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ABSTRACT 

Incorporating triboelectricity into implantable bioelectronic systems offers a distinctive pathway for enabling autonomous 
electrical functions within dynamic biological environments. Despite rapid progress over the past decade, existing implantable 
triboelectric devices are often discussed in a fragmented manner, with limited differentiation among excitation sources, functional 
roles, and intended implantation durations. Moreover, current studies predominantly emphasize electrical output metrics while 
lacking clinically meaningful performance benchmarks, constraining systematic comparison and translational evaluation. This 
review examines the development of triboelectricity-based implantable bioelectronic systems with an emphasis on in vivo 
operation and therapeutic relevance. Mechanical excitation sources are organized into endogenous and exogenous categories, 
encompassing intrinsic physiological motions as well as externally applied stimuli. The functional landscape of implantable 
triboelectric devices is further clarified by delineating power supply, in situ sensing and signal transmission, and in situ therapeutic 
intervention as distinct operational modalities. Implantable operation cycles are also discussed in relation to durable implantation 
and temporary implantation therapeutic objectives. Building on these classifications, forward-looking design considerations are 
proposed with a focus on site-specific integration, function targeting, and outcome-oriented performance metrics. Together, this 
structured framework aims to support rational device design, enable meaningful cross-study comparison, and facilitate the clinical 
translation of triboelectric implantable bioelectronic systems. 
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 Introduction 

iagnostic, therapeutic, and rehabilitative implantable medical
evices play a central role in modern healthcare, yet their
linical deployment remains constrained by limitations in power
upply, device longevity, and mechanical compatibility with
iving tissues [ 1–3 ]. Conventional implantable systems typically
ely on batteries or wired power delivery, which restrict device
iniaturization and often necessitate secondary surgical pro-
edures for replacement or maintenance [ 4–6 ]. Furthermore,
he mechanical mismatch between rigid electronic components
nd soft, dynamic biological environments poses challenges for
ong-term stability and functional reliability [ 7–9 ]. 
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To address these challenges, a variety of physical transduction
platforms have been explored to enable self-responsive or self-
powered operation in bioelectronic systems [ 10, 11 ]. Broadly,
these platforms aim to couple mechanical, thermal, magnetic, or
electrical interactions with functional electronic outputs, thereby
reducing reliance on conventional batteries and rigid power
architectures [ 12–16 ]. While each platform offers distinct advan-
tages, they also entail inherent trade-offs in terms of material
constraints, signal adaptability, structural complexity, or integra-
tion flexibility within dynamic biological environments [ 17, 18 ].
Among these emerging approaches, triboelectricity represents
a fundamentally different paradigm, as it enables direct charge
generation and signal formation from ubiquitous interfacial
1 of 19

http://www.advmattechnol.com
mailto:elelc@nus.edu.sg
mailto:lixiuhan@bjtu.edu.cn
https://doi.org/10.1002/admt.70972
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.70972&domain=pdf&date_stamp=2026-04-08


m  

p  

w  

s  

a  

t  

d  

p  

o  

t

I  

e  

m  

m  

e  

t  

b  

b  

e  

b  

t  

w  

o  

i  

t  

t  

o  

w  

r  

f  

c

I  

f  

t  

f  

t  

o  

f  

n  

r  

a  

F  

p  

o  

u  

e  

l  

s

2

I  

f  

r  

t  

n  

t  

o  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.70972 by   - B
eijing Jiaotong U

niversity , W
iley O

nline L
ibrary on [09/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
echanical interactions without requiring predefined material
olarization, continuous biasing, or complex transduction path-
ays [ 19–26 ]. This intrinsic simplicity, together with its high
ensitivity to weak and irregular motions, mechanical compli-
nce, and compatibility with soft material systems, positions
riboelectric mechanisms as uniquely suited for biointerface-
riven electronic functions [ 27, 28 ]. As a result, triboelectric
latforms offer opportunities that are not readily achievable by
ther transduction strategies, motivating increasing interest in
heir use for implantable bioelectronic applications. 

mplantable triboelectric nanogenerators (TENGs) were initially
xplored as in vivo energy harvesters that exploit physiological
otions such as cardiac activity, respiration, and musculoskeletal
ovement [ 29 ]. More recently, triboelectric interactions have
nabled self-driven sensing, signal transmission, and localized
herapeutic stimulation, extending the role of triboelectric devices
eyond power generation [ 30 ]. Nevertheless, implantable tri-
oelectric systems remain underexplored relative to other bio-
lectronic platforms, and their design principles and functional
oundaries are not yet clearly established. Mechanical exci-
ation mechanisms are often discussed without distinguishing
hether they originate from endogenous physiological activity
r from externally applied sources such as ultrasound. Similarly,
mplantable triboelectric devices are frequently grouped under
he broad label of “energy harvesting,” obscuring important func-
ional differences between power supply, sensing, and therapeutic
peration. In addition, many studies do not explicitly consider
hether a device is intended for durable implantation or tempo-
ary, purpose-driven therapy, despite the profound implications
or material selection, encapsulation strategies, and evaluation
riteria. 

n this review, we adopt a structured and application-oriented
ramework to examine triboelectricity-based implantable bioelec-
ronic systems, as schematically summarized in Figure 1 . Starting
rom key ambiguities in the existing literature, we disentangle
he mechanical interaction mechanisms underlying triboelectric
peration by distinguishing endogenous physiological excitation
rom externally applied mechanical stimuli. We then reorga-
ize reported devices according to their dominant functional
oles, spanning autonomous power supply, in situ sensing
nd signal transmission, and localized therapeutic intervention.
inally, implantation duration is treated as a defining design
arameter, enabling a clear differentiation between long-term
peration and temporary intention, purpose-driven therapeutic
se. Together, this workflow provides conceptual clarity and
stablishes practical guidelines for the rational design and trans-
ational development of implantable triboelectric bioelectronic
ystems. 

 Bioelectronic Platforms 

mplantable bioelectronic platforms provide a direct inter-
ace between electronic systems and the physiological envi-
onment, enabling in vivo sensing, signal transduction, and
herapeutic intervention. By exploiting mechanical, electromag-
etic, thermal, and optical interactions with biological tissues,
hese platforms support autonomous or externally assisted
peration without reliance on bulky internal power sources.
of 19
Since the emergence of minimally invasive and self-sustained
implantable systems, a diverse range of bioelectronic platforms
has been developed, each defined by its dominant physical
transduction mechanism and functional role within implanted
devices. 

2.1 Electromagnetic Platforms 

Electromagnetic platforms utilize magnetic fields and elec-
tromagnetic coupling to enable wireless power transfer and
signal communication with implanted devices. By decoupling
energy delivery from local energy conversion, these platforms
support stable operation of implants requiring continuous or
relatively high power, such as neural stimulators and active
therapeutic systems. Their capability for deep-tissue penetra-
tion and external programmability has made electromagnetic
approaches a cornerstone of clinically deployed implantable
bioelectronics [ 31 ]. 

2.2 Magnetoelasticity Platforms 

Magnetoelastic platforms utilize the coupling between mechan-
ical stress and magnetic state variations in magnetically respon-
sive materials. Mechanical deformation alters magnetic perme-
ability or domain configuration, which can be transduced into
electrical signals through inductive or resistive readout schemes.
Recent advances in soft magnetoelastic materials have enabled
implantable systems capable of converting biomechanical stimuli
into electrical outputs without direct electrical contact, offering
an emerging route for motion sensing and energy transduction in
complex in vivo environments [ 32 ]. 

