process of aligning dipoles in a material by 
applying an external strong electric field, which is only applicable to 
ferroelectric materials. This is because spontaneous residual polariza
tion exists only in ferroelectric materials and can be switched by a strong 
electric field. In polycrystalline ferroelectric materials, the polarization 
of individual grains may be randomly oriented, and even in single- 
crystalline ferroelectric materials, there may be multiple domains with 
random orientations. This random orientation results in isotropy of the 
material, manifesting macroscopically as non-piezoelectric behavior. In 
such cases, fully aligning the dipole moments through polarization is 
necessary for piezoelectricity [51–54]. The polarization process can be 
achieved by directly applying a high-voltage electric field to the material 
surface or using electrical needle corona polarization. It should be noted 
that piezoelectric electrets and voided charged polymers also exhibit 
surface charges induced by polarization, but this is distinct from the 
piezoelectric behavior of piezoelectric materials [55].

Stretching is a common method in polymer processing that ensures 
the formation of strong alignments of polymer chains along the 
stretching direction, achieving anisotropy. The parallel alignment of 
certain polymer chains is a sufficient condition for their piezoelectricity, 
including PLLA, Poly-β-hydroxybutyrate-co-β-hydroxyvalerate, 
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Polyhydroxybutyrate, cellulose, and collagen chains. Their piezoelectric 
coefficients generally increase with the stretching ratio [49]. For PVDF, 
stretching leads to transitions between its crystalline phases. PVDF en
compasses five polymorphs: α-phases, β-phases, γ-phases, σ-phases, and 
ε-phases [56]. During stretching, the α-phase of PVDF transforms into 
the β-phase with the strongest polar moment, which determines the 
piezoelectric potential of the polymer. The copolymer of PVDF, P 
(VDF-TrFE), can spontaneously crystallize into the polar β-phase, indi
cating that stretching is not the sole condition for obtaining the polar 
phase.

Annealing, a heat treatment process, serves to increase the crystal
linity of polymers, i.e., to elevate the proportion of crystalline regions 
within the polymer. Annealing is a common processing step for piezo
electric polymer materials. Several studies have investigated the rela
tionship between annealing time, temperature, and the crystallinity and 
piezoelectricity of polymers [57–59], typically with annealing temper
atures ranging from 80 to 140 ◦C and durations varying from minutes to 
hours [60]. However, annealing is not always beneficial in polymers. For 
instance, nylon requires a rapid quenching process to obtain a disor
dered intermediate crystalline structure, which is necessary for the 
rotation and switching of its dipoles. The ordered polymer chains 
induced by annealing can inhibit dipole rotation, thereby reducing its 
ferroelectric and piezoelectric properties [61,62]. To achieve macro
scopic piezoelectric properties, it is essential to maintain the anisotropy 
of the polymer crystalline units, which necessitates processing steps 
beyond annealing.

2.3. Piezoelectric hydrogel

Unlike doping piezoelectric ceramics or polymers into hydrogels to 
achieve a piezoelectric effect, the piezoelectric hydrogels discussed here 
share similarities with the mechanism of gated ion migration in skin 
nerves. They are ionic hydrogels that convert pressure stimuli into 
piezoelectric ion signals due to the different diffusion coefficients of ions 
in the charged matrix. This occurs either through the flow of ions of a 
single polarity or through the polymer matrix preferentially carrying 
ions of one polarity, resulting in a net charge imbalance. As shown in 
Fig. 2C, the piezoelectric coefficient depends on the type of ions and the 
properties of the hydrogel matrix.

Dobashi and colleagues conducted in-depth research on the mecha
nism of piezoelectric hydrogels, which exhibit a built-in potential dif
ference caused by a fixed charge concentration difference between poly 
(acrylic acid) (polyAA, charged) and polyacrylamide (pAAM, neutral) 
[63]. They proposed a single-ion-driven hydrogel that converts pressure 
into ionic currents like Fig. 2C i, mimicking the somatosensory network 
in humans to stimulate movement in rodent limbs. Pressure on the 
charged side generates the flow of solvent and protons, thereby 
enhancing this potential difference. In the piezoelectric ion matrix 
prepared from hydrogel ion conductors, the open-circuit voltage is 
proportional to the applied pressure, with the piezoelectric ion coeffi
cient typically ranging from 0.01 to 100 nV Pa− 1. According to this 
study, when the diffusion coefficients of the two ions are approximately 
equal, the generated voltage is zero, while maximizing the difference in 
ion size can yield a larger induced voltage. Under conditions of high salt 
concentration (>1.0 M), the ionic conductivity of the polymer gel ex
ceeds that of bulk electrolytes. Raquez et al. used high-resolution ster
eolithography printing to stack piezoelectric ion touch sensors 
integrated onto fingertips, providing tactile feedback for object recog
nition applications [64]. Similarly, Jong Ik Lee and colleagues utilized 
this piezoelectric ion effect in luminescent electronic skin to enhance the 
luminous intensity of the device, and combined with the viscoelasticity 
of the polymer matrix, they also achieved spatial mapping of tactile 
stimulation [65].

To enhance the performance of ion-piezoelectric hydrogels, Wang 
et al. and colleagues incorporated Poly(3,4-ethylenedioxythiophene): 
poly(styrene sulfonate), significantly altering the intermolecular forces 

between cations and anions, achieving a voltage of up to 700 mV and a 
current of 7 mA [66]. Furthermore, they conducted a theoretical anal
ysis of the nonlinear phenomena observed in ion-piezoelectricity, 
demonstrating the role of ion-ion interactions in nonlinear responses, 
which provides support for the theoretical basis of piezoelectric 
hydrogels. Kai Yang and team proposed a strategy using crown ethers as 
differential amplifiers for ion-selective mobility to enhance the 
pressure-induced voltage response in ion-conducting polyvinyl alcohol 
(PVA) hydrogels [67]. The crown ether-grafted PVA hydrogels achieved 
a 30-fold amplification within the 0–1 kPa range, with a piezoelectric 
coefficient reaching 1490 nV Pa− 1.

Notably, metal-coordination hydrogels exhibit a similar effect, as 
illustrated in Fig. 2C ii. Their primary components include hydrogel 
polymers, central metal ions, and corresponding ligand ions (such as 
Cl− , NO3

− ). When metal ions crosslink with polymers, only the ligand 
ions are free to move. Therefore, under external pressure stimulation, 
the reallocation of ligand ion channels through stretching and 
compression of the internal hydrogel polymer structure generates elec
trical signals. Inspired by spider webs, Xiaoyu Guan and colleagues 
developed a metal-coordination hydrogel with significantly improved 
tensile, compressive, and fatigue resistance properties [68]. This 
hydrogel was evaluated as a pressure sensor in applications aimed at 
protecting the tactile nervous system of patients experiencing pain.

2.4. Piezoelectric bimolecular

In 1950, wood was first reported to exhibit piezoelectricity, and 
subsequently, this phenomenon was also discovered in collagen tissues 
such as bone and tendon, hair, and even Deoxyribonucleic Acid [69,70]. 
To date, natural piezoelectric biomaterials, ranging from the micro
scopic to the macroscopic scale, can be categorized into several types, 
including amino acids, peptides, collagen, polysaccharides (chitin, chi
tosan), and tissues and organs (bone, skin, cornea) (Fig. 2D). The 
piezoelectric signals generated by these piezoelectric biomolecules play 
crucial roles in various vital biological activities, including cell 
communication, neural electrical signal conduction, cell migration and 
differentiation, embryonic development, and tissue healing. Natural 
piezoelectric biomolecules possess the advantages of high biocompati
bility and degradability, but they generally exhibit relatively low 
piezoelectric performance, which is the main factor limiting their 
applications.

Glycine, as a monomer composing peptides and proteins, was 
investigated for its piezoelectric properties along with 19 other amino 
acids and their isomers in 1970. The structure revealed that 19 of these 
amino acids theoretically exhibit piezoelectric properties, with different 
amino acid structures demonstrating different piezoelectric perfor
mances [71]. Among them, glycine shows strong piezoelectric proper
ties and has been extensively studied. The three crystal forms of glycine: 
α, β, and γ, exhibit distinct piezoelectric performances. Specifically, 
α-glycine, which adopts an antiparallel conformation, does not exhibit 
piezoelectricity macroscopically and is the most stable crystalline phase. 
β-glycine possesses a certain shear piezoelectric coefficient d16, but it is 
metastable and spontaneously converts into the more stable α and γ 
phases in air. Additionally, the piezoelectric properties in the shear di
rection are not as widely applied as those in the longitudinal direction. 
Therefore, more attention has been given to the piezoelectric properties 
of γ-glycine. γ-glycine, with dipoles oriented along the axial helix, ex
hibits excellent longitudinal piezoelectric coefficient d33, approximately 
9.93 p.m. V− 1, demonstrating a significant advantage (Fig. 2D i). In 
piezoelectric applications, to simultaneously satisfy the macroscopic 
piezoelectric properties and flexible preparation of γ-glycine, a strategy 
designed by Yang et al., involving PVA-induced self-assembly of 
γ-glycine into films, has been widely developed. The formation of 
hydrogen bonds between PVA and glycine at the interface leads to the 
formation and self-alignment of γ-glycine crystals, resulting in a d33 
piezoelectric coefficient of 5.3 pC N− 1 [72,73]. In addition, L-leucine 
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[74], L-valine [75], and DL-alanine [76] all exhibit piezoelectricity in 
specific directions and have achieved preliminary applications in 
sensors.

Peptides, consisting of two or more amino acids linked by peptide 
bonds, can self-assemble into nanostructures with piezoelectric prop
erties, such as diphenylalanine (NH2-Phe-Phe-COOH, FF). The self- 
assembly and growth of FF can be controlled to orient its polarization 
direction through substrate interactions or applied electric fields. The 
asymmetry in its molecular arrangement enables the effective conver
sion of force into piezoelectric signals [77]. PENG prepared from FF 
peptides can generate an output voltage of up to 3.4 V [78]. However, 
challenges such as controlling the molecular arrangement of amino acids 
and peptides, poor stability, the need for encapsulation due to water 
solubility, and difficulties in flexible fabrication remain to be addressed. 
Further theoretical research is needed to clarify these issues.

Proteins are large organic compounds composed of amino acid 
polymers. Common piezoelectric proteins include collagen, keratin, and 
silk fibroin. Natural collagen features a stable triple-helix structure 
formed by three interwoven α-helical peptide chains (Fig. 2D U60; i). 
The strong dipolar moment along the peptide chain axis and the inter
action of hydrogen bonds are the sources of piezoelectricity. When 
external mechanical force is applied, the direction and magnitude of the 
dipolar moment in collagen molecules change, altering the dipolar 
moment vector and thereby inducing the piezoelectric effect, with bone 
collagen fibers being the most classic example. Researchers [79,80] used 
high-resolution piezo-response force microscopy (PFM) to study the 
piezoelectricity of isolated collagen fibers from bovine tendon, revealing 
a shear piezoelectric coefficient of approximately 1 pm V− 1 for single 
collagen fibers and unipolar axial polarization along their length. Ker
atin has a repetitive amino acid block structure with elastic α-helix and 
β-sheet configurations, tightly organized through intramolecular and 
intermolecular hydrogen bonds, and exhibits strong mechanical 
strength due to the presence of disulfide bonds. Researchers [81] used 
d33 piezoelectric measurement instruments to measure the piezoelectric 
coefficient of chicken feather fibers, which was found to be approxi
mately 1.6–2.1 pC N− 1. Piezoelectric energy harvesting devices made 
from these fibers exhibited excellent electrical performance output. Silk 
fibroin obtained from silkworm silk [82] or spider silk [83] has also been 
fabricated into energy harvesters for use in electronic medical devices.

Polysaccharides are natural high-molecular-weight carbohydrates 
composed of various monosaccharides, widely found in plants, animals, 
and microorganisms, existing as storage polysaccharides and structural 
polysaccharides. In 1955, researchers first measured the piezoelectric 
effect of wood, proposing that the piezoelectric response of wood could 
be generated by the uniaxial arrangement and monoclinic symmetry of 
cellulose crystals [84]. Subsequent studies have investigated the piezo
electric properties of chitin, chitosan, and cellulose [85–87].

2.5. Piezoelectric composites

Combining flexible piezoelectric polymers with rigid piezoelectric 
ceramics represents a potentially effective strategy to address the chal
lenges of the difficult processing of piezoelectric ceramics and the low 
piezoelectric coefficient of piezoelectric polymers. However, this dis
cussion will not reiterate simple composites but will instead focus on 
composites that exhibit additional effects during this process, particu
larly those that enhance the crystallinity and polarization of piezoelec
tric polymers through fillers (Fig. 2E).

The piezoelectric coefficient of piezoelectric polymers is closely 
related to their crystallinity, and increasing crystallinity through various 
methods is a crucial direction for enhancing their piezoelectricity, 
including the high-temperature annealing mentioned earlier (Fig. 2E i). 
Here, we mainly review cases where the crystallinity of polymers is 
increased by adding fillers. Hydrogen bonding is ubiquitous in polymers. 
Li et al. utilized electrospinning technology to fabricate core/shell 
nanofibers (NFs) composed of PLLA and glycine. They investigated the 

technique of interfacial anchoring. The self-assembled core/shell 
structure facilitated strong intermolecular interactions between the –OH 
groups on glycine and the C––O groups on PLLA, which in turn promoted 
the crystallization of oriented PLLA polymer chains, stabilized the 
β-phase structure, and significantly enhanced the piezoelectric proper
ties of PLLA [88]. Su et al. used phase-field simulations and molecular 
dynamics calculations to find that the –OH surface terminals on Ti3C2Tx 
nanosheets provided hydrogen bonding with the fluoropolymer matrix, 
resulting in dipolar alignment and enhanced net spontaneous polariza
tion in the polymer-ceramic composites [89]. By further introducing 
Ti3C2Tx MXene nanosheets, a simple and effective method was proposed 
to enhance the local dipolar moment and β-phase content of piezoelec
tric polymer composites. Adding an appropriate amount (2.5 wt%) of 
Ti3C2Tx nanosheets below the percolation threshold effectively 
enhanced the polarization efficiency and interface coupling between 
inorganic nanofillers and the organic polymer matrix, resulting in a 160 
% increase in the piezoelectric effect compared to the undoped material. 
Liu et al. used liquid metal nanodroplets as nanofillers in a PVDF matrix, 
and the formed liquid-solid/conductive-dielectric interface significantly 
improved the piezoelectric output and reliability of the piezoelectric 
composites [90]. Significant performance improvements were achieved, 
with an increase in output voltage by nearly 1000 % (up to 212 V) and a 
270 % increase in the piezoelectric coefficient (d33 ≈ 51.1 pC N− 1). Cui 
et al. doped zoledronic acid, a drug used to treat osteoporosis, as a 
nucleation agent in PLLA to prepare spun coatings with higher piezo
electric output [91]. These coatings were applied to the surface of tita
nium implants to effectively prevent aseptic loosening of the implants, 
providing a direction and reference for drug-modified piezoelectric 
polymers.