2.3 Thermoelectric Platforms 

Thermoelectric platforms harvest electrical energy from temper-
ature gradients via the Seebeck effect and have been explored
for implantable applications leveraging intrinsic heat dissipation
in the body. Although physiological temperature differences are
typically modest, advances in thermoelectric materials and device
integration have enabled low-power sensing and auxiliary energy
supply in long-term implants. These platforms offer a passive,
maintenance-free transduction strategy suitable for anatomically
thermally heterogeneous regions [ 33 ]. 

2.4 Piezoelectric Platforms 

Piezoelectric platforms transduce mechanical deformation into
electrical signals through stress-induced polarization and have
been extensively investigated for implantable sensing and energy
harvesting. By responding to physiological motions such as
cardiac contraction, respiration, and musculoskeletal activity,
piezoelectric devices enable self-powered monitoring and local-
ized electrical stimulation. Their deterministic electromechanical
coupling and material maturity make piezoelectric platforms
well suited for stable, repeatable transduction of biomechanical
signals in vivo [ 34 ]. 
Advanced Materials Technologies, 2026
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FIGURE 1 Workflow and conceptual roadmap of this review. Schematic overview of the analytical framework with major ambiguities and the 
resulting guideline-oriented classification of triboelectric implantable bioelectronic systems. 
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.5 Piezoresistivity Platforms 

iezoresistive platforms rely on stress-induced changes in electri-
al resistivity to transduce mechanical deformation into measur-
ble electrical signals. Unlike generator-based platforms, piezore-
istive systems do not primarily function as energy harvesters
ut instead enable direct and highly sensitive mechanical-to-
lectrical signal conversion with minimal power overhead. In
mplantable bioelectronics, piezoresistive mechanisms have been
mployed for precise monitoring of pressure, strain, and tissue
eformation, supporting continuous physiological sensing with
implified device architectures [ 35 ]. 
dvanced Materials Technologies, 2026
2.6 Capacitive Platforms 

Capacitive platforms exploit deformation-induced variations
in capacitance arising from changes in electrode separation,
overlap area, or dielectric properties. Mechanical stimuli
within the body modulate the local electric field distribution,
producing electrical signals that reflect physiological motion
or pressure. Owing to their high linearity, fast response,
and low hysteresis, capacitive transduction mechanisms are
particularly attractive for implantable biomechanical sensing
applications, where signal fidelity and long-term stability are
critical [ 36 ]. 
3 of 19
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FIGURE 2 Conceptual framework of triboelectric systems. (a) Working mechanism of contact-separation mode TENG. (b) Electron cloud 
interactions between the two materials drive interfacial charge transfer during the contact-separation cycle. Reproduced with permission [ 37 ]. Copyright 
2026, American Chemical Society. (c) Enhancing TENG’s output performance through optimization of material selection. Reproduced with permission 
[ 38 ]. Copyright 2022, Springer Nature. 
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.7 Triboelectric Platforms 

riboelectric platforms rely on contact electrification and electro-
tatic induction to convert relative motion or deformation into
lectrical output (Figure 2a ). At the microscopic level, charge
eneration originates from interfacial electronic interactions dur-
ng the contact–separation cycle, where transient electron cloud
verlap and relaxation between two surfaces drive net charge
of 19
transfer (Figure 2b ) [ 37 ]. Owing to this interfacial origin, the
electrical output can be effectively modulated through material
selection and interface design, as differences in triboelectric
polarity and electronic affinity directly govern charge density and
voltage generation (Figure 2c ) [ 38 ]. 

As a result, TENGs are distinguished by high output volt-
age and pronounced sensitivity to low-frequency mechanical
Advanced Materials Technologies, 2026
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xcitation, making them particularly effective for harvesting
ubtle motions that are difficult to access using other transduction
echanisms. Beyond energy generation, triboelectric platforms
ave been extended to self-powered sensing, signal modulation,
nd electrical stimulation, enabling multifunctional bioelectronic
peration in dynamic environments. Compared with many other
ioelectronic transduction mechanisms, triboelectric transduc-
ion can operate in a bias-free and interface-dominated manner,
nabling direct electrical signal generation from mechanical
nteractions without reliance on bulk polarization or field-
ediated induction. From a clinical perspective, these charac-
eristics translate into distinct advantages, including simplified
ystem architectures without continuous power supply, effective
tilization of intrinsic physiological motion, and compatibility
ith mechanically dynamic implantation sites. These physi-
al characteristics collectively make triboelectric platforms well
uited for low-frequency, mechanically rich environments and
rovide a clear physical basis for their focused discussion in this
eview. Figure 3 outlines the conceptual triboelectric platform
orkflow, progressing from mechanical excitation mechanisms
f implantable TENGs (Figure 3a ), to their functional roles
Figure 3b ), and finally to bio-integration considerations govern-
ng in vivo suitability (Figure 3c ) [ 29, 39–44 ]. At the same time,
everal translational challenges remain to be addressed, such
s site-dependent performance variability, long-term operational
tability under physiological loading, and the need for evaluation
rameworks that extend beyond electrical output metrics toward
unction- and outcome-oriented benchmarks. Addressing these
hallenges requires an integrated consideration of excitation
echanisms, functional intent, and biointegration, which are
ystematically examined in the following sections. 

 Physical Interaction Mechanisms Between 

ENGs and Biological Systems 

he operation of implantable TENG fundamentally relies on the
onversion of mechanical interactions occurring within the body
nto electrical signals. Unlike ex vivo or wearable systems, where
xcitation conditions can be externally defined or standardized,
n vivo mechanical excitation is intrinsically heterogeneous,
patiotemporally constrained and tightly coupled to anatomy and
hysiology. As a result, the excitation and transduction mech-
nisms of implantable TENGs must be understood not merely
s material-level phenomena, but as system-level processes
haped by organ motion, tissue mechanics and implantation
ontext. 

rom a mechanistic perspective, in vivo triboelectric excitation
an be broadly classified according to the origin of mechanical
nput. Endogenous biomechanical excitation arises from intrinsic
hysiological motions, such as cardiac contraction, respiration,
uscle deformation and visceral peristalsis, which provide con-
inuous or quasi-continuous mechanical stimuli. In contrast,
xogenous excitation is introduced intentionally from outside
he body, most commonly via acoustic or ultrasound waves,
nabling wireless, on-demand activation of implanted devices.
hese two excitation paradigms impose fundamentally differ-
nt constraints on device architecture, transduction efficiency
nd functional deployment, and therefore warrant separate
onsideration. 
dvanced Materials Technologies, 2026

t

3.1 Endogenous Biomechanical Excitation 

Endogenous biomechanical excitation exploits naturally occur-
ring physiological motions as the driving force for triboelec-
tric transduction. In this mode, relative motion, deformation
or contact-separation between triboelectric layers is induced
directly by organ dynamics or tissue movement. Cardiac pul-
sation, respiratory expansion of the thoracic cavity, skeletal
muscle contraction and smooth muscle peristalsis have all been
demonstrated as effective excitation sources for implantable
TENGs [ 45 ]. 

A defining characteristic of endogenous excitation is its intimate
dependence on implantation site and local mechanical environ-
ment. Motion amplitude, frequency, directionality and mechan-
ical impedance vary significantly across anatomical locations,
leading to large differences in triboelectric output even for iden-
tical device structures. For example, cardiac implantation sites
experience periodic, high-frequency deformation with relatively
small displacement, whereas thoracic or diaphragmatic regions
provide larger-amplitude but lower-frequency motion. Moreover,
multiple physiological motions may coexist and interact, such
as respiratory modulation of cardiac displacement, resulting in
composite excitation patterns that are reflected in the electrical
output. 