For piezoelectric polymers with effects ferroelectric, their piezo
electric coefficient can also be enhanced by improving the polarization 
process (Fig. 2E U60; i). Zhang et al. proposed a nanoscale confinement 
polarization pinning effect, providing theoretical support for the appli
cation of heterojunctions composed of metal-organic frameworks and 
conductors or semiconductors in enhancing the piezoelectricity of 
piezoelectric polymers [56]. The formation of a heterojunction between 
the metal-organic framework UIO-66(Hf)–NO2 and MoS2 allows the 
porous metal-organic frameworks to securely anchor MoS2 onto the 
molecular chains of PVDF-HFP. During the polarization process, MoS2, 
which is highly responsive to the electric field, facilitates the movement 
of PVDF-HFP’s molecular chains via UIO-66(Hf)–NO2. Consequently, 
the molecular chains of PVDF-HFP align with the electric field, resulting 
in a more organized arrangement of the electric domains within the 
material and amplifying the piezoelectric effect, with the d33 value ris
ing from 8 pC N− 1 to 27 pC N− 1.

To increase the interfacial polarization effect, Yoojeong et al. pre
pared alternating soft/hard layered multilayer materials, which caused 
stress concentration and increased effective stress-induced polarization 
and interfacial polarization between organic and inorganic materials, 
resulting in a dielectric constant higher than that of pure PVDF-TrFE 
films [92].

In summary, the introduction of fillers and the construction of het
erojunctions have proven to be effective strategies in enhancing the 
piezoelectric properties of piezoelectric polymer and piezoelectric 
ceramic composites, addressing the processing and performance limi
tations of traditional materials. In the future, with a deeper under
standing of the interaction mechanisms between fillers and polymer 
matrices, as well as the development of novel fillers, the performance of 
piezoelectric composites is expected to further improve [93]. Mean
while, exploring more fillers with special functions, such as drug mol
ecules and liquid metals, will open up new applications for piezoelectric 
composites. Additionally, optimizing the polarization process and 
enhancing the interface polarization effect will also be important path
ways to achieving high-performance piezoelectric composites.
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3. Triboelectric biomaterials based on force-electric conversion

CE represents one of the oldest scientific phenomena, dating back 
over 2600 years, yet its physical underpinnings remain elusive. Despite 
the ongoing mystery surrounding the precise mechanism of CE, its ef
fects have long been recognized. This phenomenon is rooted in the 
charge transfer process that ensues when two dissimilar materials make 
contact. When dissimilar materials contact each other, charge transfer 
occurs as a result of varying electron-gaining and electron-losing capa
bilities at the material interface [94]. Upon separation, this leads to the 
generation of opposing electrostatic charges on the surfaces, balancing 
the surface potential and consequently facilitating charge accumulation. 
Triboelectric materials, pivotal to CE, play a critical role in shaping the 
efficiency of energy conversion and the potential applications of related 
devices. Consequently, research in this area has garnered considerable 
attention in recent years. Subsequently, we will delve into the CE 
mechanisms exhibited by various triboelectric materials, namely inor
ganic triboelectric materials, polymer triboelectric materials, and 
triboelectric composite materials (Fig. 3). Furthermore, we will explore 
their utilization in augmenting electrical output characteristics.

3.1. Inorganic triboelectric materials

The CE mechanism of metal triboelectric materials, within the realm 
of inorganic triboelectric materials, has been thoroughly examined. 
Research on the CE process between two metals suggests that electron 
transfer serves as the fundamental mechanism underlying surface 
charging [94]. The charge generated through CE is directly proportional 
to the variance in work functions between the metals in contact [95,96]. 
Surfaces with lower work functions acquire a positive charge, whereas 
surfaces with higher work functions develop a negative charge, resulting 

in the transfer of electrons from surfaces with lower work function to 
those with higher work function. Considering the work function char
acteristics of metal triboelectric materials, several studies have explored 
adjusting the work function of these materials by incorporating metallic 
NPs [97–99]. This approach aims at boosting the electrical output per
formance of these materials. Beyond manipulating the variance in ma
terial work function, alternative strategies involve the selection of 
suitable triboelectric materials, as well as incorporating chemical and 
physical modifications like adjusting stretchability, dielectric constants, 
and surface roughness [100,101]. Wang et al. augmented the poly
ethyleneimine/PVA (PEI/PVA) matrix by incorporating Au NPs, conse
quently decreasing the composite’s work function and facilitating a 
higher electron transfer rate (Fig. 4A) [98]. As a result, the composites 
demonstrated elevated surface charge density and manifested a sub
stantial surface potential difference. Additionally, the introduction of Au 
NPs by Wang et al. bolstered the dielectric properties of the material, 
thereby enhancing the device output. In equation (1), σ’ represents the 
total transferred charge density on the Au/PEI/PVA material, with ε1 
and ε2 denoting the dielectric constants of polyethylene terephthalate 
(PET) and Au/PEI/PVA, d1 and d2 representing their respective thick
nesses, d′ indicating the air-gap distance, and σ representing the tribo
electric charge density at equilibrium. Equation (1) suggests that an 
increase in ε2 corresponds to a heightened transferred charge density. 

σ´= σdʹ

d1/ε1 + dʹ + d2/ε2
(1) 

Chun et al. employed Au NPs to fill mesoporous poly
dimethylsiloxane (PDMS) films [99]. The dipoles produced from the 
interaction of PDMS with Au NPs within the pores influence the surface 
potential energy of the mesoporous film, consequently amplifying the 
charge transfer density on the PDMS surface (Fig. 4B). Lai et al. created 

Fig. 3. CE mechanisms and electrical output enhancement methods of metal, inorganic non-metallic, polymer and composites triboelectric materials.
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internal space charge zones by integrating grooves and furrows in the 
longitudinal and transversal Au layer adjacent to the surface of the 
tribological layer, thereby augmenting the material’s charge transfer 
density [101].

Inorganic nonmetallic triboelectric materials entail a complex CE 
mechanism, sparking ongoing debate among researchers. To elucidate 
the CE phenomenon, Wang and colleagues introduced a comprehensive 
overlapping electron cloud model [94]. The model involves two surfaces 
that are far apart. In this case, the electron clouds of atoms on one 
surface are separated from those of atoms on the other surface. Thus, the 
electrons remain localized. Upon contact, CE ensues, potentially leading 
to overlapping electron clouds of atoms from both surfaces, engendering 
an asymmetric double-well potential. With a reduced energy barrier in 
the overlapping electron cloud, electrons can shift from a higher energy 
state of an atom on one surface to a lower energy state of an atom on the 
other surface. This electron exchange results in the charging of both 
surfaces. When the surfaces part ways, the electron clouds no longer 

overlap, preventing electron transfer back to the original surfaces. 
Consequently, the separated surfaces retain a permanent charge origi
nating from the electron transfer process.

Ceramic materials, among inorganic non-metallic triboelectric ma
terials, are employed to enhance device performance and usability 
owing to their exceptional durability and dielectric properties 
[105–108]. Addressing the durability aspect, Chi et al. utilized 
commercially available porous Al2O3 ceramic flakes as triboelectric 
materials in a liquid-solid triboelectric device, complemented by a 
straightforward sprayed electrode layer [109]. The use of ceramic 
triboelectric material made the device robust, easy to fabricate, low cost 
and stable in performance. In another study, Gao engineered an 
ultra-high-speed ceramic triboelectric bearing for monitoring real-time 
dynamic behavior and stability (Fig. 4C) [102]. The use of ceramic 
triboelectric material enables this triboelectric bearing to operate stably 
at ultra-high speeds up to 16000 rpm. Furthermore, Manpreet et al. 
harnessed micro-fibrous ceramics with a composition of 54 % SiO2 and 

Fig. 4. A) A schematic energy band diagram illustrating the mechanism of the increased charge transfer due to the decrease of work function of the positive 
triboelectric material. Reproduced with permission from Ref. [98]. Copyright 2018. Published by Elsevier Ltd. B) Schematic diagrams of the net electric field in 
mesoporous films along the direction from PDMS to the top electrode and the contact between positive charges and the bottom electrode. Reproduced with 
permission from Ref. [99]. Copyright 2015. Published by Royal Society of Chemistry. C) Schematic diagram of working principle of ultra-high-speed ceramic 
triboelectric bearing with floating spinning-sliding freestanding mode. Reproduced with permission from Ref. [102]. Copyright 2022. Published by Elsevier Ltd. D) 
Diagram of the process of a tunneling electron injection (TEI). Reproduced with permission from Ref. [103]. Copyright 2024. Published by Elsevier Ltd. E) Schematic 
illustration of the P(VDF–TrFE–CFE) films. Reproduced with permission from Ref. [104]. Copyright 2024. Published by Royal Society of Chemistry.
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46 % Al2O3 as triboelectric material combined with a sodium chloride 
aqueous solution for power generation purposes [110]. This microfiber 
ceramic not only thrives in corrosive, high-temperature, or 
high-pressure environments but also resolves current loss issues linked 
to the innate conductivity of certain triboelectric materials.

In addition, ceramic materials possess impressive dielectric proper
ties that guarantee stable output of the device. Nevertheless, their 
inherent rigidity hampers their application in flexible energy harvesting 
systems. Researchers have tackled this rigidity concern by integrating 
ceramic triboelectric materials into polymer films. Concurrently, they 
have capitalized on ceramic materials’ high dielectric traits to augment 
charge accumulation on material surfaces [111,112]. Punnarao et al. 
employed a solid-state reaction process to synthesize a dielectric cal
cium copper titanate (CaCu3Ti4O12 (CCTO)) ceramic material [113]. 
These particles were incorporated into PDMS polymer to create a 
CCTO/PDMS-based flexible composite film (FCF). The addition of CCTO 
particles significantly enhanced the dielectric properties, surface charge 
density, and electrical conductivity of the FCF. From a material point of 
view, the temperature fluctuations can notably impact the dielectric 
constant of ceramic triboelectric materials, influencing their surface 
electrical properties. To mitigate this challenge, Xie et al. utilized 
ceramic powders based on Ba(Cu0.5W0.5)O3 (BCW) to engineer 
temperature-stabilized materials with elevated dielectric constants 
[103]. BCW ceramics, initially employed as sintering auxiliaries, exhibit 
substantial dielectric constants facilitating charge storage in electric 
fields while demonstrating robust electrothermal stability. Integrating 
these materials into polymer substrates effectively boosts charge accu
mulation and enhances the energy conversion efficiency of the 
materials.

3.2. Polymer triboelectric materials

In recent years, the high dielectric constants of inorganic materials 
have been regarded theoretically as optimal triboelectric materials. 
However, due to their high leakage properties and limited contact po
tential difference with metal electrodes, achieving high tribo-charge 
densities has proven challenging. Polymeric materials offer a prom
ising solution by enabling the incorporation of high dielectric nanofillers 
or even conductive NPs. Additionally, polymer materials stand out as 
ideal choices for triboelectric applications because of their superior 
charge density, flexibility, low processing temperatures, and potential 
for structural and chemical modifications [114–116].

An electron cloud/potential model based on fundamental electron 
cloud interactions elucidates the specific CE processes in polymer 
triboelectric materials [114]. Upon the application of an external force 
bringing two materials into contact, their electron clouds merge, leading 
to the formation of either an ionic or covalent bond. Consequently, the 
potential barrier between the materials diminishes, the minimum 
required energy for electron liberation is lower than the energy level the 
electron occupies. Therefore, electrons leap from atoms of one material 
to atoms of another. The efficiency and extent of electron transfer hinge 
upon the "charge affinity" of the triboelectric material, influenced by 
various factors such as electron acceptance or donation capabilities, 
surface roughness, and local morphology. Nonetheless, these correla
tions are not universally applicable to all polymers, necessitating the
ories that can be universally applied to all polymerization reactions.

Indeed, polymer adhesion plays a key role in the CE process, and the 
cross-linking, chain entanglement, network topology, and non-covalent 
structural domain interactions brought about by the adhesion processes 
result in the formation of new polymer chains [117,118]. Simple 
modeling of a polymer undergoing vertical segregation reveals that 
polymer bonds break at a given strain or distance. This bond cleavage is 
due to the rearrangement of the polymer chains that occurs during 
contact, suggesting that the CE mechanism in the polymer arises from 
cleavage and transfer of charged polymer fragments. The dissociation of 
these covalent bonds can be either homolytic, where two free radicals 

are formed, or heterolytic, where anion-cation pairs are formed. Ho
molytic cleavage leads to the generation of identical free radicals at the 
termini of each broken chain within the macromolecule, whereas het
erolytic cleavage results in the production of both cations and anions 
(mechano-ions). As a result, mechano-ions dominate the net charge 
density measured on each contact surface. During surface separation, 
charged organic ion fragments undergo material transfer. On repeated 
contact separations, these charged fragments move between surfaces, 
undergo neutralization reactions, and form new charged fragments. This 
means that while polymer fragment transfer is considered to be the 
dominant effect of polymer-polymer CE, the role of ions and electrons 
transferring between radicals and mechano-ions should not be neglec
ted. As mentioned above, the main mechanisms of polymer CE are 
electron transfer, ion transfer, and charged fragment transfer of mac
romolecules. Since the factors affecting the charge formation during 
polymer CE are as follows: i) contact time and contact force; ii) 
morphology (surface roughness, patterning); iii) bulk (macromolecular 
ordering, degree of cross-linking); and iv) surface chemistry (functional 
groups). Therefore, chemical and structural modifications of polymer 
triboelectric materials are further investigated to improve the output 
performance of the devices [119–121].

Chemical modification of polymer materials includes various 
methods such as introduction of electron adsorption functional groups, 
injection of ions or charges, and continuous gas permeation [104,122,
123]. Structural modification of polymer materials refers to the forma
tion of morphological features and roughness with regular or irregular 
shapes on the surface of the friction electric material [124]. The main 
purpose of structural modification is to increase the active surface area 
in contact with the opposing triboelectric medium or to increase the 
effective force on the polymer medium. Therefore, the modification of 
polymer materials to achieve high CE capability of polymer triboelectric 
materials has been widely investigated.

Polymer triboelectric materials with high tribocharge density are 
essential for expanding the range of applications of triboelectric devices. 
Direct charge injection is an effective strategy to increase the charge 
density of materials. However, it traditionally requires high voltages 
(~10 kV) and injection times of several minutes or more. In this work, 
Wu et al. demonstrate an effective and simple method for charge in
jection into polymer triboelectric materials using TEI technique 
(Fig. 4D) [122]. In terms of chemical modification, Liu et al. developed a 
method for producing triboelectric polymers based on repeated rheo
logical forging [123]. The fluorinated ethylene-propylene films pre
pared by the repeated forging method not only have excellent 
mechanical properties and good light transmission, but also maintain 
ultra-high tribocharge density. This performance enhancement is 
attributed to the fact that the iterative forging process effectively mod
ulates the surface functional group composition, crystallinity, and 
dielectric constant of the fluorinated ethylene propylene.

However, conventional polymer triboelectric materials limit further 
improvements in charge density due to the inevitable air breakdown 
under high charge density conditions. Liu et al. prepared a novel 
triboelectric polymer (P(VDF-TrFE-CFE)) [104]. The very thin thickness 
of the P(VDF-TrFE-CFE) film has a high dielectric constant, which 
effectively suppresses air breakdown (Fig. 4E). In addition, the me
chanical mismatch problem at the interface between the polymer sub
strate and the electrode limits the further application of polymer 
triboelectric materials in practical applications. Shao et al. prepared a 
tough monolithically integrated triboelectric bioplastic by exploiting the 
chemo-selectivity and site specificity of mercaptosilylation reaction as 
well as thiol-disulfide exchange reaction [125]. The stresses were 
dissipated by covalent bonding adapted to interfacial interactions, 
which resulted in good interfacial adhesion (220.55 kPa) between the 
polymer dielectric layer and the electrode conductive layer. Even when 
subjected to 10,000 times tensile force (compared to weight), it main
tains a stable triboelectric output with no visible cracks. In conclusion, 
these studies provide new insights into the design of polymer 
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triboelectric materials with excellent CE capability, which is important 
for the output performance enhancement of triboelectric devices.

3.3. Composite triboelectric materials

Composites have been utilized as an excellent class of triboelectric 
materials due to their excellent chemical stability, multiphase structure 
with composite effects, excellent designability, and multiple function
alities [126–128]. Researchers have optimized the mechanical, dura
bility and electrical properties of composite triboelectric materials by 
tuning the surface composition and processing parameters of the com
posites [129,130]. Zhang et al. prepared PVDF @ Mxene (Ti3C2Tx) 
composite films with a spherical multiple physical network structure by 
controlling the Rayleigh Instability deformation of the spinning jet and 
vapor-induced phase separation during the electrostatic spinning pro
cess and used them as triboelectric materials (Fig. 5A) [130]. The 
structure of the composite film and the high conductivity of Ti3C2Tx 
provided high output performance and output stability for the tribo
electric devices. In terms of material modification, Wang et al. devel
oped a porous triboelectric material by grafting trimethoxy (1H,1H,2H, 
2H-heptadecafluorodecyl) silane (THS) on the surface of cellulose/
graphene oxide aerogel (Fig. 5B) [129]. The grafting of THS enhanced 
the charge transfer capability of the material. Therefore, direct modifi
cation of triboelectric composites is a method to produce 
high-performance triboelectric devices. However, there are currently 
limited composite material options available, so material selection and 
modification alone can provide only a small amount of design flexibility 
for the preparation of high-performance triboelectric layers.

Heterogeneous polymeric materials (polymer-metal nano
composites, polymer-carbon-based nanocomposites, ferroelectric 
polymer-inorganic nanocomposites, and flexible/stretchable compos
ites), as a typical class of composite triboelectric materials, have more 
interfaces and defects than homogeneous polymer materials, which can 
provide more sites for charge accumulation and storage. The moderate 
introduction of nanofillers into the polymer matrix is a direct approach 
to generate heterogeneous interfaces and defects to enhance the tribo
electric properties, hence it has attracted much attention [131–134]. 
Three main types of fillers commonly used in triboelectric polymer 
materials are as follows: (1) NPs with high dielectric constants [133], (2) 
carbon-based materials [135,136], and (3) ionic fillers [137].

High dielectric constant NPs with polarization properties can 
generate interfacial polarization, which enhances the CE properties of 
composites. Based on this, Wu et al. developed a simple low-temperature 
process for the preparation of high-performance ceramic powder-based 
triboelectric composites, which consisted of electrospun fibers based on 
PVDF-hexafluoropropylene (PVDF-HFP) and Eu2O3-doped BTO nano
fillers [139]. The incorporation of modified BTO nanofillers resulted in 
the triboelectric device having a maximum output voltage of up to 1004 
V and a corresponding current density of 9.9 μA cm− 2. The improvement 
in the triboelectric properties was attributed to the large amount of 
interfacial polarization and transferred charges generated by the doping 
of the NPs, which indicated the improvement in triboelectric electron 
trapping and storage. Based on the same principle, Wang et al. devel
oped cellulose-based composites with excellent negative triboelectric 
properties by incorporating modified barium titanate (MBT) and PVDF 
into trimethoxy (1H,1H,2H,2H-heptadecafluorodecyl) silane-grafted 
cellulose aerogels (Fig. 5C) [133]. The composites fully utilize the syn
ergistic effect of the complex network structure of cellulose aerogel, the 
excellent charge transfer capability of PVDF and the strong charge 
trapping capability of MBT.

The introduction of carbon-based materials can produce charge 
accumulation and charge confinement interfaces. Therefore, Fang et al. 
modulated the triboelectric properties of chitosan films by adding 
single-walled carbon nanotubes to them [136]. It was found that proper 
carbon nanotube addition improved the dielectric properties of the 
composites and the balance with the leakage current effect (Fig. 5D). At 

the same time, triboelectric trap states were provided at the composite 
interface, ultimately leading to a charge density of 262 μC m− 2, which is 
2.45 times higher than that of the pure chitosan film. The researchers 
also found that the introduction of carbon-based materials was able to 
adjust the surface charge as well as the work function of the composites, 
ultimately enhancing the output performance of the triboelectric de
vices. In addition, the doping of ionic fillers in the composites also af
fects the triboelectric properties. Zhao et al. fabricated a PDMS 
composite using embedded ionic liquid coated single-walled carbon 
nanotubes (SWCNT) [137]. By adjusting the ratio of ionic liquids to 
single-walled carbon nanotubes, the desired material properties of 
triboelectric devices could be realized. The composite exhibited rela
tively high electrical conductivity (0.004 S/m) and enhanced tribo
electric output compared to unmodified PDMS. However, good 
dispersion of nanofillers in the developed composites remains a 
challenge.

Excessive concentration and poor dispersion of fillers in polymers 
can lead to aggregation, which can cause dielectric breakdown and 
charge leakage in composites. To address this issue, Puran et al. were 
able to achieve excellent dispersion of BTO into PVDF matrix by intro
ducing Nafion (Fig. 5E) [138]. The excellent dispersion enhanced the 
effective stress transfer at the interface between BTO and PVDF, which 
significantly increased the surface potential of the homogeneous com
posite nanofibers. Compared with the pristine PVDF nanofibers, the 
doped nanofibers increased the output voltage, current density and 
power density of the triboelectric devices by 6.3, 7.1 and 3.7 times, 
respectively. Overall, the reasons for the filler-enhanced CE capability of 
composites are categorized into three main points: dielectric effect, 
interface effect, and double electron layer effect, which tend to coexist in 
complex composites.

4. Devices based on force-electric conversion

4.1. Piezoelectric devices

Since its initial discovery in 2006, the PENG has made significant 
progress as a force-electricity conversion device based on piezoelectric 
materials (Fig. 6A) [140]. It efficiently converts mechanical energy 
generated by irregular or regular human movements, such as heartbeats, 
muscle contractions, and diaphragm movements, into electrical energy. 
Notably, its application in pacemakers demonstrates the tremendous 
potential of PENG in the biomedical field (Fig. 6). However, to achieve a 
self-powered system for PENG in functional devices and meet the goals 
of maintenance-free and sustainable operation, the key lies in preparing 
piezoelectric materials with high piezoelectric output.

We have detailed the methods to enhance the piezoelectric perfor
mance of PENG from the perspective of piezoelectric materials in 
Chapter 2. Briefly, inorganic piezoelectric materials improve their 
piezoelectric coefficients by controlling the size and arrangement of 
piezoelectric particles. In contrast, organic piezoelectric polymers 
enhance their piezoelectric properties through stretching to align mol
ecules, annealing to increase crystallinity, polarization to orient dipoles, 
and the addition of nanofillers. However, ideal bio-piezoelectric devices 
not only require excellent piezoelectric performance but also meet 
specific structural characteristics, such as suitable hydrophilicity, 
roughness, porosity, as well as good mechanical properties, biocom
patibility, and biodegradability [141–143]. PENG was first realized in 
2010 for harvesting the mechanical energy generated by an organism’s 
heartbeat and respiration into electrical energy (Fig. 6B). Given that 
many piezoelectric materials struggle to meet these requirements 
simultaneously, surface modification and engineering of piezoelectric 
materials are particularly important.

Biocompatibility and biosafety are paramount for biomedical ap
plications. Researchers have attempted to encapsulate toxic lead-based 
high-piezoelectric-coefficient ceramics and conducted animal experi
ments, achieving certain verification results. As shown in Fig. 6C, Kim 
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Fig. 5. A) Spinning fluid forms an axisymmetric jet and their further transformation into porous spheres. The figure on the right shows the instability model of the 
charged jet. Reproduced with permission from Ref. [130]. Copyright 2022. Published by Wiley-VCH. B) Schematic diagram of the modification for cellulose/
graphene oxide aerogel porous triboelectric materials. Reproduced with permission from Ref. [129]. Copyright 2024. Published by American Chemical Society. C) 
Preparation process of the composite cellulose aerogels triboelectric materials based on modified barium titanate nanofiller doping. Reproduced with permission 
from Ref. [135]. Copyright 2024. Published by Wiley-VCH. D) Schematic illustration of the mechanism of performance improvements. Reproduced with permission 
from Ref. [137]. Copyright 2023. Published by Elsevier Ltd. E) Mechanism of Nafion functionalized BTO NPs dispersion in PVDF/DMF solution with their chemical 
structure. Reproduced with permission from Ref. [138]. Copyright 2023. Published by Elsevier Ltd.
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et al. encapsulated lead-based high-performance single-crystal PMN- 
PZT films with inert epoxy resin, resulting in an energy harvester that 
generated high open-circuit voltage and short-circuit current from pig 
heartbeats, demonstrating excellent biocompatibility [145]. However, 
the application of toxic materials in organisms still faces challenges such 
as encapsulation material failure, risks of secondary surgery, and regu
latory approval difficulties. Therefore, enhancing the piezoelectric per
formance of materials with good biosafety is more promising.

The structural design of piezoelectric materials is also crucial. There 
are mainly two forms of design: direct contact of piezoelectric materials 
with cells or tissues, and the use of piezoelectric materials as energy 
harvesting devices to collect electrical energy and then transmit it to 
tissues through wired or wireless methods. The direct contact approach 
reduces the requirements for piezoelectric performance and is suitable 
for piezoelectric NPs, surface-nanostructured materials, and piezoelec
tric microfiber membrane structures, which have been widely validated 
in tissue repair. For example, Marc A. et al. implanted PVDF microfibers 
into injured tendons of rats, effectively promoting tendon repair, with 
new tissue directly attaching to the microfiber membrane and exhibiting 
three-dimensional growth trends [148]. However, this approach places 
higher demands on the surface cell adhesion, biodegradability, and 
long-term effectiveness of the materials. In contrast, the energy har
vesting and subsequent application approach offers advantages such as 
strong electrical controllability, high power of energy harvesting de
vices, and a wide range of material choices. However, it requires 
consideration of implantation site, encapsulation layer materials, circuit 
conduction, fatigue resistance, and potential secondary surgeries [149]. 
Addressing these challenges through the overall structural design of the 
device is also a research direction. For example, in Fig. 6D, Lin et al., 
inspired by biological structures, prepared piezoelectric materials into a 
spiral structure and implanted them through wires, avoiding open-chest 
surgery and enabling seamless connection of the energy harvesting 

device to the current wires, while also extending the device’s lifespan 
[146]. In Fig. 6E, the researchers further systematically investigated the 
effects of different pacing sites on cardiac pacing, including the right 
atrium, left ventricle, and His bundle [147].

In the design of piezoelectric devices, the biodegradability of 
piezoelectric materials cannot be ignored. This primarily involves 
biodegradable piezoelectric polymers and piezoelectric biomolecules. 
By controlling the molecular weight, microstructure, and adding mod
ifiers of polymers, their degradation time can be adjusted to meet early 
piezoelectric output and degradation metabolism within a certain 
period. Among them, PLLA, as a mature green renewable energy source, 
has received widespread attention. Its degradation products are harm
less to the body and have more controllable metabolism times [60,150]. 
Additionally, piezoelectric biomolecules such as β-glycine have also 
received extensive attention, but their strong water solubility and rapid 
degradation remain key issues to be addressed [72].

In summary, PENG has broad application prospects in the biomedical 
field. However, to achieve efficient, safe, and sustainable operation in 
practical applications, many challenges still need to be addressed. In 
terms of piezoelectric material preparation, new synthesis and modifi
cation strategies should be explored to enhance material piezoelectric 
performance and meet the structural characteristics required for 
biomedical applications. At the same time, improving biocompatibility 
and biosafety is also crucial. In structural design, the advantages and 
disadvantages of direct contact between piezoelectric materials and cells 
or tissues, and energy harvesting followed by application should be 
comprehensively considered for targeted design. Furthermore, the 
biodegradability of piezoelectric materials is an important direction for 
future research. By deeply studying material degradation mechanisms 
and optimizing degradation times, safer and more effective piezoelectric 
materials can be provided for biomedical applications.

Fig. 6. Examples of PENG applications in pacemakers. A) First PENG discovered in 2006. Reproduced with permission from Ref. [140]. Copyright 2006. Published by 
AAAS. B) First PENG used to harvest energy generated by a beating heart. Reproduced with permission from Ref. [144] Copyright 2010. Published by Wiley-VCH. C) 
First PENG energy harvesting in a large animal. Reproduced with permission from Ref. [145] Copyright 2017. Published by Wiley-VCH.D) First non-invasively 
implanted PENG pacemaker. Reproduced with permission from Ref. [146] Copyright 2019. Published by Elsevier. E) The efficiency of PENG in different parts of 
the heart was studied for the first time. Reproduced with permission from Ref. [147] Copyright 2022. Published by Elsevier.
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4.2. Triboelectric devices

As one of the most promising platforms for power generation, TENGs 
were first invented and proposed by Zhong Lin Wang in 2012 [151]. The 
abundance of wasteful mechanical energy, the wide availability and 
selectivity of triboelectric materials, the relatively simple device 
configuration and low-cost processing, among many other advantages, 
have allowed TENGs to gain momentum. Since the invention in 2012, 
significant experimental and theoretical results have been achieved in 
understanding the basic principles and applications of TENG. The 
operating mechanism of TENG is a combination of the tribo
electrification effects and electrostatic induction. The tribo
electrification effects provides a static polarized charge, while the 
electrostatic induction is the primary mechanism for converting me
chanical energy into electrical energy. In addition, the theoretical model 
of TENG is constructed based on the displacement current of Maxwell’s 
system of equations. On this basis, TENG derives four operating modes: 

contact-separation (CS) mode, single-electrode (SE) mode, 
relative-sliding (RS) mode, and freestanding (FS) mode (Fig. 7).