From a transduction standpoint, endogenous excitation often
favors flexible, compliant device architectures capable of confor-
mal integration with soft tissues. Contact–separation and sliding
modes are commonly employed, but gap generation is frequently
constrained by surrounding tissues, motivating designs that
either minimize reliance on predefined spacers or leverage tissue-
induced deformation to dynamically create interfacial separation.
Importantly, because endogenous excitation is inherently per-
sistent over time, this mode is particularly suited to long-term
implantation scenarios, supporting continuous sensing, baseline
monitoring or sustained low-power operation. 

However, reliance on endogenous excitation also introduces limi-
tations. Mechanical input is not externally controllable and varies
with physiological state, activity level and disease progression.
Consequently, triboelectric output under endogenous excitation
is best interpreted as context-dependent, emphasizing relative
changes and physiological correlation rather than absolute or
constant power delivery. 

3.2 Exogenous Acoustic and Ultrasound- 
Mediated Excitation 

Exogenous excitation circumvents the variability of physiological
motion by introducing mechanical energy from outside the body,
most prominently through acoustic or ultrasound waves. In this
paradigm, incident acoustic energy induces micrometer-scale
vibration or deformation of triboelectric structures, triggering
contact electrification and interfacial charge transfer without
requiring direct mechanical coupling to organ motion [ 46 ]. 

Ultrasound-mediated excitation offers several advantages for
implantable TENGs. First, acoustic waves can penetrate biolog-
ical tissues with relatively low attenuation, enabling wireless
5 of 19
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FIGURE 3 Workflow of implantable TENGs: (a) mechanical excitation of implantable TENGs in vivo converts physiological motions. Reproduced 
with permission [ 29 ]. Copyright 2019, Springer Nature. Reproduced with permission [ 39 ]. Copyright 2019, American Association for the Advancement 
of Science. (b) Functional roles of implantable TENGs in energy harvesting, self-powered sensing, signal transmission, and therapeutic intervention. 
Reproduced with permission [ 40 ]. Copyright 2018, John Wiley and Sons. Reproduced with permission [ 41 ]. Copyright 2016, American Chemical Society. 
Reproduced with permission [ 42 ]. Copyright 2026, Springer Nature. (c) Bio-integration and in vivo suitability of TENGs. Reproduced with permission 
[ 43 ]. Copyright 2024, Elsevier. Reproduced with permission [ 44 ]. Copyright 2018, John Wiley and Sons. 
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ctivation of deeply implanted devices. Second, excitation param-
ters – including frequency, intensity, and duty cycle – can be pre-
isely controlled externally, allowing on-demand operation and
emporal modulation of triboelectric output. Third, ultrasound
xcitation decouples device function from local physiological
of 19
motion, expanding the range of viable implantation sites beyond
mechanically active organs. 

From a transduction perspective, ultrasound-driven TENGs pri-
marily operate through acoustically induced structural vibration
Advanced Materials Technologies, 2026
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nd displacement amplification, which govern the efficiency
f contact–separation dynamics under oscillatory loading. Low-
requency ultrasound is typically used to maximize mechanical
isplacement and energy transfer, favoring energy harvesting or
timulation applications, whereas higher-frequency ultrasound
nables rapid signal modulation and has been leveraged for
ireless sensing and signal transmission. Notably, triboelec-
ric transduction under ultrasound excitation has demonstrated
obustness to tissue thickness, angular misalignment and device
eformation, highlighting its compatibility with complex in vivo
eometries. 

xogenous excitation is particularly well suited to temporary
r task-specific applications, such as episodic therapy, con-
rolled drug release or temporally gated stimulation, where
ontinuous operation is neither required nor desirable. In addi-
ion, ultrasound-mediated excitation enables the integration
f biodegradability and programmed lifespan into implantable
evices, as excitation intensity can be used to accelerate mechan-
cal degradation after therapeutic completion. 

 Functional Roles of Implantable TENGs 

mplantable TENGs have often been broadly categorized as
nergy harvesters; however, such a unifying description obscures
he diverse functional roles that triboelectric devices can assume
ithin biological systems. Unlike conventional implantable elec-
ronics that rely on predefined power architectures, implantable
ENGs directly transduce mechanical interactions at the tissue-
evice interface into electrical signals whose utility depends
trongly on the physiological context, implantation site and
ntended clinical objective. It should also be noted that in
ivo performance is inherently influenced by the choice of
xperimental model, as differences in anatomical scale and
iomechanical environment across species may affect signal
agnitude and functional interpretation. As a result, the same
riboelectric transduction process may underpin fundamentally
ifferent in vivo functions, ranging from autonomous power
rovision to direct physiological readout and active therapeutic
odulation. 

n practice, the electrical outputs generated by implantable
ENGs do not necessarily serve as general-purpose power
ources. In some scenarios, accumulated electrical energy is
arvested, conditioned and stored to sustain the autonomous
peration of implantable electronics, enabling battery-free or
elf-recharging systems. In other cases, the triboelectric signal
tself constitutes the functional output, encoding biomechanical
nformation for real-time physiological monitoring or signal
ransduction without intermediary amplification or power man-
gement. Beyond passive roles, triboelectric outputs can also be
eliberately harnessed as therapeutic actuators, where localized
lectric fields or pulsed stimulation are applied to excitable
issues or used to trigger controlled drug release, thereby directly
ntervening in pathological processes. 

ccordingly, the functional roles of implantable TENGs can
e understood along three interrelated but distinct dimensions.
irst, triboelectric transduction can be exploited to supply elec-
rical energy for autonomous or self-recharging implantable
dvanced Materials Technologies, 2026
systems, where mechanical inputs are converted into usable
power under defined physiological conditions. Second, the tri-
boelectric output itself can serve as an information carrier,
enabling direct physiological monitoring and signal transduction
by encoding biomechanical dynamics into electrical signals
without the need for external bias or continuous power con-
sumption. Third, the generated electrical outputs may be applied
as active stimuli, either to modulate excitable tissues or to
trigger therapeutic interventions such as electrical stimulation
or controlled drug release. Importantly, throughout this section,
electrical output parameters are discussed in the context of
functional sufficiency, emphasizing whether reported values
meet physiological or therapeutic thresholds rather than absolute
magnitude alone. The following sections examine these roles in
detail, focusing respectively on powering, sensing and therapeutic
modulation (Several representative applications of in vivo tribo-
electric systems across power, sensing and therapy is shown in
Table 1 ). 

4.1 Powering and Autonomous Operation 

Implantable TENGs were initially explored as in vivo power
sources capable of harvesting biomechanical energy directly from
physiological motions, with the aim of enabling autonomous
operation of implantable electronics. Unlike conventional
battery-powered systems, triboelectric approaches leverage
the inherent mechanical dynamics of organs and tissues,
offering a pathway toward self-sustained implantable platforms
without wired connections or frequent battery replacement.
Early proof-of-concept studies demonstrated the feasibility of
harvesting biomechanical energy in vivo using triboelectric
mechanisms. One representative work first showed that the
periodic expansion and contraction of the rat thorax could be
converted into electrical energy by an implantable TENG. The
harvested energy was rectified and stored in a capacitor, and was
sufficient to drive a prototype pacemaker to regulate the heart
rate of the animal [ 47 ]. Although modest by today’s standards,
the output was considered substantial for powering implantable
microelectronic devices at the time, establishing triboelectricity
as a viable in vivo energy source [ 41 ]. Following this initial
demonstration, subsequent studies began to recognize that
implantation site plays a critical role in determining harvesting
efficiency. Systematic evaluation of multiple cardiac implantation
locations—including the right ventricular outflow tract, left atrial
appendage, cardiac base, left ventricular lateral wall, inferior
wall, and apex—revealed pronounced differences in electrical
output. Among these sites, the left ventricular lateral wall
delivered the highest performance, attributed to its larger motion
amplitude and greater interfacial gap variation during the cardiac
cycle. Notably, respiratory motion was also found to modulate
electrical output, as chest wall expansion and diaphragmatic
movement induce subtle deformation of the pericardial cavity,
highlighting the coupled influence of multiple physiological
motions on triboelectric energy harvesting [ 41 ]. Building on
these insights, triboelectric powering was further advanced
toward fully implantable and functionally autonomous cardiac
systems. Li Zhou and co-workers reported a fully implantable
symbiotic pacemaker that integrated energy harvesting, storage,
and cardiac pacing in a large-animal model. The implantable
TENG generated an open-circuit voltage of up to 65.2 V and
7 of 19
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TABLE 1 Representative in vivo applications of implantable triboelectric systems across power, sensing, and therapy. 

Device Classification Application Feature Year Refs. 

iTENG Power supply Harvesting rat thorax mechanical 
energy 

Drive a prototype pacemaker 2014 [ 47 ] 

iTENG Power supply Fabricating a self-powered, wireless 
healthcare monitoring system 

Systematic evaluation of multiple 
cardiac implantation locations 

2016 [ 41 ] 

iTENG Power supply Correcting sinus arrhythmia and 
preventing the deteriorating condition 

A type of symbiotic device 2019 [ 29 ] 

SICP Power supply Self-powered intracardiac pacemaker Being leadless, battery-free, 
transcatheter-intervention, and 

lightweight 

2024 [ 48 ] 

I-TENG Power supply Charging a lithium-ion battery Inertia-driven device 2021 [ 49 ] 
VI-TEG Power supply Collecting little vibration energy Established US-based TENG 2019 [ 39 ] 
FUTUD Power supply Demonstrating a passive wireless 

sensor 
Ultra-wideband triboelectric ultrasonic 

device 
2023 [ 50 ] 

US-TENG Power supply Remote charging Producing a high output charge with 
low-intensity ultrasound and a long 

probe distance 

2025 [ 51 ] 

iTEAS Sensing Monitoring of heart rate and 
respiratory frequency 

Estimating blood pressure and flow 

velocity 
2016 [ 52 ] 

SEPS Sensing Endocardial pressure sensors Harvested mechanical energy from 

intracardiac blood flow 

2019 [ 40 ] 

NSTENG Sensing Sensitive to subtle motions Non-spacer 2021 [ 53 ] 
BCMC Sensing Precise monitoring and early diagnosis 

of CVDs. 
Zero-power consumption and 

implantable bias-free 
2024 [ 54 ] 

TRI-TENG Sensing Functional heart patch and 
self-powered e-care remote diagnostic 

sensor 

Unified 3 kinds of function in one 
patch. 

2024 [ 30 ] 

TENGs Stimulation Direct muscle stimulation Proof-of-concept devices toward 
neuromuscular therapies 

2019 [ 58 ] 

MV-TENG Stimulation Addressing diaphragm paralysis 
resulting from spinal cord injury 

Sensitive to micro-vibration 2024 [ 59 ] 

FNC Stimulation Mechanical neuromodulation of pelvic 
autonomic nerves 

Only a small number of low-frequency 
( ∼ 1 Hz) stimulation pulses was 
sufficient to induce urination 

2019 [ 60 ] 

NBAT Stimulation Pain modulation Immediate pain control by alternating 
triboelectric potential 

2026 [ 42 ] 

MH-TTD Stimulation Electric-field-based cancer therapies Neuro-oncological therapy to treat 
glioblastoma 

2025 [ 64 ] 
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arvested 0.495 µJ per cardiac cycle, exceeding the endocardial
acing threshold energy. Notably, this example demonstrated
unctional sufficiency rather than merely high electrical output.
s a result, the triboelectric-powered pacemaker successfully
orrected sinus arrhythmia and prevented disease progression,
emonstrating that triboelectric energy harvesting can meet
linically relevant energy demands (Figure 4a ) [ 29 ]. Parallel
fforts have focused on miniaturization and minimally invasive
mplantation strategies. A self-powered capsule-type intracardiac
acemaker was designed to harvest biomechanical energy
rom cardiac motion and was delivered to the right ventricle
ia a transvenous catheter. The leadless and battery-free system
arvested approximately 0.026 µJ per heartbeat, with a maximum
of 19
output power of 0.039 µW. Although the energy harvested per
cycle was lower, theoretical analysis indicated that energy
accumulated over several cardiac cycles could surpass the pacing
threshold of commercial leadless pacemakers (Figure 4b ) [ 48 ].
Importantly, this analysis relates the harvested energy directly
to the clinically defined pacing threshold, indicating that the
device output is functionally sufficient for effective cardiac
stimulation rather than merely demonstrating nominal electrical
generation. These findings underscore the feasibility of compact,
self-sustained cardiac implants. Meanwhile, a TENG based
on human motion and neutral inertial drive has also been
developed. It is about the size of a button cell and can charge
lithium batteries to realize a self-functional cardiac pacing system
Advanced Materials Technologies, 2026
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FIGURE 4 Powering application of implantable triboelectric systems. (a) A TENG-powered cardiac pacemaker that harvests biomechanical energy 
to enable autonomous pacing for the treatment of cardiac arrhythmia. Reproduced with permission [ 29 ]. Copyright 2019, Springer Nature. (b) A capsule- 
type, TENG-based intracardiac pacemaker implanted in the right ventricle, demonstrating localized energy harvesting and self-sustained pacing in vivo. 
Reproduced with permission [ 48 ]. Copyright 2024, Springer Nature. 
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 49 ]. Beyond direct biomechanical excitation, external stimuli
ave also been introduced to extend the operational flexibility
f implantable TENGs. Kim and colleagues demonstrated that
ltrasound waves can induce micrometer-scale displacement
n polymer films, generating electrical output through contact
lectrification. Even through 5–10 mm of intervening fat and
kin tissue, the device produced currents of 98–156 µA and
ower outputs approaching 98.6 µW, sufficient for charging
atteries in small implantable devices. These results established
apacitive triboelectric electrets as one of the first triboelectric
latforms capable of harvesting ultrasound energy in vivo
ith performance comparable to piezoelectric systems [ 39 ].
urther studies expanded the functional scope of ultrasound-
riven triboelectric systems across a wide frequency range.
nder low-frequency ultrasound (20-200 kHz), triboelectric
evices functioned as efficient acoustic energy harvesters,
dvanced Materials Technologies, 2026
generating voltages of up to 1.2 V and currents of 150 µA through
10 mm of porcine tissue and charging capacitors to 3.2 V.
At higher ultrasound frequencies (0.2–10 MHz), integration
with flexible electromagnetic coils enabled passive wireless
sensing, allowing physiological information to be transmitted
from implanted devices to external receivers [ 50 ]. Importantly,
these ultrasound-powered triboelectric systems demonstrated
robust performance under mechanically challenging conditions,
including large bending deformations, angular misalignment,
and implantation depths of up to approximately 6 cm. Such
tolerance to geometric mismatch and tissue-induced attenuation
highlights the compatibility of triboelectric devices with complex
organ geometries and nonideal alignment between implanted
devices and external excitation sources, further supporting
their potential for autonomous and adaptable implantable
operation [ 51 ]. 
9 of 19
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.2 Physiological Monitoring and Transduction 