The CS model TENG was proposed by Wang and co-workers in 2012. 
In the initial stage, the surfaces of two tribological layers with thick
nesses of d1 and d2 are uncharged. On the outer surface of these two 
tribological layers, two metal layers are deposited as two electrodes. The 
distance (x) between the two tribological layers can be changed by 
mechanical force. Upon forced contact with each other, based on the CE 
effect, the inner surfaces of the two tribological layers will generate 
opposite electrostatic charges (tribocharges) of density σ, which remain 
stably on the surfaces (Fig. 7A). When the two tribological layers start to 
separate, the charge on the surfaces will be introduced to the top elec
trodes, where the charge flows between the two electrodes and even
tually converts mechanical energy into electrical energy. This TENG 
mode has been studied under weak low-frequency mechanical contact as 
well as under high-frequency mechanical contact [152–155]. Hui et al. 
found that the CS mode TENG has an advantage over piezoelectric 

Fig. 7. A) Schematic diagram showing the working principle of the vertical contact-separation fundamental mode. Reproduced with permission from Ref. [94]. 
Copyright 2023. Published by American Chemical Society. B) Schematic illustration of the coupling mode between mechanical quantity, device, and electric output 
of TENG. Reproduced with permission from Ref. [156]. Copyright 2024. Published by Wiley-VCH. C) Schematic diagram of electricity generation when fingers are in 
contact with wsTENG. Reproduced with permission from Ref. [158]. Copyright 2022. Published by Wiley-VCH. D, E) Schematic diagram of the working mechanism 
of TENG. Reproduced with permission from Refs. [159,160]. Copyright 2024. Published by Elsevier Ltd. Copyright 2021. Published by American Chemical Society.
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sensors in sensing low-intensity and low-frequency heart sounds [156]. 
This is due to the fact that, with increasing deformation, the electrical 
output of the TENG shows a constitutive property of rapid saturation. 
This saturation effect becomes faster when the tribological layer is 
thinner. In this case, even small deformations can be translated into high 
electrical output, thus ensuring high sensitivity to low-intensity me
chanical quantities. Second, unlike piezoelectric devices, the direct 
sensing layer and the electromechanical conversion unit in TENG are 
relatively independent (Fig. 7B). As a result, TENG has a more flexible 
design capability to optimally couple low-frequency mechanical infor
mation without sacrificing the electromechanical coefficients, which 
further improves the sensitivity of heart sound sensing. Under the same 
test conditions, the triboelectric sensor achieves a sensitivity of 1215 
mV Pa− 1 in the 50–80 dB sound pressure range, which is 60 times that of 
the piezoelectric sensor. In the case of high-frequency mechanical con
tact, Ronan et al. demonstrated a thin implantable triboelectric device 
capable of efficiently harvesting the mechanical energy of US-induced 
high-frequency vibrations [157]. US induces micrometer-scale dis
placements in polymer films, which generate electrical energy through 
CE. Under porcine tissue, US energy transfer in vivo produced voltages 
and currents of 2.4 V and 156 μA, respectively, allowing US to be har
vested in vivo and to power medical implants.

The SE mode was invented by Zhang et al., in 2013 [161]. In the SE 
mode TENG, only one electrode is connected to (or acts as) the tribo
logical layer (called the main electrode). The other electrode serves as an 
electric potential reference (called the reference electrode). The gener
ator mechanism of the SE mode TENG shows almost the same charac
teristics as that of the CS mode TENG [133,162,163]. The SE mode 
TENG has the advantages of simple structure and suitable for 
single-sided application. Based on this, Yao et al. prepared a self-driven, 
wearable and stretchable SE-mode TENG (wsTENG), which was 
attached to a human finger to obtain energy from finger movement for 
glioma gas therapy (Fig. 7C) [158]. The peak open-circuit voltage (Voc) 
reached about 395 V and the short-circuit current (Isc) reached about 
2.3 μA when the frequency of finger movement was 1 Hz. In addition, 
the output of the wsTENG remained almost unchanged after 21 d, sug
gesting that the wsTENG has a good stability and a long lifetime. In 
addition, the wsTENG is able to stabilize the output voltage well around 
410 V at a non-constant strain rate.

In 2013, Wang’s group developed the RS mode TENG, which differs 
from the CS mode in that the device operates in a horizontal direction, 
where two tribological layers start to overlap [164]. Based on the CE 
effect, this overlapping region will cause charge redistribution on the 
electrodes, thus realizing the energy conversion from mechanical to 
electrical [165,166]. The most attractive advantage of the RS-mode 
TENG is that it is suitable for high-frequency applications, and then 
produces a continuous output of electricity. Based on this, Li et al. 
fabricated a TENG that generates pulsed direct current (DC) power by 
coupling the CE effect and the electrostatic breakdown effect (Fig. 7D) 
[159]. TENG can generate up to 30 pulsed DC peaks with a peak current 
output of approximately 35 μA in a single slide, providing energy for 
triboelectric immunotherapy. However, this relative sliding mode of 
operation also poses a serious challenge of tribological damage to the 
tribological layer. Although some studies have reported considerable 
reliability of RS-mode TENG, long-term stability in practical applica
tions remains a major issue. Different from traditional rolling tribo
electric energy generation, Wang et al. proposed a novel stacked-disk 
rolling TENG (SDR-TENG) based on rolling triboelectricity generation 
to minimize material wear during operation [167]. The output current 
of the basic unit of the SDR-TENG decays by less than 5 % after 860,000 
consecutive operating cycles, demonstrating excellent device durability. 
The FS mode TENG was proposed by Wang’s group in 2014 [168]. The 
working principle is similar to the RS mode TENG, except that it utilizes 
continuous sliding friction [160,169]. Inspired by this mode of opera
tion, Liu et al. developed a nodding duck-structured multi-track inde
pendent tribological layer nanogenerator (NDM-FTENG) oriented 

towards blue energy harvesting [160]. By sliding nylon balls on a curved 
dielectric composite film, the NDM-FTENG is able to convert 
low-frequency ocean wave energy into electrical energy, and ultimately 
obtain a stable and efficient power output (Fig. 7E).

Although TENG devices have made great progress in structural 
design and technological applications, the development of TENG ap
plications in the biomedical field is still at an embryonic stage, and some 
key issues need to be further clarified. For example, the electrical output 
process of TENG cannot be separated from the mechanical force drive, 
and these mechanical forces directly determine the output performance, 
application scenarios and application effects of TENG. The complexity of 
biological organisms leads to the fact that the sources of mechanical 
forces are often complex, variable and uncertain, which hinders the 
further development of TENGs. Therefore, it is particularly important to 
understand the driving force patterns during the application of TENG in 
the biomedical field.

4.3. Force-driven mode

Clarifying the force driving modes can guide the application sce
narios of electroactive materials and devices both in vivo and ex vivo, 
improve the electrical output performance and application effect. 
Currently, the force driving modes of electroactive materials and devices 
during its use in the biomedical field mainly include biological move
ment [170,171], tissue pressure [172–177], cellular force [175–177], 
US [178–180], and other driving modes [181–183] (Fig. 8).

Therefore, further understanding of the driving characteristics, 
driving scenarios, as well as advantages and limitations of these force 
driving modes is particularly important for advancing the application of 
electroactive materials and devices in the biomedical field. Based on 
this, we will next summarize the application scenarios and application 
characteristics of the different driving modes of force in the biomedical 
field, and clarify the advantages and limitations they have and face.

4.3.1. Biological movement
The concept of self-powered electricity has been proposed in the past 

decade. Based on Maxwell’s theory of displacement current, TENG, 
which can convert mechanical energy generated by body movement into 
electrical energy, has attracted much attention as a potential bio- 
mechanical energy harvester. Meanwhile, the presence of piezoelectric 
effect endows PENG with good force-electric conversion characteristics. 
Therefore, at the beginning of the application of TENG/PENG in the 

Fig. 8. Force-driven modes for driving electroactive materials and devices in 
the biomedical field.
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biomedical field, its force driving method mainly focuses on the direct 
driving of the movement of the organism (joint movement, muscle 
stretching, breathing and heartbeat, etc.). TENG/PENG with an output 
frequency of a few Hz can be used directly during the movement of an 
organism and has the safety of high voltage and low current output 
without the need of an external energy transmitter. In addition, the 
alternating pulsed electrical signals generated by the TENG/PENG are 
physiologically synchronized under the drive of the organism’s move
ment, which can effectively inhibit the inertia of physiological electrical 
stimulation that is commonly seen in clinical practice. The above 

advantages promote the application of TENG/PENG in the biomedical 
field.

Based on this, Qin et al. developed a wearable triboelectric stimu
lator, which consists of a flexible TENG (F-TENG) and a triboelectric 
responsive drug-delivery hydrogel for the healing of bacterial infected 
wounds [184]. In the F-TENG, a PET-indium tin oxide (PET-ITO) 
conductive film is used as a flexible top electrode and tribological layer, 
and a PVA-phytanic acid (PVA-PA) hydrogel-based bottom electrode is 
wrapped in an elastic silicone rubber tribological layer. The F-TENG can 
generate pulsed electrical stimulation for wounds by converting the 

Fig. 9. A) Three-dimensional structure of the microneedle-based self-powered transcutaneous electrical stimulation system. Reproduced with permission from 
Ref. [185]. Copyright 2022. Published by Springer Nature. B) Schematic of the working principle of sf-TENG. C) Optical picture and schematic of mbnr-TENG. 
Reproduced with permission from Ref. [186]. Copyright 2024. Published by Elsevier Ltd. D) Schematic of the working principle of mbnr-TENG. E) Schematic 
illustration of the structure of Cs-TENG and its application by the energy-scavenging process. When two layers of dielectric films contact each other and are separated 
by external force, the inductive potential difference is formed between the two electrodes. Electrons flow from one aluminum electrode to another through a load, 
creating an inverse potential difference to balance the electrostatic field. Reproduced with permission from Ref. [186]. Copyright 2022. Published by Wiley-VCH. F) 
Schematic representation of electrode implantation solution. The skin is incised, electrical stimulation cuff is introduced on the rat’s left side sciatic nerve. The 
Cs-TENG worked as an energy harvester has been placed on the rat’s lumbar area and connected the electrode with capsulated Pt wire. G) Internal perspective 
structure of the device. Reproduced with permission from Ref. [187]. Copyright 2023. Published by Springer Nature. H) Charge transfer (i) before contact, (ii) in 
contact, and (iii) after contact between two different dielectrics-polyformaldehyde (POM) and PTFE.
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mechanical energy generated by body movements. When attached to the 
wrist, arm, or knee, the F-TENG can reach 15–20 V by flexing the joint 
area. Yang et al. develop a microneedle-based self-powered trans
cutaneous electrical stimulation system (mn-STESS) by integrating a 
sliding free-standing TENG (sf-TENG) with a microneedle (MN) patch 
(Fig. 9A) [185]. sf-TENG converts the mechanical energy generated by 
sliding a finger into electrical energy and delivers transcutaneous elec
trical stimulation through a microneedle (Fig. 9B). The TENG consists of 
a tribological layer, a dielectric layer and an electrode layer. A poly
imide film was used as the tribological layer, a polytetrafluoroethylene 
film covered with Kapton tape was used as the dielectric layer, and 
polylactic acid (PLA)-coated gold microelectrode array patches were 
used as the electrodes. When the TENG was actuated by a finger with a 
sliding frequency of 2 Hz, the obtained open-circuit voltage, 
short-circuit current, and short-circuit transfer charge were about 20 V, 
1 μA, and 11 nC, respectively. In addition, Liu et al. prepared a multi-ball 
nimble-rolling TENG (mbnr-TENG) consisting of polytetrafluoro
ethylene balls and nylon film (Fig. 9C) [186]. The mbnr-TENG can 
convert the mechanical energy generated by the oscillation of an or
ganism into electrical energy, which is used as an electrical stimulation 
device. The mbnr-TENG consists of a tribological layer, a dielectric layer 
and an electrode layer. The nylon film was used as the dielectric layer, 
and the two layers of nylon film were filled with polytetrafluoroethylene 
balls as the tribological layer (Fig. 9D). The TENG device reached its 
optimal performance (Voc = 143 V, Isc = 0.62 μA, and Qsc = 46.84 nC) at 
a swing angle of 90o. This is due to the fact that this angle makes the 
PTFE balls parallel to the direction of the electrodes, resulting in 
maximum displacement and highest efficiency. PENG, as another elec
troactive device, not only has the same energy conversion as TENG, but 
also has the advantages of simple structural design and sensitivity to 
mechanical forces. Fu et al. prepared a wearable DC pulsed PENG based 
on P(VDF-TrFE) [170]. This PENG converted the rat’s movement into an 
electric field and provided electrical stimulation to the wound edge 
tissue. The PENG was immobilized to the back of the rat, and the output 
voltages of the PENG were 420, 1320, and 2630 mV under different 
movement states (anesthetized/awake/jumping).

In additional to the above, special tissues such as the heart beating, 
breathing, or muscles stretching during exercise generate a certain 
mechanical force, and converting this force into an electrical signal is 
also an effective form of electrical stimulation.

Based on this, Zhou et al. selected PDMS and polyamide 6 (PA6) films 
with different tribological polarity to prepare a contact-separated TENG 
(Cs-TENG) driven by respiratory motion and regular activity to maxi
mize the triboelectric effect (Fig. 9E) [188]. This TENG was implanted 
into the subcutaneous site of the rat’s lumbar region and generated 
biphasic electrical pulses during abdominal respiratory movements 
(Fig. 9F). Four weeks after implantation, the TENG was able to maintain 
a voltage output of 2.18 ± 0.79 V, thus ensuring its effectiveness in 
neuroelectric stimulation. Zhong et al. prepared a micro-vibratory TENG 
with PTFE and PA6 films as tribological layers, also based on the res
piratory motor drive in rats. This TENG could collect the micro
mechanical energy generated by respiration and convert it into a pulsed 
signal (current value of 0.83 ± 0.23 μA) for phrenic nerve stimulation. 
Meanwhile, the output of this TENG was stable within 4 weeks of sub
cutaneous implantation in rats, and the energy harvesting effect was 
remarkable. In addition, the heart beat induced by the contractile force 
of cardiomyocytes has gained attention in driving electroactive devices. 
Liu et al. reported a self-powered intracardiac pacemaker (SICP) with a 
capsule structure for harvesting biomechanical energy from cardiac 
beats (Fig. 9G) [187]. The SICP consists of an energy harvesting unit 
(EHU), a power management unit (PMU), a pacemaker module (PM), a 
hook, and a radiopaque marker. The SICP is subsequently integrated 
with a customized delivery catheter system and implanted into the heart 
via an intravenous route. The SICP is anchored to the endocardium of 
the right ventricle by a hook-like structural design that converts 
biomechanical energy generated by cardiac beats into electrical energy. 

The EHU is fabricated using POM particles and gold electrodes deposited 
in PTFE film. With the heart beating, the POM particles are rolled back 
and forth between the two electrodes, resulting in an alternating current 
based on CE and electrostatic induction (Fig. 9H). At a volume ratio 
(Vpellets/Vcavity) of 40 %, the maximum value of Voc was approximately 
21.8 V. The output performance of the SICP was further validated on a 
porcine model. The results showed that the average voltage and current 
of the SICP in vivo could reach 4 V and 0.2 μA, respectively.