ENGs have also emerged as a distinctive class of self-powered
ensors for physiological monitoring, not by acting as energy
uppliers for downstream electronics, but by directly transducing
ubtle biomechanical activities into measurable electrical signals.
nlike conventional implantable sensors that rely on external
ias or rigid power architectures, TENG-based systems leverage
ntrinsic physiological motions as both the stimulus and the
ignal source, enabling continuous, bias-free and highly sensitive
onitoring in complex in vivo environments. 

arly demonstrations focused on multifunctional cardiac mon-
toring, exemplified by a self-powered implantable triboelec-
ric active sensor (iTEAS) constructed from multilayer thin-
ilm structures with excellent flexibility and minimized thick-
ess, allowing implantation via minimally invasive procedures.
mplanted in the pericardial cavity of live pigs, the device
chieved real-time and continuous monitoring of heart rate
nd respiratory frequency, while also enabling the detection of
ife-threatening arrhythmias. By correlating triboelectric outputs
ith arterial pressure catheter measurements, the system further
emonstrated the capability to estimate blood pressure and
low velocity, highlighting the potential of TENGs for compre-
ensive physiological signal transduction rather than single-
arameter sensing [ 52 ]. Subsequent studies advanced this concept
oward intracardiac applications, where miniature, flexible and
ltrahigh-sensitivity self-powered endocardial pressure sensors
SEPS) were developed. These TENG-based devices harvested
echanical energy from intracardiac blood flow; however, the
enerated electrical output was used exclusively as a sensing
ignal rather than as a power source. In vivo experiments revealed
xcellent linearity ( R2 = 0.997) and high sensitivity (1.195 mV
mHg− 1 ), enabling the identification of diverse physiological and
athological cardiovascular states, including electrophysiological
bnormalities, ventricular fibrillation, and premature ventricular
ontractions. This work underscored the ability of TENG signals
o encode rich hemodynamic and electromechanical information
Figure 5a ) [ 40 ]. Structural innovations have further expanded
he sensing bandwidth of implantable TENGs. Using an in situ
ap-generation strategy, Yang and co-workers developed a non-
pacer TENG (NSTENG), eliminating conventional spacers that
an impede the detection of subtle motions. When implanted
nto the hearts of Sprague–Dawley rats, the NSTENG achieved
 heart-rate monitoring accuracy of up to 99.73% and simulta-
eously captured respiratory motions. Notably, the triboelectric
ignals provided complementary information on fine cardiac
echanical activities that are not accessible through conven-
ional electrocardiography, revealing a unique sensing dimen-
ion of implantable TENGs beyond electrical cardiac signals
 53 ]. Miniaturization and system integration have also enabled
atheter-deliverable, bias-free cardiac monitoring devices. A self-
owered cardiac monitoring capsule, measuring only 6.5 mm in
iameter and 20 mm in length, was implanted into the right
entricle of adult pigs for continuous monitoring of myocardial
ontractility. Although the triboelectric output was not used for
owering auxiliary electronics, its self-powered nature eliminated
he need for energy consumption at the sensing interface. Com-
ined with a subcutaneous acquisition and transmission module,
he system successfully detected variations in contractile force
0 of 19

t

as well as pathological events such as premature ventricular
contractions and ventricular tachycardia (Figure 5b ) [ 54 ]. Beyond
sensing alone, multifunctional triboelectric architectures have
integrated diagnosis with therapeutic relevance. A biomimetic
tri-functional TENG featuring a dual-spacer-layer structure com-
bined energy harvesting, sensing and therapeutic capabilities
within a single cardiac patch. Periodic contact and separation
driven by cardiac contraction and relaxation enabled the device
to function as a sensitive cardiac activity sensor. Importantly,
reductions in myocardial contractility under ischemic conditions
led to pronounced decreases in triboelectric output voltage,
allowing precise identification of pathological cardiac states.
Wireless signal transmission further enabled real-time moni-
toring on mobile platforms (Figure 5c ) [ 30 ]. The applicability
of implantable TENG-based sensing extends well beyond the
cardiovascular system. In orthopedic contexts, where neither
patients nor clinicians can readily assess cartilage regeneration in
real time, implanted TENG sensors have been proposed to detect
subtle mechanical changes associated with tissue repair [ 55 ].
Implantable triboelectric devices have also been demonstrated for
monitoring muscle activity, enabling real-time tracking of neuro-
muscular processes without external power [ 56 ]. Moreover, under
conditions of ultrashort working distance and strong electromag-
netic interference, TENG-based implants have achieved accurate
and real-time detection of extremely low-frequency gastrointesti-
nal peristalsis, down to 0.3 Hz, a regime that remains challenging
for conventional implantable sensors [ 57 ]. Collectively, these
studies establish implantable TENGs as a versatile and distinctive
platform for physiological monitoring and signal transduction. By
directly converting biomechanical activities into self-generated
electrical signals, TENG-based implants offer a complementary
sensing modality that captures mechanical, hemodynamic and
functional information inaccessible to traditional electrically
biased sensors, thereby opening new avenues for continuous,
minimally invasive and information-rich in vivo monitoring. 

4.3 Therapeutic Modulation and Stimulation 

Neural interfaces represent one of the most functionally demand-
ing application domains for implantable bioelectronics, owing
to their stringent requirements on stimulation precision, sig-
nal fidelity, and long-term biocompatibility. TENGs have been
increasingly explored as active therapeutic interfaces capable
of delivering localized electrical stimulation and electrically
mediated interventions. As discussed in Section 4.1 , implantable
TENGs can be driven either by endogenous physiological motions
or by externally applied ultrasound, generating electrical outputs
without conventional batteries. In therapeutic contexts, these
self-generated signals are not primarily used for powering elec-
tronic circuits, but instead serve as direct actuators to modulate
excitable tissues—such as peripheral nerves, muscle fibers, or
cardiac tissue—or to trigger controlled therapeutic responses.
In this regard, triboelectric-enabled stimulation has also begun
to emerge as a promising strategy for neural interfaces, where
battery-free, mechanically coupled electrical cues can be lever-
aged to achieve targeted neuromodulation with minimal device
complexity and reduced implantation burden. 

Loss of muscle function caused by neurological disorders or nerve
injury remains a major clinical challenge, for which electrical
Advanced Materials Technologies, 2026
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FIGURE 5 Sensing applications of implantable triboelectric systems. (a) An ultrasensitive TENG-based device that converts intracardiac blood 
flow dynamics into electrical signals for self-powered physiological sensing. Reproduced with permission [ 40 ]. Copyright 2018, John Wiley and Sons. 
(b) A bias-free, capsule-type triboelectric device enabling continuous monitoring of cardiac contractile force without external power supply. Reproduced 
with permission [ 54 ]. Copyright 2024, John Wiley and Sons. (c) A TENG-based cardiac patch sensitive to myocardial contractility variations, allowing 
real-time monitoring of ischemia-associated mechanical dysfunction. Reproduced with permission [ 30 ]. Copyright 2024, Springer Nature. 
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timulation of affected muscles is a widely adopted therapeutic
trategy. Early work by Lee and co-workers demonstrated the
easibility of direct muscle stimulation using implantable TENGs,
ystematically examining stimulation efficiency and long-term
tability under physiological conditions. These studies provided
oundational guidance for translating triboelectric stimulation
rom proof-of-concept devices toward practical neuromuscular
herapies [ 58 ]. Building on this concept, a micro-vibration-driven
ENG (MV-TENG) was developed to address diaphragm paraly-
is resulting from spinal cord injury. Mechanical vibrations were
onverted into pulsed electrical outputs, rectified and temporarily
tored before being delivered through a nerve cuff electrode
nchored to the phrenic nerve. When implanted subcutaneously
n rats, the system successfully induced diaphragm motor evoked
otentials over a four-week period, leading to reliable diaphragm
ontractions and demonstrating sustained therapeutic efficacy
 59 ]. Triboelectric stimulation has also been extended to auto-
dvanced Materials Technologies, 2026

t

nomic neuromuscular control. A flexible triboelectric nerve stim-
ulator integrated with a neural clip interface enabled mechan-
ical neuromodulation of pelvic autonomic nerves. Voluntary
movements generated electrical outputs that were transmitted
directly to target nerves, activating downstream muscles. In vivo
experiments revealed that applying only a small number of low-
frequency ( ∼ 1 Hz) stimulation pulses was sufficient to induce
urination, highlighting the high efficiency of mechanically driven
triboelectric neuromodulation [ 60 ]. 

Electrical stimulation is known to promote axonal growth
across multiple neuronal types, including dorsal root ganglion,
hippocampal, cortical and spinal neurons, with therapeutic out-
comes strongly dependent on stimulation parameters. In this con-
text, Hao et al. introduced a TENG-based system that harvested
mechanical energy from elbow joint movements and delivered
the resulting electrical signals simultaneously to the sciatic nerve
11 of 19
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FIGURE 6 In situ therapeutic applications of implantable triboelectric systems. (a) A bioresorbable TENG that generates localized triboelectric 
electric fields under ultrasound stimulation for pain modulation. Reproduced with permission [ 42 ]. Copyright 2026, Springer Nature. (b) An ultrasound- 
activated TENG-based neural stimulator capable of stimulating the sciatic nerve, enabling wireless and on-demand neuromodulation in vivo. 
Reproduced with permission [ 62 ]. Copyright 2023, Springer Nature. 
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nd spinal collateral branches, enabling sensorimotor-coupled
lectrical stimulation. Importantly, the triboelectric stimulation
id not induce neuronal damage and significantly enhanced
xonal regeneration, demonstrating the therapeutic potential
f motion-driven neural modulation [ 61 ]. The development of
ioresorbable triboelectric devices has further expanded the
cope of neural therapies. An ultrasound-activated, bioresorbable
riboelectric nerve cuff was designed for pain modulation, in
hich target nerves were wrapped by polymers with opposite
riboelectric polarities. Under ultrasonic excitation, alternating
riboelectric fields were generated parallel to the nerve, effec-
ively regulating pain perception. In vivo studies in rat and pig
odels showed immediate analgesic effects without affecting
ait, and the device naturally degraded over time, eliminating
he need for secondary surgical removal (Figure 6a ) [ 42 ]. A
elated bioresorbable system employed magnesium-based cuff
lectrodes integrated with an ultrasound-driven TENG. Low-
ntensity ultrasound activated the device to generate stimulation
2 of 19
pulses for the sciatic nerve, while high-intensity ultrasound
accelerated mechanical disintegration after completion of ther-
apy (Figure 6b ) [ 62 ]. Additional studies demonstrated that
ultrasound-mediated triboelectric systems could produce stim-
ulation pulses with tunable frequency, amplitude and pulse
width through dual-electrode configurations, although achieving
multifunctionality—such as simultaneous stimulation, sensing
and communication—using ultrasound alone remains challeng-
ing [ 63 ]. 

Electric-field-based cancer therapies have attracted increasing
attention due to their ability to interfere with cell mitosis.
Implantable triboelectric systems provide a unique opportu-
nity to generate localized, wireless and tunable electric fields
directly at tumor sites. An implantable device designed for
personalized neuro-oncological therapy applied precisely con-
trolled electric fields to treat glioblastoma. The system dis-
rupted cancer cell cycles and significantly inhibited tumor
Advanced Materials Technologies, 2026
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roliferation in tumor-bearing mice. Notably, the frequency
ange required for modulating polar proteins (100–300 kHz)
ell well within the tunable output range of the triboelectric
evice, suggesting adaptability across different tumor types [ 64 ].
herapeutic efficacy has been further enhanced by combining
riboelectric field stimulation with chemotherapy. A biodegrad-
ble implantable triboelectric device, wirelessly activated by
ltrasound, generated alternating voltages while simultaneously
eleasing chemotherapeutic agents. This dual-action approach
ynergistically disrupted cytoskeletal assembly and cell division,
eading to improved tumor suppression. Compared with conven-
ional tumor treating field therapies, the triboelectric platform
ffered advantages in mechanical flexibility, wireless operation,
ccelerated biodegradation and significantly reduced treatment
uration [ 65 ]. 

mplantable TENGs have also been employed as active triggers
or on-demand drug delivery. In one approach, a biodegrad-
ble TENG connected to interdigitated electrodes generated
ocalized electric fields that stimulated red-blood-cell-based
rug carriers to accelerate the release of doxorubicin, thereby
educing off-target drug accumulation in healthy tissues [ 66 ].
ore sophisticated systems integrated sensing, stimulation
nd drug release. An ultrasound-enabled, implantable tribo-
lectric system was developed for real-time epilepsy moni-
oring and therapy. Upon detecting high-frequency mechan-
cal signals associated with epileptic episodes, therapeutic
olecules preloaded within the TENG matrix were automat-
cally released via electrothermal activation, enabling closed-
oop and intelligent treatment [ 67 ]. Similarly, an ultrasound-
irelessly controlled, electrically responsive implantable drug
elivery system combined a triboelectric generator with an
lectro-responsive drug reservoir. Ultrasonic excitation induced
igh-frequency vibrations, producing pulsed electrical out-
uts that drove water electrolysis, locally increasing alkalin-
ty to dissolve drug carriers and release antifolate anticancer
gents. This strategy enabled spatially and temporally pre-
ise drug delivery without batteries or wired connections
 68 ]. 

 Biointegration and In Vivo Suitability of 
mplantable TENGs 

uccessful implantation of TENGs requires more than efficient
lectromechanical transduction; it demands system-level bioin-
egration that accounts for material biocompatibility, mechanical
ompliance, degradation behavior, encapsulation strategy and
he intended in vivo working lifetime. Unlike external or wear-
ble devices, implantable TENGs must operate within dynamic,
hemically active and mechanically constrained biological envi-
onments, where long-term foreign-body responses, surgical
urden and device retrieval all become critical considerations.
ccordingly, current implantable TENGs can be broadly catego-
ized into temporary systems and durable systems, each guided
y distinct design priorities and clinical objectives. Temporary
mplantable TENGs are typically developed for task-specific inter-
entions, where the device is required to function only during
 defined therapeutic or diagnostic window. In this context,
omplete biodegradability, controllable lifetime and elimination
f secondary removal surgery are prioritized over prolonged
dvanced Materials Technologies, 2026
operational stability. By contrast, durable implantable TENGs are
designed to support sustained physiological interfacing, where
structural robustness, encapsulation integrity and stable energy
transduction dominate the design logic. Together, these two
paradigms define the biointegration landscape of implantable
triboelectric systems. 