In terms of PENG, Liu et al. proposed a piezoelectric conductive 
scaffold whose piezoelectricity was achieved by assembling diphenyla
lanine on the surface of the holes, while the conductivity of the scaffold 
was achieved by adding poly(3,4-ethylenedioxythiophene) [173]. Dur
ing joint movement, mechanical forces compress the scaffold, which in 
turn creates a potential difference. The output voltage and current of the 
piezoelectric hydrogel were about 20 mV and 0.8 μA, respectively, 
under a cyclic compression force of about 2 N. In addition, the piezo
electric conductive scaffold was implanted into the rabbit knee joint site, 
and the electrical output was measured during the knee joint movement. 
The results showed that the deformation induced by joint motion pro
duced a stable voltage output (1 mV) with minimal abnormal fluctua
tions. Although the PENG had good output stability driven by tissue 
pressure, its output performance was limited. Wang et al. present an 
unusual flexible hybrid friction/PENG (HTP-NG) [189]. At the core of 
the HTP-NG are triboelectric and piezoelectric modules that capture 
knee motion energy to generate electrical energy. The piezoelectric 
module consists primarily of a commercially polarized PVDF film and 
two silver (Ag) electrode layers. Due to the large difference in electro
negativity between PTFE and Ag, the PTFE layer and Ag layer are used as 
negatively and positively charged tribological layers, respectively. The 
HTP-NG has better force-electricity conversion capability than a single 
triboelectric or piezoelectric module, and the Voc, Isc, and corresponding 
Qsc of the HTP-NG under simulated biomechanical motions are about 35 
V, 3.7 μA, and 23 nC, respectively. The designed HTP-NG device is 
implanted into the subcutaneous tissue of the thigh and generates 
biphasic electrical impulses driven by knee motion, which are then 
conducted to the area of the heel defect for electrical stimulation ther
apy. The researchers mentioned above have used the mechanical force 
generated by biological movement to directly drive electroactive de
vices, thereby generating electrical stimulation for biomedical applica
tions. However, due to the direct drive of mechanical forces, most 
electroactive devices can only be fixed at specific tissue sites in vivo or 
joints in vitro, which makes the process of applying electrical stimula
tion complicated in terms of lead connection, unclear stimulation range, 
and low efficiency of electrical stimulation delivery. This provision of 
mechanical force is not favorable to organisms with difficulties in 
locomotion and muscle contraction, thus limiting the further application 
of electroactive materials and devices in the biomedical field.

4.3.2. Cellular traction
Cellular traction, an innovative force-driven mode, demonstrates 

unique advantages in driving electroactive materials and devices to 
produce efficient electrical output. This mode does not need to rely on 
joint movement or muscle extension of the organism, thus avoiding the 
potentially detrimental effects of early electrical stimulation on cell 
spreading and adhesion, while simplifying the complex process of 
inducing material transformation or external stimulus triggering. In 
recent years, cardiomyocytes have received close attention from re
searchers as the quintessential representative of cell force generation. 
[190]. Zheng et al. designed and fabricated a homogeneous and 
well-aligned InGaN/GaN nanopillar array, named PLNA array, for 
detecting the cellular contraction force generated by cardiomyocytes 
[175]. When the cardiomyocytes are located at the top of the InGaN/
GaN nanopillars, the piezoelectric effect of the multiple quantum wells 
at the top of the nanopillars is extremely sensitive to the internal 
piezoelectric potential. The small external force generated by the car
diomyocyte can change the intrinsic strain of the InGaN/GaN 
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nanopillar, leading to the redistribution of the piezoelectric potential, 
which in turn regulates the spot emission of the PLNA. Therefore, the 
cellular force of cardiomyocytes in resting and contracted states can be 
directly derived and visualized by PLNA arrays. The cellular force, as a 
force-driven mode, can not only drive the electroactive material to 
generate electrical output, but also this electrical output can counteract 
the cell itself, thus realizing in situ electrical stimulation.

As shown in Fig. 10A and B, Murillo et al. investigated the prolifer
ation and differentiation of osteoblast-like Saos-2 living cells on piezo
electric zinc oxide nanosheets, verifying the possibility of self-electrical 
stimulation and modulation of cellular activity driven by cellular trac
tion, enabling in situ electrical stimulation [191]. Similarly, Kitsara et al. 
achieved in situ electrical stimulation of proliferation by growing Saos-2 
cells on piezoelectric PVDF nanofibers [192]. In the work of Polak et al. 
it was also verified that osteoblast-like cells, G-63 cells, grown on the 
surface of piezoelectric PLLA fibers were able to feel the PLLA fiber 
providing a favorable charge environment, and the level of skeleton, 
filamentous pseudopods and adhesion spot development of the cells was 
significantly enhanced [193]. Further, the work of Liu et al. provides 
more visual evidence for in situ electrical stimulation of cells, as shown 
in Fig. 10C and D, where a smart piezoelectric scaffold with collagen-like 

stiffness was visualized in real-time monitoring to cause fibers to pro
duce deformation during the growth of living cells [194]. Further, Cui 
et al. applied this in situ electrical stimulation to rats for the first time, 
and piezoelectric PLLA fibers were used as coatings for bone implants to 
rapidly achieve osseointegration of the implants with the organisms, and 
this work is undoubtedly a strong validation of in situ electrical stimu
lation induced by cellular traction (Fig. 10E and F) [91].

In addition to the above researches, Sun et al. constructed a three- 
dimensional multifunctional structure (3DMA) consisting of a titanium 
dioxide nanotube layer and an electrospun piezoelectric PVDF nanofiber 
layer [195]. When 3DMA was applied to the wound infection site, 
macrophages tended to adhere to the piezoelectric PVDF layer. Me
chanical interactions between macrophages and piezoelectric PVDF fi
bers generate a self-excited electric field that modulates the 
anti-inflammatory phenotype. Therefore, piezoelectric materials can 
be used to establish in situ electrical stimulation networks for 
macrophage-based anti-inflammation. Meanwhile, Guo et al. also found 
that the in situ electrical stimulation network established by piezoelec
tric materials can not only modulate cellular phenotypes, but also 
manipulate cellular activities, including alignment and proliferation 
[177].

Fig. 10. A) Saos-2 living cells grown on piezoelectric zinc oxide nanosheets. B) Cellular traction induced deformation of nanosheets. Reproduced with permission 
from Ref. [191] Copyright 2017. Published by Wiley-VCH. C) Dynamic mechanical interactions between cells and bionic extracellular matrix. D) The deformation 
along the nanofibers caused by cell traction. Reproduced with permission from Ref. [194] Copyright 2023. Published by Wiley-VCH. E) Piezoelectric fibers as a 
surface coating for bone implants. F) Piezoelectric fiber coating enabled rapid osseointegration. Reproduced with permission from Ref. [91] Copyright 2024. 
Published by Wiley-VCH.
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Despite the many advantages of the cellular traction force self-driven 
in situ electrical stimulation modality, the problem of too small cellular 
traction force also limits its application. Therefore, the design and 
optimization of materials or devices for tiny structures to improve their 
sensitivity to cellular traction is an important direction of current 
research.

4.3.3. Physical signals
Although some electroactive materials and devices driven by the 

above mentioned forces can somewhat solve the problems of time and 

space limitation, poor spatial resolution, low efficiency of electric field 
transfer, and frequent replacement of power sources that are associated 
with conventional power supply devices. However, harvesting sufficient 
energy in the constrained environment of the human body remains a 
challenge. Mechanical energy generated through organism movement 
and cellular traction is low, resulting in low electrical output energy. 
Physical signals (sound, light, electricity, magnetism, heat), as non- 
invasive external energy sources, can provide stable and sufficient me
chanical energy for electroactive materials and devices, especially the 
ultrasound (US). In the driving process of electroactive materials, 

Fig. 11. A) Schematic illustration of neural electric stimulation with NPs under US. Reproduced with permission from Ref. [196]. Copyright 2022. Published by 
Springer Nature. B) Piezoelectric enhanced NPs catalytic activity under US. Reproduced with permission from Ref. [197]. Copyright 2022. Published by American 
Chemical Society. C) Schematic diagram of the US-responsive aligned piezoelectric nanofibers derived hydrogel conduits for peripheral nerve regeneration. 
Reproduced with permission from Ref. [198]. Copyright 2024. Published by Wiley-VCH. D) Schematic of the porcine ex vivo (showing the location of the implanted 
VI-TEG) and the generator mechanism of VI-TEG. Reproduced with permission from Ref. [157]. Copyright 2019. Published by American Association for the 
Advancement of Science. E) Schematic illustration of the design and possible mechanism of MME cascade stimulation system. Note: MF and EMF are abbreviations of 
magnetic field and external magnetic field. Reproduced with permission from Ref. [181]. Copyright 2024. Published by Wiley-VCH. F) Photocatalytic CO2 reduction 
performances of BTO-T and TiO2 under the irradiation of 355 nm pulsed lasers (PL) and Hg lamp, respectively. The inset shows a schematic diagram of laser-triggered 
piezoelectric photocatalytic reaction on BTO-T. Reproduced with permission from Ref. [182]. Copyright 2023. Published by Wiley-VCH.
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Taejeong et al. demonstrated a composite piezoelectric NPs that can 
generate direct current under high-intensity focused US for stimulation 
of deep brain tissues (Fig. 11A) [196]. The composite piezoelectric NP 
(BTNP-pDA) consisted of N,N′-di-sec-butyl-N,N′-dinitroso-1,4-phenyl
enediamine (BNN6) and piezoelectric barium titanate NPs coated with 
polydopamine. Subsequently, the piezoelectric behavior of the NPs 
under ultrasonic stimulation was evaluated by an interconnection-free 
patch-clamp device. The experimental results showed that the 
BTNP-pDA possessed excellent current outputs (~3.30 pA, ~4.57 pA, 
~11.8 pA, and ~22.4 pA) at different intensities of US (0.4 W cm− 2, 0.8 
W cm− 2, 1.6 W cm− 2, and 3.2 W cm− 2).

US can not only drive the electroactive piezoelectric nanomaterials 
to generate electrical output, but also modulate the electronic polari
zation inside the electroactive piezoelectric nanomaterials, thus acti
vating the piezoelectric catalytic performance of the electroactive 
materials. Cai et al. prepared a piezoelectric NPs based on a hafnium- 
based UIO-66 and Au NPs [197]. Under US stimulation, UIO-66 could 
generate a built-in electric field inside the material, thus promoting 
electron-hole separation and generating catalytic activity (Fig. 11B). 
The introduction of Au NPs facilitated electron transfer, which inhibited 
the recombination of electron-hole pairs and improved the piezoelectric 
properties of UIO-66. Upon deposition of Au NPs, the d33 of UIO-66 was 
increased from 71 pmV− 1 to 122 pmV− 1. In addition, the catalytic ac
tivity of the piezoelectric NPs was increased by 2-fold under the stim
ulation of US, which facilitates its further application in the field of 
catalytic medicine. US has the same potential for development in the 
field of driving electroactive devices. Based on this, Xu et al. prepared 
US-responsive oriented piezoelectric nanofiber-derived hydrogels NGC 
for peripheral nerve regeneration (Fig. 11C) [198]. Specifically, poly 
(vinylidene fluoride-trifluoroethylene) [BTNPs/P(VDF-TrFE)] nano
fibers doped with barium titanate piezoelectric NPs were prepared by 
electrostatic spinning, which had neat orientation and high β-phase 
crystallinity, thus ensuring effective piezoelectricity. In order to inves
tigate the piezoelectricity of BTNPs/P(VDF-TrFE) nanofibers, they were 
encapsulated in two aluminum foil electrodes and a flexible poly
urethane film to construct a flexible piezoelectric device. The device 
showed an open-circuit voltage of about 1.69 V under US stimulation of 
0.75 W cm− 2 in water, demonstrating the potential for in vivo wireless 
US electrical stimulation.

US stimulation is not only effective in driving piezoelectric-based 
electroactive materials and devices, but it also plays an important role 
in the driving process of triboelectric devices. A thin implantable 
vibratory triboelectric generator (VI-TEG) that can effectively harvest 
mechanical energy has been demonstrated by Hinchet et al. (Fig. 11D) 
[157]. In the preparation of the VI-TEG, Hinchet et al. first designed a 
thin (~50 μm thick) and large perfluoroalkoxy (PFA) membrane as a 
tribological layer and generated vibrations under US pressure. The PFA 
membrane was then suspended (with an air gap of 80 μm) on a 3.6 cm ×
3.6 cm thin copper electrode (main electrode). The electrode was 
fabricated on a flexible printed circuit board and covered with gold. The 
final sealing of the film with a melt adhesive makes the VI-TEG less than 
1 mm thick. The VI-TEG is able to efficiently convert US mechanical 
energy into electrical energy. Under porcine tissue, US energy transfer in 
vivo produced voltages and currents of 2.4 V and 156 μA, respectively, 
which were sufficient to charge the battery of a small implant.

In addition to the ultrasound signal, researchers have found that 
external stimuli, such as magnetic fields and light, also bring about the 
deformation of materials to produce mechanical force-driven. Zhang 
et al. developed a magneto-mechanical-electrical (MME) cascade stim
ulation system based on magnetoelectric nanofiber membranes 
(Fig. 11E) [181]. The magnetoelectric nanofiber membrane (PLLA/CFO) 
consists of biodegradable PLLA and cobalt ferrite (CFO). CFO NPs with 
excellent magnetic properties and biocompatibility were modified with 
dopamine to enhance their biostability and interfacial coupling with the 
PLLA matrix. Subsequently, the piezoelectric, magnetic and magneto
electric properties of PLLA/CFO membranes were explored. The results 

showed that the PLLA/CFO membrane produced an electrical stimula
tion of about 53 mV when the magnetic field strength was 80 mT. Wang 
et al. found that PL can generate large light pressure [182]. A low-power 
PL (3 W, 355 nm) as a UV light source can trigger piezoelectric photo
catalysis of tetragonal BTO (BTO-T) without external force (Fig. 11F). 
This catalytic performance was generated due to the huge transient light 
pressure of the 355 nm PL (5.7 × 107 Pa, 2.7 W) not only bending the 
energy bands of the BTO-T to enable the theoretically unavailable re
action to occur, but also inducing a pulsed built-in electric field to 
determine the effective photo-induced carrier separation. The BTO-T 
was then assembled into a miniature pressure sensor and the pressure 
generated by the 355 nm PL was investigated. The pressures generated 
by different laser powers (2.7, 1.8, and 1.5 W) were 5.35 × 10− 3, 1.78 ×
10− 3, and 1.24 × 10− 3 N. Subsequently, the output signal of the BTO-T 
reached up to 38 mV when the PL pressure was applied to the BTO-T 
surface.

In the research process of electroactive materials and devices, the 
driving mode of force determines the application effect and application 
scenario of electroactive materials and devices. Therefore, clarifying the 
different driving modes of mechanical forces will further promote the 
application of electroactive materials and devices in the field of regen
erative medicine. It is also worth noting that Molecular Dynamics (MD) 
simulations resolve dynamic mechanoelectrical coupling and degrada
tion kinetics, while Density Functional Theory (DFT) optimizes tribo
electric/piezoelectric properties at atomic scales. Combined with 
machine learning, these tools enable predictive material screening and 
defect engineering, accelerating the development of bioactive, high- 
output PENGs/TENGs for precision regenerative therapies.

5. Force-electrical conversion of biomaterials and devices for 
regenerative medicine

The regulatory role of electric fields in the metabolic processes of 
organisms has been conclusively demonstrated, with its influence 
permeating through multiple biological levels, including cells, tissues, 
and organs. Notably, in cell populations highly sensitive to electrical 
stimulation, such as bone and neuronal tissues, it exhibits particularly 
significant regulatory effects. Therefore, electrical stimulation has 
become an innovative means of tissue regeneration and functional re
covery, and is widely used in the field of regenerative medicine. 
Meanwhile, in terms of the mechanism of tissue regeneration and 
functional regulation driven by electrical stimulation, electrical stimu
lation synergistically promotes tissue regeneration and functional 
regulation through multi-dimensional mechanisms: i) at the level of 
biologically active molecules, electrical stimulation regulates the release 
of neurotrophic factors and metabolic small molecules, and reshapes the 
regenerative microenvironment; ii) at the level of ion channels, elec
trical stimulation activates voltage-gated and mechanosensitive chan
nels; iii) at the protein expression level, electrical stimulation 
upregulates cytoskeletal proteins and differentiation markers, and en
hances functional protein activity through phosphorylation and acety
lation modifications; iv) at the signaling level, electrical stimulation 
integrates multiple signaling pathways (PI3K/AKT, Wnt/β-catenin, and 
Hippo-YAP, etc.) to drive cell proliferation, migration, and directional 
differentiation. Against this backdrop, force-electric conversion bio
materials, which possess the capability to efficiently convert mechanical 
signals into electrical signals, have demonstrated immense potential and 
prospects in the realm of regenerative medicine. Based on force- 
electrically convertible materials, TENGs and PENGs have been exten
sively integrated into various biomedical application scenarios due to 
their unique properties [199] (Table 1). These applications primarily 
focus on three major areas: firstly, regenerative repair following tissue 
injury, encompassing the repair and regeneration of critical tissues such 
as nerves, bones, cartilages, tendons, and skin; secondly, electrical 
stimulation modulation following the loss of specific functions, where 
precise electrical stimulation techniques are employed to facilitate the 
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recovery and regulation of organ functions such as the brain, heart, eyes, 
and muscles; and thirdly, electrical stimulation therapy for specific 
diseases, utilizing electric field effects to achieve precise drug delivery, 

electric field-catalyzed therapy, and electrical stimulation to eliminate 
diseased cells, thus providing new methods and strategies for tissue 
function recovery and regeneration.

Table 1 
Force-driven modes and stimulation times of force-electric biomaterials and devices.

Type Application Force-driven mode Electrical properties Stimulation time Ref.

Piezoelectric biomaterials Regulation of brain function Ultrasound ~3.30 pA 60 s 227
Regulation of muscle function Biological movement 120 mV 10 days 238
Regulation of nerve Ultrasound 15.29 μV 4 min 244

Biological movement 5 V 3 weeks 242
TENGs Bone repair Biological movement 35 V 

3.7 μA
6 weeks 212

Nerve regeneration Biological movement 2.7 V 
0.12 μA

12 weeks 203

Regulation of heart function Biological movement 67.5 V 
5.9 μA

0.5 ms 208

PENGs Nerve regeneration Ultrasound 17.9 V 
2.6 μA

20 min 202

Bone repair Ultrasound 220 mV 2 min 213
Skin regeneration Biological movement 8.71 V 10 days 219
Regulation of brain function Biological movement 13.49 V 15 min 226
Regulation of heart function Magnetic fields 559.8 mV 

314.5 pA
None 209

Regulation of muscle function Magnetic fields 64 μV 5 days 239
Ultrasound ~300 mV 20 min 210

Fig. 12. Force-electrical conversion biomaterials for tissue regeneration and functional regulation. A) US-driven piezoelectric degradable spinal cord scaffolds. 
Reproduced with permission from Ref. [202] Copyright 2022. Published by American Chemical Society. B) Bone regeneration electrical stimulator with combined 
friction and piezoelectricity. Reproduced with permission from Ref. [204] Copyright 2024. Published by AAAS. C) Exercise-induced piezoelectric stimulation for 
cartilage regeneration. Reproduced with permission from Ref. [205] Copyright 2024. Published by AAAS. D) A Self-powered piezo-bioelectric device regulates 
tendon repair Reproduced with permission from Ref. [148] Copyright 2020. Published by Wiley-VCH. E) US-triggered piezocatalytic composite hydrogels for 
promoting bacterial-infected wound healing Reproduced with permission from Ref. [206] Copyright 2022. Published by Elsevier. F) A self-powered wearable 
seizure-monitoring/brain-stimulating system for potential epilepsy treatment Reproduced with permission from Ref. [207] Copyright 2022. Published by Elsevier. G) 
Symbiotic pacemakers based on the TENG. Reproduced with permission from Ref. [208] Copyright 2019. Published by Springer Nature H) Magnetostriction 
enhanced self-powered nanofiber sheet as cardiac patch. Reproduced with permission from Ref. [209] Copyright 2024. Published by Elsevier. I) Highly stretchable 
piezoelectric elastomers for skeletal muscle defect repair. Reproduced with permission from Ref. [210] Copyright 2023. Published by Wiley-VCH.
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5.1. Tissue regeneration

5.1.1. Nerve
Researches have demonstrated that an electrical field environment 

can effectively promote neuronal differentiation and synaptogenesis, 
thereby accelerating the recovery of neural function. Specifically, elec
trical stimulation not only stimulates the regenerative capacity of 
injured nerves but also significantly enhances the growth of axons at the 
surgical repair site of nerve transections when applied continuously at a 
frequency of 20 Hz for 1 h, leading to rapid reinnervation of target 
muscles [200,201]. However, the percutaneous external wiring required 
for implantable electrical stimulation devices poses numerous practical 
inconveniences, limiting their widespread application. To address this 
issue, self-powered electrical stimulation devices have emerged, aiming 
to achieve internal treatment through internal energy sources and 
eliminate the hassle of external wiring.

Piezoelectric electroactive materials, due to their unique property of 
generating electrical signals in response to external stimuli, thereby 
promoting the growth and differentiation of neuronal cells, have 
become a new research direction for treating neural regeneration. These 
materials provide novel ideas and pathways for solving the challenges of 
neural regeneration. Notably, Chen et al. have successfully developed a 
spinal cord repair neural scaffold capable of generating wireless elec
trical stimulation under ultrasonic driving. This scaffold, composed of 
biodegradable PLA and piezoelectric KNN nanowires in a three- 
dimensional multi-channel structure, exhibited excellent effects in pro
moting neural stem cell differentiation and endogenous angiogenesis in 
a rat model of spinal cord injury (Fig. 12A) [202]. Furthermore, Jin et al. 
constructed a fully implantable neural electrical stimulation system by 
integrating a novel triboelectric/piezoelectric hybrid nanogenerator 
with a nanoporous neural conduit. This system can generate 
self-regulating electrical signals utilizing the body’s own movements 
and is highly sensitive to different physiological states, thereby 
achieving precise regulation of neural regeneration. Experimental data 
indicate that this system is comparable to autologous grafting in 
repairing 15 mm-long sciatic nerve defects [203].

It is worth noting that, in designing electrical stimulation neural 
conduit scaffolds, besides meeting the requirements of electrical stim
ulation, the structural design of the scaffold is equally crucial. A well- 
designed structure not only facilitates the directional growth and dif
ferentiation of neuronal cells but also provides effective guidance for 
neural regeneration, further promoting the recovery of neural function. 
Therefore, in future research, both electrical stimulation and structural 
design should be considered comprehensively to develop more efficient 
and reliable neural regeneration treatment strategies.

5.1.2. Bone
Bone tissue stands as the largest natural piezoelectric material in 

organisms, with its piezoelectricity originating from the oriented 
arrangement of collagen fibers. The surface of injured bone tissue ex
hibits electronegativity, which plays a pivotal role in guiding bone 
regeneration at defective sites. Electrical stimulation, as an effective 
physical means, can direct the spatial arrangement of cells, promote cell 
proliferation, and induce differentiation in specific directions. As early 
as 1981, there were documented cases of successful treatment of tibial 
nonunion using pulsed electromagnetic fields [211]. The application of 
direct electrical stimulation with certain parameters to stem cells can 
also accelerate cell proliferation and osteogenic differentiation. Wang 
et al. developed a fully implantable bone defect electrical stimulation 
(BD-ES) system that integrates a hybrid triboelectric/PENG to provide 
biphasic electrical pulses in response to rehabilitation training, along 
with a conductive bioactive hydrogel (Fig. 12B). BD-ES enhances 
various osteogenic-related biological processes, including calcium ion 
channels and osteogenic differentiation. In a rat model of critical-size 
femoral defects, BD-ES treatment followed by subsequent bone miner
alization reversed the bone defects, resulting in complete healing of the 

femur within 6 weeks. Compared to direct electrical stimulation, direct 
contact of the newly formed tissue with the material can more effec
tively amplify the electrical signals [212]. Cui et al. fabricated a bio
mimetic mineralized PLLA-based bone scaffold, where PLLA nanofibers 
provide piezoelectric properties mimicking bone collagen fibers, while 
hydroxyapatite crystals on the PLLA fiber surface offer bone-like 
chemical composition. This filled bone scaffold facilitates rapid 
recruitment of endogenous stem cells and piezoelectric-induced osteo
genesis, and it completely degrades as new bone regeneration progresses 
[213].

Similarly, the growth process of cartilage resembles that of bone 
cells, and cartilage regeneration poses a crucial challenge in osteoar
thritis and cartilage defects. In promoting the regeneration of articular 
cartilage, piezoelectric materials also demonstrate significant advan
tages, acting as battery-free electrical stimulators under applied forces 
or joint loads to enhance cartilage formation. Researchers have prepared 
a multilayer piezoelectric device that generates controllable piezoelec
tric charges under stress or joint loads, promoting the adsorption of 
extracellular proteins, facilitating cell migration or recruitment, and 
inducing the release of endogenous TGF-β through calcium signaling 
pathways to promote cartilage formation and regeneration both in vitro 
and in vivo (Fig. 12C) [205].

Tendon disorders also represent a key challenge in the field of or
thopedics. Studies have shown that devices based on piezoelectric con
version can regulate ion channels in tendon cells in vitro and modulate 
specific tissue regeneration signaling pathways. Moreover, as shown in 
Fig. 12D, electromechanical stimulation regulates the sensitivity of 
mechanosensitive ion channels, promoting tendon-specific repair pro
cesses over non-tendinous tissues [148]. In summary, these advance
ments highlight the potential of piezoelectric materials and electrical 
stimulation in guiding bone and cartilage regeneration, as well as in 
modulating tendon cell behavior. By leveraging the unique properties of 
these materials and techniques, researchers are paving the way for more 
effective and efficient treatment strategies in orthopedic medicine.

5.1.3. Skin
Wound healing is a complex and intricate biological process 

involving interactions among various cells and molecules. In this pro
cess, the guiding role of electric fields has been proven to be crucial. 
Over a century ago, Emil et al. first recorded the presence of weak 
currents at wound sites, laying the foundation for subsequent research 
on the role of electric fields in wound healing [214].

Normal epidermal cells form a transepithelial potential through their 
internal ion channels, which is the basis for the endogenous electric field 
in wounds. Cations (such as Na+) are primarily transported to the basal 
side of the epidermis, while anions (such as Cl− ) are transported to the 
apical side, resulting in an asymmetric ion distribution that generates 
the transepithelial potential [215,216]. When a wound occurs, the 
electric field distribution in the wound area changes, with currents being 
driven out of the wound to form a lateral electric field with the wound 
edge as the anode and the center as the cathode. This electric field plays 
a key role in guiding the migration of electrically active key cells (such 
as epithelial cells) and promoting wound re-epithelialization.

Recent studies have confirmed the impact of the endogenous electric 
field in wounds on the healing rate. For example, in some disease states 
(such as diabetes), the absence or weakening of the endogenous electric 
field in wounds can lead to delayed wound healing [217]. Therefore, 
assisting in the establishment or supplementation of the electric field in 
the wound area is of great significance for promoting wound healing.

To leverage electric fields for wound healing, researchers have 
developed a series of innovative technologies. Luo et al. ingeniously 
combined TENG with mature wound treatment devices, namely nega
tive pressure wound therapy (NPWT) devices (Fig. 12E). The mechanical 
force generated by NPWT drives the power generation process of TENG, 
and the resulting current further supplements the missing electric field 
in wounds, thereby assisting in wound healing. The electric field 
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generated by TENG is not only stable and highly safe but also has a 
significant migratory promotion effect on epithelial cells and drives 
macrophages to differentiate into the repair-oriented M2 anti- 
inflammatory phenotype in vitro. Long-term treatment can signifi
cantly promote tissue remodeling, mature epithelial cells, order extra
cellular matrix, and reduce scar formation [218].

Another innovative study by Sun et al. developed a passive and 
biodegradable piezoelectric suture. The suture is composed of a multi
layer coaxial structure, including poly(lactic-co-glycolic acid), poly
caprolactone, and magnesium, ensuring safe degradation and excellent 
mechanical properties. Importantly, the suture has piezoelectric prop
erties, generating an electric field during movement and stretching, 
which accelerates wound healing and reduces the risk of infection. 
Experimental results show that wounds treated with this piezoelectric 
suture heal 50 % faster than those treated with traditional sutures [219].

In summary, electric fields play an important role in the wound 
healing process, and modern technological applications provide new 
ways to leverage electric fields for wound healing. By innovatively 
supplementing or enhancing the electric field in the wound area through 
technological means, not only can the wound healing process be accel
erated, but complications can also be reduced, bringing new hope to the 
field of wound treatment. In the future, with in-depth research and 
continuous technological advancements, the application prospects of 
electric field guidance in wound healing will be broader.

5.2. Functional regulation

5.2.1. Brain
Brain electrical stimulation (BES), a pioneering therapeutic and 

interventional approach in neurology, has been proven to influence 
neurotransmitter release and synaptic plasticity [220]. The underlying 
mechanism may involve ion flows induced by electrical stimulation, 
which promote arterial dilation and increase blood flow in the target 
region. By delivering precisely controlled electrical currents to specific 
brain areas, BES exhibits dual effects: on the one hand, it can slowly 
repair potential neuronal damage caused by diseases; on the other hand, 
it can instantly modulate sensory, emotional states, and muscular ri
gidity [221,222]. The mechanisms underlying the effects of BES on 
neurotransmitter release and synaptic plasticity are complex. Specif
ically, high-frequency deep brain stimulation, such as using a parameter 
setting of 100 pulses per second with a pulse width of 0.1 ms, can 
directly inhibit or activate neural activity, effectively alleviating a va
riety of pathological symptoms, including Parkinson’s disease [223], 
tremor, epilepsy [224], depression [225], and others.

In terms of technological innovations, Zhao et al. reported a wear
able neuromodulation stimulator that does not require an external 
battery, capable of modulating synaptic plasticity in both long-term 
potentiation and long-term depression states [226]. Lin et al. designed 
a closed-loop device that can monitor human movement in real-time and 
convert it into electrical energy for storage (Fig. 12F). Simultaneously, 
upon detecting seizures, the device utilizes PVDF doped with zinc oxide 
to instantly deliver electrical stimulation to the brain. Experimental 
results show that this device can reduce seizure duration by 40 %–50 % 
in a mouse model of epilepsy [207]. Furthermore, the Kim team 
developed a non-invasive, highly safe piezoelectric NPs, 
BTNP–pDA–BNN6, which can release nitric oxide under US to reversibly 
open the blood-brain barrier and generate electrical stimulation in the 
target area under US guidance, providing a potential non-invasive 
therapy for diseases such as Parkinson’s disease [227].

It is worth noting that BES may exhibit different time frames in 
improving symptoms of various neurological diseases. For example, 
tremor and rigidity may respond immediately, while long-term issues 
such as dystonia and emotional changes may take months to resolve. 
This indicates that the mechanism of action of BES is far more complex 
than simple neuronal excitation or inhibition. Additionally, BES therapy 
is associated with a high incidence of side effects, such as adverse 

reactions caused by lead migration, including motor disorders, speech 
impairments, cognitive difficulties, and emotional fluctuations. There
fore, the implementation of BES therapy requires strict patient selection, 
comprehensive assessment, and precise adjustment of stimulation pa
rameters by a professional medical team. Although the use of force- 
electrically convertible materials for BES eliminates the dependency 
on external power sources and reduces the risk of infection, precise 
control of current intensity and stimulation sites remains an urgent issue 
to be addressed.