For temporary implantation scenarios, the primary design phi-
losophy emphasizes complete bioresorbability, programmable
operational lifetime, and elimination of secondary surgical
removal. Early studies demonstrated that fully biodegradable
TENGs (BD-TENGs), constructed from resorbable polymers such
as PLGA, PCL, and PHB combined with absorbable metals like
Mg, can effectively convert in vivo biomechanical energy while
undergoing gradual degradation and absorption after task com-
pletion. These multilayer architectures establish a foundational
paradigm for transient self-powered implants that minimize long-
term adverse tissue responses [ 69 ]. Building upon this concept,
injectable and minimally invasive transient systems further
expand clinical applicability. Fully biodegradable, ultrasound-
driven injectable TENGs (I-TENGs), fabricated from PLA, Mg,
and PCL in a single-electrode configuration, achieve suffi-
cient electric field intensity for localized electrical stimulation
while enabling direct needle-based implantation. Such systems
underscore how device miniaturization and transient material
selection jointly enhance in vivo deployability [ 70 ]. At the
material–triboelectric interface level, systematic investigations
of natural biomaterials have clarified their triboelectric polarity
ranking and output behavior, providing rational guidelines for
transient TENG material selection. By modifying silk fibroin-
based triboelectric layers, device operational lifetimes can be
precisely tuned from days to weeks, achieving complete in
vivo degradation without residual complications. These studies
highlight that triboelectric performance and degradation kinet-
ics can be co-engineered, rather than treated as competing
requirements [ 44 ]. To enable active, on-demand termination of
device function, externally triggered degradation strategies have
been introduced. Near-infrared (NIR)-responsive biodegradable
implantable TENGs incorporating gold nanorods (AuNRs) allow
remote control over degradation behavior. Without optical stim-
ulation, such devices remain functional in vivo for extended
periods; upon NIR irradiation, rapid power decay and acceler-
ated material resorption occur, offering unprecedented temporal
control over transient implant lifetimes [ 71 ]. Complementary
approaches exploit ultrasound as both an energy mediator and
a degradation trigger. Ultrasound-responsive transient TENGs
utilize biodegradable encapsulation layers whose degradation
rates dramatically increase under elevated acoustic intensity,
enabling demand-driven dissolution after therapeutic action [ 72 ].
More advanced designs integrate Bio-MOF-11/PLGA composite
triboelectric films, where low-intensity ultrasound supports sta-
ble operation, while high-intensity focused ultrasound induces
rapid pore formation, liquid infiltration, and oxidation-assisted
degradation, culminating in complete device resorption within
minutes [ 73 ]. Collectively, these studies establish temporary
implantable TENGs as task-oriented, self-terminating bioelec-
tronic systems, with degradation behavior engineered as a
functional parameter rather than a passive consequence. 

For semi-permanent implantable bioelectronic systems, durable
safety and encapsulation reliability often outweigh maximal
13 of 19
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nergy conversion efficiency. Rather than modifying the
ncapsulation material, one study demonstrated that a fully
itanium-encapsulated triboelectric implant could still be
ffectively powered under clinically safe ultrasound intensities
500 mW cm− 2 ) through capacitive matching and system-level
nergy management. Despite the intrinsic acoustic attenuation
f titanium, sufficient electrical output was generated to
rive a battery-free, miniaturized wireless neural stimulator,
ighlighting that robust neuromodulation can be achieved
ithout energy storage or material substitution when device
rchitecture is appropriately engineered [ 74 ]. Building on
he limitations imposed by titanium’s acoustic impedance,
ubsequent work pursued impedance-matched material
eplacement as a complementary strategy. Poly(2-hydroxyethyl
ethacrylate) (HEMA), a clinically approved and mechanically
unable hydrogel polymer, was introduced to replace the
itanium plate and serve simultaneously as a triboelectric layer.
wing to its acoustic impedance being adjustable toward that
f biological tissue, the ultrasound transmission coefficient
ncreased by nearly an order of magnitude compared with
itanium. As a result, the implantable ultrasound-driven TENG
xhibited substantially enhanced power output, charging a 100
F capacitor 3.7 times faster in vivo, underscoring the importance
f acoustic impedance matching in long-term implanted energy
arvesters [ 75 ]. Beyond material substitution, device durability
nd mechanical stability under prolonged ultrasound exposure
emain critical for chronic implantation. Addressing this, a
eliable implantable ultrasound-driven TENG was developed
sing polyether ether ketone (PEEK) as the acoustic transmission
ncapsulation layer. Benefiting from its tissue-matched acoustic
mpedance and excellent mechanical robustness, PEEK enabled
n ultrasound transmission rate of up to 99.94%, in stark contrast
o the high reflectivity of titanium. The resulting device sustained
table electrical output for over 300 min, demonstrating that
ong-term performance can be achieved through encapsulation
aterials that balance acoustic transparency with structural
ntegrity [ 76 ]. More recently, a distinct interfacial engineering
trategy was introduced that retains titanium encapsulation
hile mitigating its acoustic limitations. By incorporating a liquid
oupling layer between the titanium shell and the triboelectric
embrane, elastic waves generated within the titanium plate
ere transformed into a more controlled single-mode vibration.
he elimination of trapped air gaps enabled efficient elastic-wave
ransmission to the triboelectric layer, leading to a 310% increase
n power density. This architecture supported durability and
nabled in vivo Bluetooth communication, demonstrating that
ave-mode regulation and interfacial coupling can compensate
or material-level constraints in chronic implantable TENG
ystems [ 43 ]. Beyond sealed implants, a fundamentally different
trategy abandons encapsulation altogether. Bioabsorbable
riboelectric scaffolds integrate tissue engineering architectures
ith TENG functionality, directly coupling biomechanical
otion to therapeutic electrical stimulation. Using biodegradable
lastomers such as PGS and multiscale porous structures
abricated via 3D printing, these scaffold-based TENGs operate
eliably in wet biological environments without waterproof
ackaging [ 77 ]. Subsequent studies extended this concept to
egenerative medicine, demonstrating effective bone defect
epair and cartilage regeneration, thereby confirming the
easibility of encapsulation-free, tissue-integrated triboelectric
ystems for long-term implantation [ 78 ]. 
4 of 19
Beyond complete TENG systems, parallel advances in biointe-
grated materials and functional bioelectronics further enrich the
design space of implantable triboelectric platforms. Biodegrad-
able metallic glasses based on Mg, Zn, and Ca alloys exhibit
enhanced stretchability, fatigue resistance, and biocompatibility
compared to conventional transient metals, offering mechani-
cally robust interconnects for deformable implantable electronics
[ 79 ]. At the application interface, self-powered bioelectronic
sutures leveraging triboelectric principles enable real-time mon-
itoring of suture tension during wound closure, providing
surgeons with quantitative feedback to reduce postoperative
complications. Such devices illustrate how triboelectric mecha-
nisms can be embedded into clinically familiar forms, enhancing
acceptance and translational potential [ 80 ]. Innovative elec-
trode architectures based on triboelectric field propagation
further reduce electrode density requirements in implantable
cardiac monitoring and pacing systems, improving durability
and tissue compatibility while minimizing stimulation-induced
damage [ 81 ]. Humidity-driven shape-morphing materials intro-
duce a novel dimension to biointegration. By exploiting body-
fluid-induced swelling, rolled or compact TENG structures
can autonomously deploy into functional configurations after
catheter-based delivery and subsequently degrade in situ. This
strategy exemplifies how mechanical adaptability and transient
behavior can be synergistically integrated for minimally invasive
implantation [ 82 ]. 