5.2.2. Heart
The application of force-electrically convertible materials in cardiac 

disease treatment primarily focuses on two major areas: cardiac pace
makers and myocardial patches (as shown in Fig. 12G and H). Since the 
first complete implantation of a cardiac pacemaker in humans in 1958, it 
has become a crucial treatment method for heart disease [228,229] 
Force-electrically convertible materials provide a novel power supply 
approach for cardiac pacemakers, breaking through the life span limi
tations of traditional commercial pacemakers. Looking ahead, cardiac 
pacemakers will evolve towards a battery-free, self-powered direction, 
achieving self-sustaining power supply by harvesting energy within the 
body. If the energy generated by heartbeat can be effectively captured 
and utilized, the realization of a one-time implantation, lifelong use 
cardiac pacemaker will become a reality [230].

As early as 1963, Parsonnet et al. pioneered an attempt to capture in 
vivo mechanical energy from the pulsatile expansion of the aorta 
through an implanted piezoelectric device [231]. In Chapter 2 of this 
paper, we have elaborated on the application of piezoelectric materials 
in cardiac pacemakers. Additionally, significant progress has been made 
in the application of TENGs in cardiac pacemakers. For instance, in 
Fig. 12G, Ouyang et al. prepared an implantable TENG with an 
open-circuit voltage of up to 65.2 V, harvesting 0.495 μJ of energy per 
cardiac cycle, which exceeds the required endocardial pacing threshold 
energy (0.377 μJ), marking an important milestone in the development 
of symbiotic cardiac pacemakers [208].

On the other hand, myocardial patches primarily address the issue of 
limited myocardial contractile function following myocardial infarction. 
Poor electrical conduction between myocardial tissues increases the risk 
of heart failure. The application of force-electrically convertible mate
rials in this field promotes electrical conduction between myocardial 
cells by delivering electrical signals to the myocardium. Specifically, in 
Fig. 12H, Jing et al. innovatively prepared a magneto-electric myocar
dial patch by adding magneto strictive materials to piezoelectric poly
mers. [209]. This patch utilizes the driving effect of magneto strictive 
materials to cause piezoelectric materials to generate electrical signals 
that act on myocardial cells, thereby triggering myocardial contraction, 
providing a new possibility for myocardial repair following myocardial 
infarction.

In summary, force-electrically convertible materials exhibit great 
potential for application in the field of cardiac disease treatment. 
Whether by providing a novel self-powering solution for cardiac pace
makers or by promoting electrical conduction between myocardial cells 
through myocardial patches, force-electrically convertible materials are 
driving innovation in heart disease treatment technologies. With the 
deepening of research and continuous technological advancements, 
force-electrically convertible materials are expected to play a more 
significant role in the treatment of cardiac diseases, bringing safer and 
more effective treatment options for patients.

5.2.3. Muscle
Muscle tissue serves as a pivotal component of organisms, account

ing for more than half of the body mass and playing a crucial role in force 
generation, bodily movement, and internal organ support. Its distinctive 
characteristic lies in its responsiveness to electrical signals and subse
quent contraction [232]. Based on function and distribution, muscle 
tissue is classified into three types: skeletal muscle, cardiac muscle, and 

S. Yao et al.                                                                                                                                                                                                                                      Biomaterials 320 (2025) 123288 

22 



smooth muscle. Skeletal muscle is responsible for bodily activities, 
cardiac muscle controls heart contraction specifically, while smooth 
muscle is widely distributed in blood vessels and the digestive system.

When muscle tissue is injured, its regenerative capacity becomes 
particularly significant. In contrast to skin wound healing, muscle 
regeneration refers specifically to the repair process of damaged muscle 
fibers. Healthy muscle possesses a certain regenerative capacity to cope 
with mild injuries, relying on the activation, proliferation, and differ
entiation of muscle stem cells. However, severe injuries may lead to 
insufficient endogenous regenerative capacity, resulting in fibrosis and 
scar formation, which impair normal muscle function. Currently, sur
gical reconstruction is the primary means of treating muscle injuries, but 
this method faces challenges such as low survival rates and scarcity of 
donor tissue. To overcome these difficulties, researchers are exploring 
new therapeutic strategies. Additionally, clinical practice has confirmed 
that electrical stimulation and physical exercise can effectively enhance 
muscle mass and strength [233–235]. In particular, external electrical 
stimulation has demonstrated great potential in the treatment of muscle 
injuries. It not only effectively prevents muscle atrophy due to pro
longed inactivity (such as after injury or surgery) but also mimics the 

role of motor neurons in the physiological environment, influencing 
muscle cell proliferation rates and hypertrophy characteristics. For 
instance, the addition of electrical stimulation to two-dimensional 
cultured muscle precursor cells successfully promoted their myotube 
formation process [236].

In vitro cultures have also revealed various materials with beneficial 
effects on the adhesion and proliferation of myoblasts, as well as their 
myogenic differentiation. For example, negatively charged β-PVDF can 
promote the adhesion and proliferation of myoblasts, while also exhib
iting a positive effect on the myogenic differentiation of human umbil
ical cord blood mesenchymal stem cells (hUCBMSCs) [237,238]. Ribeiro 
et al. reported a magneto-electric composite material and studied its 
impact on myoblast adhesion, proliferation, and differentiation. The 
deformation caused by magneto strictive materials induced effective 
electrical signals in the piezoelectric materials, and the results showed 
that this magneto-electric stimulation significantly improved the 
maturation index of the cells [239].

Furthermore, Fang et al. prepared piezoelectric elastomer using a 
copolymerization method of bio-based diacids and diols (Fig. 12I). This 
material has an elastic modulus matching that of skeletal muscle, 

Fig. 13. Force-electrical conversion materials in regenerative medicine. A) US-induced wireless energy harvesting for potential retinal electrical stimulation. 
Reproduced with permission from Ref. [240]. Copyright 2019. Published by Wiley-VCH. B) Self-powered nanostructured piezoelectric filaments for cochlear im
plants. Reproduced with permission from Ref. [241] Copyright 2024. Published by Wiley-VCH. C) Orally ingested self-powered stimulators for targeted gut–brain 
axis electrostimulation to treat obesity. Reproduced with permission from Ref. [242] Copyright 2024. Published by Wiley-VCH. D) A closed-loop self-powered 
low-level vagus nerve stimulation system for atrial fibrillation treatment. Reproduced with permission from Ref. [243] Copyright 2019. Published by Wiley-VCH. E) 
Piezoelectric analgesia blocks cancer-induced bone pain. Reproduced with permission from Ref. [244] Copyright 2019. Published by Wiley-VCH. F) Autonomously 
controlled piezoelectricity promotes rapid insulin release. Reproduced with permission from Ref. [245] Copyright 2022. Published by AAAS.
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enabling stretching and recovery movements. Under ultrasonic and 
mechanical stimulation, the piezoelectric charge of the PPBE scaffold 
can promote myogenic differentiation through the Ca2+ signaling 
pathway, regulate cell function, and thereby improve the morphological 
and functional properties of skeletal muscle. Therefore, the development 
of degradable PPBE scaffolds provides a new therapeutic strategy for 
volumetric muscle loss and holds great potential for other tissue repairs 
[210].

In summary, the regenerative capacity of muscle tissue is crucial for 
maintaining the normal function of organisms. Currently, researchers 
are exploring new therapeutic strategies and materials to improve the 
treatment outcomes of muscle injuries. Among them, the application of 
electrical stimulation and novel biomaterials offers new perspectives 
and methods for the treatment of muscle injuries, potentially leading to 
more precise and effective treatments in the future.

5.2.4. Other
Besides the aforementioned representative applications of electro

mechanical conversion materials in tissue regeneration and functional 
repair, there exist a series of special applications such as electrical 
stimulation of the retina, cochlea, vagus nerve, gastric muscles, pain 
relief, and pancreatic cells, which have shown certain therapeutic effects 
in the treatment of corresponding diseases.

In the field of retinal electrical stimulation, Jiang et al. prepared a 
lead-free, ultra-thin composite piezoelectric patch (Fig. 13A). Through 
optimized manufacturing techniques and the addition of microstructural 
designs on the material surface, they significantly enhanced the device’s 
output power to 45 mW cm− 2, meeting the average threshold for retinal 
stimulation, thus providing a potential means for restoring vision [240]. 
Similarly, given that hair cells in the human ear can convert sound vi
brations into electrical potentials, electromechanical conversion mate
rials theoretically possess similar functionalities. Mokhtari et al. 
investigated a self-powered acoustic sensor based on piezoelectric 
composite fibers for use after hair cell damage (Fig. 13B). This sensor 
responds to sounds near the audible range at moderate sound pressure 
levels (60–95 dB), with an overall sound-to-electricity conversion effi
ciency of 3.25 % and a sensitivity of 117.5 mV (Pa cm2)− 1, making it a 
promising candidate for artificial cochleas [241].

The vagus nerve, as a composite of motor and sensory fibers, has 
extensive connections with various body systems. Electrical stimulation 
of the vagus nerve is an effective means of regulating neural activity and 
organ function. Mac et al. explored a method to reduce food intake by 
stimulating the gastric vagus nerve, thereby achieving weight loss in 
obese mice [242]. This oral electrical stimulation device utilizes 
capsaicin to locate sensory nerve endings in the gastric mucosa and 
generates electrical signals based on piezoelectric BTO particles under 
gastric motility, which are then transmitted to the hypothalamus via the 
brain-gut axis (Fig. 13C). This represents a non-invasive, metabolically 
non-toxic, and safe weight loss method. Additionally, Sun et al. devel
oped a closed-loop vagus nerve stimulator for the treatment of ventric
ular fibrillation [243]. This device utilizes hybrid nanogenerators to 
convert mechanical energy into electrical energy for storage, monitoring 
the occurrence of ventricular fibrillation while promptly regulating it 
through electrical stimulation of the vagus nerve (Fig. 13D). Treatment 
results showed a significant 90 % reduction in ventricular fibrillation 
duration, accompanied by the discovery of anti-inflammatory 
properties.

In the field of pain relief, Yin et al. developed an US-driven electrical 
stimulant for blocking cancer-induced bone pain (CIBP) [244]. They 
utilized BTO nanosheets to achieve single-cell-level electrical fields, 
inducing internalization of the TRPV1 on neuronal cells, reducing the 
secretion of neuropeptides and inflammatory factors, and achieving up 
to 6 h of CIBP relief (Fig. 13E).

Recently, the construction of electrically sensitive functional cells 
and the regulation of cell secretion function through electrical stimu
lation have become research hotspots. Zhao et al. utilized piezoelectric 

PVDF films to generate suitable electrical stimulation to stimulate 
electrically sensitive cells derived from the pancreatic β-cell line 1.1E7 
[245]. These cells were designed to express insulin, as well as 
voltage-gated calcium channel CaV1.2 and inward rectifier potassium 
channel Kir2.1. They found that the piezoelectric-generated charges 
stimulated the opening of CaV1.2 channels, triggering the release of 
insulin stored in secretory vesicles (Fig. 13 F). Ultimately, they subcu
taneously implanted a button-like device containing these electrically 
sensitive insulin-producing cells into type 1 diabetic mice. Mice stimu
lated by directly pushing the skin above the implant showed a rapid 
decrease in fasting blood glucose levels, while unstimulated mice 
maintained persistently high blood glucose levels, confirming the 
effectiveness of finger-push-mediated remote control of insulin release 
from the implanted cells.

In summary, the application of electromechanical conversion mate
rials in the medical field demonstrates broad prospects and potential. 
From retinal electrical stimulation to artificial cochleas, from vagus 
nerve stimulation to pain relief treatments, to the construction of elec
trically sensitive cells and remote control, these applications not only 
provide powerful supplements to traditional treatment methods but also 
open up new directions for the future development of medicine. With 
continuous technological advancements and in-depth research, the 
application of electromechanical conversion materials in the medical 
field will become more extensive and profound, contributing greatly to 
the cause of human health.

5.3. Disease treatment

In recent years, the disease treatment based on tissue regeneration 
has received increasing attention, and electrical stimulation has been 
studied to some extent as one of the strategies for disease treatment, 
which is expected to provide a new approach for the treatment process 
of diseases based on tissue regeneration. Electroactive materials and 
devices with force-electric conversion capability have been proved to be 
an ideal platform for bioelectric therapy. Currently, the therapeutic 
functions of electroactive materials and devices with force-electric 
conversion capability in disease treatment are mainly realized through 
the controlled release of drug molecules [198,246,247], the enhance
ment of catalytic performance in catalytic therapy [248,249], and the 
direct interaction between electrical stimulation and cells or tissues 
[250,251] (Fig. 14).

5.3.1. Drug delivery
Drug delivery systems have become a hot research topic in the 

biomedical field, driven by the huge clinical demand for targeted ther
apies, in the hope of bringing more survival benefits to patients. 
Recently, drug delivery systems have shifted to actively modulate drug 
release in response to external stimuli. Stimuli-responsive drug delivery 
systems aim to adjust drug release in response to environmental changes 
or external stimuli, thus achieving precise control of spatial localization, 
dose and release rate. With advances in biomechanical energy harvest
ing technology, self-powered drug delivery has emerged as a type of 
stimuli-responsive drug delivery. Self-powered drug delivery offers high 
performance and therapeutic precision as an ideal alternative to oral or 
injectable drug delivery. Electroactive materials and devices with force- 
electric conversion capabilities can convert external mechanical energy 
into electrical energy, enabling self-powered drug delivery without the 
need for an external power source or complex devices. At the same time, 
wearable and implantable devices with force-electric conversion capa
bilities can deliver drugs at specific sites, thus improving efficacy, 
reducing side effects, and decreasing overall treatment costs.

In stimuli-responsive drug delivery systems, biopolymers, NPs, 
microneedles, and liposomes are used as common drug carriers that can 
be electrically stimulated and controlled by electroactive materials and 
devices. Thus, biomaterial carriers are used in drug delivery systems 
along with electroactive materials and devices for site-specific 
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controlled drug release. Based on this, Wang et al. proposed a wearable, 
self-powered MN patch, which was integrated with a flexible friction 
nanogenerator (F-TENG), aiming at deep tumor therapy [252]. The MNs 
consisted of a water-soluble polymer mixed with calcium carbonate NPs 
containing chlorin e6 (Ce6) and DOX. Upon insertion of this integrated 
patch into the skin, the MNs were rapidly dissolved, which resulted in 
rapid delivery of drug-loaded negatively charged NPs into the skin. 
These NPs are then pushed deeper into the skin by electric field stimu
lation (Fig. 14A). Upon reaching the deep melanoma, the pH-responsive 
NPs dissociate rapidly due to the acidic microenvironment within the 
tumor, which allows the loaded Ce6 and DOX to be released directly into 
the tumor. The integrated patch showed better efficacy in inhibiting 
deep tumors than the MN patch alone.

In vitro transdermal drug delivery based on electroactive materials 
and devices mainly relies on electroporation, electrophoresis, and 
iontophoresis, which impose limitations on drug delivery efficiency. In 
vivo controlled release of drugs can address to some extent the problems 
associated with in vitro drug delivery. Therefore, Zhao et al. fabricated a 
novel magnet TENG (MTENG), which ensures contact and separation 
cycles between the two tribological layers and can effectively increase 

the TENG output up to 70 V [253]. RBCs loaded with DOX were used as 
an antitumor drug delivery system (DDS). After loading DOX, the 
erythrocyte membrane was very stable with little DOX release. How
ever, under electrical stimulation with MTENG, DOX release increased 
significantly and returned to normal after the end of the stimulation 
(Fig. 14B). MTENG-controlled DDS kills cancer cells in vivo with a low 
DOX dose. This excellent cell killing effect is mainly attributed to the fact 
that in vivo DDS can realize the precise and effective release of drug 
molecules under the effect of electrical stimulation. Based on the same 
advantages, Yao et al. prepared a covalent organic framework nanocage 
loaded with DOX (hCOF-DOX) to achieve controlled release of drugs in 
vivo [258]. The covalent organic framework structure was constructed 
with iron porphyrin as the building block and 2,5-dihydroxyterephthalic 
acid as the linker. It was found that hCOF-DOX exhibited 
stimulus-responsive drug release behavior under the electric field 
stimulation provided by TENG (stimulation frequency of 1.6 Hz, stim
ulation time of 16 min), and the final cumulative release of DOX reached 
34.2 %. This feature provides the basis for controlled drug release in vivo 
by electrical stimulation.

Fig. 14. Electroactive materials and devices for disease treatment. A) Working mechanism of the F-MN device composed of F-TENG and dissolving MN patch. 
Reproduced with permission from Ref. [252]. Copyright 2024. Published by Wiley-VCH. B) Doxorubicin (DOX)-loaded Red blood cells (RBCs) were stimulated by 
MTENG to achieve controlled release of DOX. Reproduced with permission from Ref. [253]. Copyright 2019. Published by Wiley-VCH. C) The schematic of the 
electric field distribution, potential distribution, and polarization mode distribution on the surface of the nanocatalyst under electric field stimulation. Reproduced 
with permission from Ref. [254]. Copyright 2022. Published by Wiley-VCH. D) Schematic illustration of mesoporous Mn–ZnO nanoclusters and its enhanced 
piezoelectric catalytic mechanism. Reproduced with permission from Ref. [255]. Copyright 2023. Published by Wiley-VCH. E) Schematic diagram of cancer therapy 
with the US-driven wireless ET-TENG. Reproduced with permission from Ref. [256]. Copyright 2023. Published by Wiley-VCH. F) Schematic illustration of the 
“Triboelectric Immunotherapy” system. Reproduced with permission from Ref. [257]. Copyright 2023. Published by Elsevier Ltd. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)
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5.3.2. Catalytic therapy
In the last decade, nanocatalysts designed for localized generation of 

ROS have been considered as a promising strategy for disease treatment 
to overcome drug resistance and reduce side effects. However, the cat
alytic performance of most developed nanocatalysts is still weak, 
resulting in suboptimal therapeutic effects. Therefore, the development 
of effective methods to enhance the activity of nanocatalysts possesses 
important scientific and clinical significance. External stimulation is a 
viable method to enhance catalytic activity, especially when external 
stimulation can be easily and safely manipulated. Electric field and US, 
as two main types of external stimuli, can be used to effectively enhance 
the catalytic performance of electroactive materials. Thus, electroactive 
materials with high catalytic activity show great potential for cancer 
therapy and pathogen removal.

In the process of enhancing the catalytic performance of electro
active materials, electric field stimulation can effectively regulate the 
electron mobility, electron polarization structure and electron delivery 
ability of electroactive materials, thus enhancing the catalytic thera
peutic effect [248,254,258]. Based on this, Yao et al. developed a human 
self-driven catalytic promotion system (TENG-CatSystem) inspired by 
the electrostatic preorganization effect in the natural protease catalytic 
process in order to improve the effectiveness of the cancer catalytic 
therapy [254,259,260]. The TENG-CatSystem consists of three main 
components: the human self-driven TENG acts as an electric field stim
ulator, which can provide biosafety electric pulse; one-dimensional iron 
porphyrin covalent organic frameworks coated on carbon nanotubes 
(COF-CNT) as nanocatalysts for catalytic generation of ROS; conductive 
hydrogel as a carrier for COF-CNT can be injected into tumor tissue to 
reduce tissue electrical impedance. The one-dimensional wraparound 
π-conjugated structure of COF-CNT has a high π-electron delocalization 
and electron transport capacity, which provides an ideal platform for the 
rapid movement and separation of electrons under an applied electric 
field (Fig. 14C). The presence of a conducting hydrogel improves the 
electron transport ability of COF-CNT under electric field. Under the 
spontaneous electric field provided by the wearable TENG, the catalytic 
activity of COF-CNT was four times higher than that in the absence of an 
electric field, enabling effective tumor therapy. In addition, Shen et al. 
prepared a carousel-type TENG, and found that the catalytic perfor
mance generated by the TENG operation could effectively remove 
organic pollutants from water [261]. The designed TENG could generate 
a high voltage of ~510 V and a high-power density of 25.48 W m− 2. At a 
rotational speed of 300 r min− 1 and an operating time of 6 h, the TENG 
could effectively degrade 59.59 % of triphenylmethane dyes and 59.2 % 
of azo dyes. Therefore, TENG, as an electroactive device, not only has 
the catalytic ability, but also can effectively enhance the catalytic per
formance of electroactive catalysts.

Piezoelectric biomaterials can directly convert mechanical pressure 
into an electrical response when stimulated by US, thus creating a large 
dynamic built-in electric field [262,263]. Under the action of the built-in 
electric field, holes and electrons in the material are separated, acti
vating piezoelectric catalytic reactions. At the same time, the piezo
electric potential generated by piezoelectric biomaterials can tilt the 
energy bands and change the potentials at the valence and conduction 
band edges, thus improving the catalytic ability. Tian et al. reported a 
degradable manganese-doped zinc oxide (Mn–ZnO) piezoelectric 
nanocluster with multiple catalytic activities for enhanced 
piezoelectric-catalyzed cancer therapy (Fig. 14D) [255]. Upon manga
nese doping, the lattice of Mn–ZnO is distorted to form a built-in electric 
field, which improves the piezoelectric response. In addition, manga
nese doping produced abundant oxygen vacancies (OVs). The formation 
of OVs not only promoted the separation of electron-hole pairs under US 
stimulation, but also inhibited the recombination of electron-hole pairs, 
leading to the efficient generation of ROS for tumor therapy. The 
introduction of electroactive materials and devices in catalytic therapy 
not only provides a new way to enhance the catalytic performance, but 
also achieves an effective catalytic therapeutic effect.

5.3.3. Electrotherapy
The use of electrical stimulation in the treatment of disease stems 

from the discovery of the existence of an endogenous electric field in 
organisms. This electric field is important in embryonic development, 
tissue generation and a number of important physiological processes. 
Therefore, electricity has been widely used as an accessible source of 
physical stimulation to assist in the treatment of diseases, especially for 
cancer therapy. Many studies have demonstrated that electrical stimu
lation can be used for cancer therapy not only through mechanisms such 
as irreversible electroporation (IRE), electroshock or interference with 
mitosis, but also by mobilizing the immune system to kill tumor cells 
[250,251,257]. However, the complexity of current electrical stimula
tion devices and invasive damage to tissues limit their development. 
Therefore, it is necessary to continuously improve them and develop 
methods to effectively kill tumors while ensuring safety. The emergence 
of electroactive materials and devices with force-electricity conversion 
capability can well solve the problems associated with conventional 
electrical stimulation devices and promote the further development of 
the field of electrotherapy. In the area of modulation of mitosis by 
electrical stimulation, Yao et al. designed an implantable, biodegradable 
and wirelessly controlled therapeutic TENG (ET-TENG) to wirelessly 
deliver electrical stimulation to tumor tissues (Fig. 14E) [256]. Under US 
excitation, the implanted ET-TENG generates an intermediate-frequency 
voltage (23 kHz, 3.26 V), which inhibits the expression of β-tubulin, 
γ-tubulin, and β-actin, disrupts the kinetic assembly of microtubules and 
actin filaments, induces cell-cycle arrest, and ultimately promotes tumor 
cell death.

In addition, Zulmari et al. used piezoelectric [P(VDF-TrFE)] micro
particles (MPs) to induce IRE in 4T1 breast cancer cells and thereby kill 
the cells [251]. Under US stimulation, MPs located on the cell membrane 
generate localized voltage in situ. Previous studies have shown that the 
electric field threshold suitable for IRE is 1000 V/cm, whereas MPs 
under US stimulation generate an electric field of about 625–1000 
V/cm, which is sufficient for IRE. This effective voltage stimulation in
duces the formation of small pores on the outer surface of the positively 
charged cells, and these pores allow small molecules to pass through the 
cellular membrane, which can disrupt the cellular homeostasis. As a 
result, the lipid bilayer is no longer able to act as a barrier separating the 
inside and outside of the cell, thus allowing a constant influx of water 
and ions into the cell, ultimately leading to cell rupture and death.

Electrical stimulation can not only directly induce tumor cell death, 
but also recruit immune cells for cancer immunotherapy. Li et al. pre
pared a fabric DC-TENG consisting of eight repetitively woven units (6.8 
cm × 7 cm), which could achieve open-circuit voltages (Voc), short- 
circuit currents (Isc), and short-circuit charge transfer (Qsc) of about 
8000 V, 9 μA, and 0.94 μC, respectively, and could lead to immunogenic 
death of 4T1 tumor cells (Fig. 14F) [257]. After electrical stimulation 
induced immunogenic death of tumor cells, a large number of tumor 
antigens and damage-associated molecular patterns were released, 
which recruited a large number of immune cells and APCs to accumulate 
at the tumor site, induced dendritic cells to mature and migrate to 
TDLNs, and demonstrated tumor antigens to the T cells. Subsequently, 
the activated T cells differentiated into cytotoxic CD4+ and CD8+ T cells 
and secreted a large number of cytokines, which infiltrated the tumor 
area along with the blood and lymphatic vessels to further inhibit the 
tumor growth and effectively prolonged the patient’s survival.

6. Conclusions and future perspectives

In the field of biomedical science, biomaterials and electro
stimulation devices based on force-electric conversion, including PENGs 
and TENGs, are emerging as novel electrostimulation methods that do 
not require external power sources, showcasing immense potential. 
These devices efficiently convert mechanical energy into electrical en
ergy, thereby providing a new and sustainable energy solution for 
biomedical applications.
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From the perspective of materials, optimizing the performance of 
force-electrically convertible materials is crucial for future advance
ments. Material selection must comprehensively consider factors such as 
biocompatibility, hydrophilicity, microstructure, Young’s modulus, and 
special processing techniques like high-voltage polarization, high- 
temperature annealing, in-situ growth, and electrospinning. These 
properties not only determine the electrical output performance of the 
materials but also directly impact their safety and effectiveness in 
biomedical applications. By optimizing these properties, devices with 
stronger therapeutic effects tailored to specific diseases can be devel
oped. Considering real-life applications, material and device design 
should prioritize the potential risks and clinical translational challenges 
they have, such as biosafety validation (ISO 10993), degradation pre
dictability, GMP-compliant nanofabrication and clinical efficacy 
benchmarks (Table 2). Interdisciplinary collaboration with organiza
tions to ensure that electromechanical therapies meet safety and func
tionality requirements for human trials.

In terms of device design, integrating suitable materials into a 
complete device is a topic that requires in-depth research. This involves 
structural design, encapsulation strategies, integration, and biodegrad
ability, among other aspects. Especially considering biocompatibility 
and the biological microenvironment of the application site, device 
design needs to be more sophisticated and intelligent. Additionally, for 
some special electroactive materials, such as piezoelectric nanoparticles 
and piezoelectric nanofibers, their direct contact with tissues or cells 
significantly reduces the requirements for the electrical output perfor
mance of the materials, amplifying the advantages of piezoelectric 
nanomaterials. However, this also places higher demands on the sta
bility, sustainability, and metabolic pathways of piezoelectric nano
materials. Future trends in the use of electro-mechanical conversion 
materials in healthcare should be considered in terms of: therapeutic 
depth: epidermal sensing, tissue repair and organ-level modulation. 
Innovations in material forms: injectable piezoelectric microspheres 
(self-assembling networks), 4D dynamic scaffolds (physiological adap
tation) and biohybrid interfaces (cell membrane mimetic coupling). 
Finally key design principles prioritize biomechanical compatibility 
(gradient stiffness, degradability) and bioelectrical synergy (impedance 
matching, dynamic stimulation). Address long-term stability and scal
able fabrication challenges through closed-loop systems (self-regulating 
voltage) and multi-scale fabrication (3D printed nano-architectures). By 
matching material properties to disease-specific healing stages (acute or 
remodeling) and functional thresholds (sensing or action), this analysis 
advances precision electromechanical therapies for tailored regenera
tive outcomes. Machine learning accelerates biocompatible material 
discovery and device optimization, while AI-enhanced manufacturing 
ensures nano-precision. Predictive analytics enable failure prevention 
and personalized designs, positioning data science as a cornerstone for 
scalable, high-performance PENGs/TENGs in clinical applications.

Despite the advantages of battery-free and sustainable electro
stimulation methods based on force-electricity conversion, the insta
bility and uncontrollability of their tiny mechanical energy conversion 
efficiency remain major challenges. This may lead to uncertain results 
when applied to tissues, affecting treatment efficacy. Therefore, 
achieving controllable electrical stimulation is a significant issue facing 
current and future research. Future studies need to explore more precise 
and intelligent electrical stimulation control mechanisms to meet the 
needs of different treatment locations and purposes.

Moreover, not only the application of force-electric materials in 
biomedicine but also the entire field of electrostimulation therapy in 
biomedicine relies on the advancement of basic biological mechanism 
research. Although electrostimulation has been proven to have signifi
cant regulatory effects on various cells or tissues, the specific mecha
nisms by which it affects cellular activities remain unclear. In future 
developments, researchers’ efforts in this area will be highly meaningful 
as they aim to reveal the deep-level connections between electro
stimulation and cellular activities, thereby providing a theoretical basis 

for the further optimization and application of electrostimulation 
therapy.

In summary, electrostimulation devices based on force-electric con
version have broad application prospects in the biomedical field. How
ever, to achieve their true clinical application and commercialization, 
in-depth research and exploration are still needed in multiple areas, 
including material performance optimization, device design, electrical 
stimulation control mechanisms, and basic biological mechanism 
research. We look forward to more breakthroughs and advancements in 
future research, contributing more wisdom and strength to the devel
opment of the biomedical field.
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Table 2 
Potential risks and clinical translational challenges of force-electric biomaterials 
and devices.

Type Potential risks Clinical translation 
challenges

Piezoelectric 
material

Piezoelectric 
ceramics

Chronic 
inflammatory 
response

■ Bioabsorbable
■ Standardization of 

production
■ Flexible arrays
■ Aseptic treatment
■ In vivo charge 

detection

Piezoelectric 
polymers

Material fatigue
Acute 
inflammatory 
response
Chemical toxicity

Piezoelectric 
hydrogel

Material fatigue

TENG Ion homeostasis
Acute 
inflammatory 
response
Electrolytic 
toxicity
Chemical toxicity

PENG Material fatigue
Acute 
inflammatory 
response
Chemical toxicity
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