6 Conclusion and Perspective 

Triboelectricity has emerged as a versatile and increasingly
mature transduction mechanism for implantable bioelectronic
systems, enabling direct coupling between mechanical dynamics
and electrical functionality within living tissues. By system-
atically organizing recent advances, this review clarifies how
implantable triboelectric devices operate across distinct mechan-
ical excitation sources, functional roles, and implantation time-
frames. Differentiating endogenous and exogenous mechanical
stimuli provides a unified framework for understanding how tri-
boelectric systems interface with biological environments, while
a refined functional classification highlights that implantable
triboelectric devices extend well beyond power supply to support
in situ sensing, signal transmission, and therapeutic intervention.
Furthermore, explicitly distinguishing durable implantation from
temporary implantation, purpose-driven therapy underscores
the importance of aligning device architecture with clinical
intent, material stability, and evaluation strategy. Collectively,
these perspectives reveal that the performance and translational
potential of implantable triboelectric systems are governed not
only by materials or electrical output, but by how effectively
device design is integrated with anatomical context, functional
objectives, and therapeutic timelines. Viewed from a broader
perspective, triboelectricity can be regarded as an emerging
biointerface-level transduction paradigm, in which mechanical
interactions inherent to physiological environments are directly
converted into functional electrical cues. Such a paradigm is
particularly well suited for future implantable bioelectronic
systems that are adaptive, closed-loop, and context-aware, where
continuous coupling between tissue dynamics and electronic
response is essential. Looking forward, as demonstrated in
Figure 7 , the continued development of implantable triboelectric
Advanced Materials Technologies, 2026
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FIGURE 7 Schematic perspectives highlighting future directions in site-specific device design, function-targeted system integration, and outcome- 
oriented performance metrics to guide the clinical translation of implantable TENG-based bioelectronic platforms. 
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ioelectronic systems will benefit from a shift toward three below
onsiderations: 

.1 6.1 Site-Specific Design Consideration 

ite-specific design paradigms will be foundational to the next
eneration of implantable triboelectric bioelectronic systems.
ather than adopting generic device architectures, future designs
ust explicitly align device geometry, mechanical compliance,
nd deformation modes with the anatomical and biomechan-
cal characteristics of the intended implantation site. Precise
natomical matching can significantly enhance mechanical
oupling efficiency, improve signal robustness, and reduce
echanical mismatch–induced attenuation. Moreover, motion-
onstrained or directionally selective deformation strategies
nable devices to preferentially harvest or transduce relevant
hysiological dynamics—such as cardiac motion, respiratory
ycles, or localized tissue displacement—rather than indiscrim-
nately responding to ambient mechanical disturbances [ 83, 84 ].
qually important is the co-design of fixation and encapsulation
trategies with implantation sites. Stable anchoring methods
ust accommodate continuous tissue motion while minimizing
tress concentration and inflammatory response. Encapsulation
aterials and geometries should provide sufficient mechanical
rotection and biocompatibility without suppressing triboelectric
nteractions or altering interfacial charge transfer dynamics.
ogether, these considerations emphasize that site-specific design
s not merely a geometric optimization problem, but a system-
evel integration challenge that links anatomy, mechanics,
aterials, and triboelectric functionality into a unified design
ramework. 
dvanced Materials Technologies, 2026

t

6.2 6.2 Function Targeting Consideration 

Beyond anatomical adaptation, implantable triboelectric systems
must be anchored to clearly defined functional targets. Moving
forward, it will be increasingly important to distinguish between
power-oriented and information-oriented operation modes at
the earliest stages of device design. Rather than broadly classi-
fying implantable TENGs as energy harvesters, future systems
should explicitly define whether their primary role is to supply
electrical power, enable self-powered sensing and signal trans-
mission, or actively modulate physiological processes through
electrical stimulation. For therapeutic applications in particular,
triboelectric-enabled functions should be directly mapped onto
specific disease scenarios and clinical intervention strategies [ 85 ].
Such functional anchoring allows device architectures, operating
frequencies, stimulation waveforms, and implantation strategies
to be tailored to concrete therapeutic objectives rather than
generalized demonstrations of feasibility [ 86 ]. By integrating
functional targeting into the design logic, triboelectric systems
can evolve from multipurpose prototypes into purpose-driven
bioelectronic platforms with clearly delineated clinical roles. 

6.3 6.3 Outcome-Oriented Metrics Consideration 

The evaluation of implantable triboelectric bioelectronic sys-
tems must also evolve toward outcome-oriented performance
metrics that more accurately reflect physiological relevance
and therapeutic efficacy. While conventional electrical output
parameters—such as open-circuit voltage, short-circuit current,
and power density—remain useful for benchmarking device
physics, they are insufficient for assessing in vivo functionality or
15 of 19
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FIGURE 8 Outlook of implantable triboelectric platforms for precision bioelectronic therapy. The workflow illustrates the progression from 

targeted material and device design to integrated multifunctional operation and ultimately clinical outcomes. Key milestones include precision, 
site-adaptive therapy, autonomous in situ bioelectronic intervention, disease-specific bioelectronic modulation, clinically interpretable performance 
evaluation, and translation into implantable TENG platforms with real-world therapeutic relevance. 
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linical potential. Future studies should prioritize defining func-
ional thresholds required for effective sensing, stimulation, or
ignal transmission within specific physiological contexts. Estab-
ishing disease-relevant benchmarks and adopting standardized
valuation protocols will be critical for enabling meaningful
ross-study comparison and long-term reproducibility. Metrics
hould account for factors such as signal stability under physio-
ogical motion, long-term performance degradation, tissue-device
nteraction dynamics, and functional outcomes at the system
evel. Importantly, evaluation frameworks aligned with regula-
ory and translational requirements will facilitate the transition
rom laboratory demonstrations to clinically viable technologies. 

ooking forward, these platforms are expected to transition
rom device-level innovations to clinically translatable systems.
chieving this transition requires addressing several key chal-
enges, including site-dependent performance variability, long-
erm operational reliability under physiological conditions, and
lignment with clinically meaningful evaluation criteria. By
everaging targeted material and structural design, they can
chieve site-adaptive and disease-specific interventions, provid-
ng autonomous, in situ modulation of physiological processes.
ntegration of multiple functionalities enables not only energy
arvesting and sensing but also clinically interpretable perfor-
ance evaluation. If these directions are coherently advanced,
mplantable triboelectric bioelectronic systems could evolve from
solated functional demonstrations into clinically integrated plat-
orms with clearly defined roles and measurable therapeutic
mpact. Importantly, rational classification frameworks—such as
he differentiation of excitation sources, functional roles, and
mplantation timeframes proposed in this review—play a critical
ole in guiding clinical translation and advancing intelligent
ioelectronic systems. By aligning device design more closely
ith anatomical context and intended clinical objectives, tribo-
lectric systems may operate as embedded components of the
hysiological environment rather than externally imposed energy
r sensing units. The establishment of evaluation frameworks
rounded in physiological relevance and therapeutic outcomes
ould further enable meaningful comparison across studies,
upport regulatory translation, and accelerate the integration
f triboelectric platforms into adaptive and context-aware med-
cal technologies. Collectively, such progress would position
6 of 19
triboelectricity as a mature and versatile transduction mecha-
nism within implantable bioelectronics, enabling more adaptive,
minimally invasive, and purpose-driven medical technologies
(Figure 8 ). 
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