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Advanced Energy Harvesters and Energy Storage for
Powering Wearable and Implantable Medical Devices
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Zhong Lin Wang, and Chun H. Wang*

Wearable and implantable active medical devices (WIMDs) are transformative
solutions for improving healthcare, offering continuous health monitoring,
early disease detection, targeted treatments, personalized medicine, and
connected health capabilities. Commercialized WIMDs use primary or
rechargeable batteries to power their sensing, actuation, stimulation, and
communication functions, and periodic battery replacements of implanted
active medical devices pose major risks of surgical infections or
inconvenience to users. Addressing the energy source challenge is critical for
meeting the growing demand of the WIMD market that is reaching valuations
in the tens of billions of dollars. This review critically assesses the recent
advances in energy harvesting and storage technologies that can potentially
eliminate the need for battery replacements. With a key focus on advanced
materials that can enable energy harvesters to meet the energy needs of
WIMDs, this review examines the crucial roles of advanced materials in
improving the efficiencies of energy harvesters, wireless charging, and energy
storage devices. This review concludes by highlighting the key challenges and
opportunities in advanced materials necessary to achieve the vision of
self-powered wearable and implantable active medical devices, eliminating
the risks associated with surgical battery replacement and the inconvenience
of frequent manual recharging.
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1. Introduction

Commercialized active wearable and im-
plantable active medical devices, denoted as
WIMDs, represent a ground-breaking ad-
vancement in modern healthcare. These ac-
tive devices, which rely on batteries for op-
eration, can be worn on or implanted into
the body. Integrating sensors, actuators, en-
ergy source, data capture and storage, com-
munication microelectronic components,
WIMDs enable a wide range of functional-
ities, from continuous monitoring to elec-
tromechanical actuation and nerve stimu-
lation, catalyzing a transformative shift in
healthcare delivery on a global scale. They
have brought about significant benefits, in-
cluding early detection and diagnosis of
illnesses,[1–3] targeted therapeutic interven-
tions for effective management of chronic
diseases[4] and life-saving treatments,[5]

personalized rehabilitation,[6,7] connected
health,[8] to name just a few. In addition,
the realm of wearable medical devices has
expanded beyond diagnosing and monitor-
ing cardiac health to predicting heart fail-
ure well before its actual occurrence.[9] For
instance, Shi et al. have demonstrated an
innovative fiber Bragg grating (FBG)-based

wearable sensor that enables precise and concurrent monitor-
ing of respiratory and cardiac functions.[10] More recently, digital
and artificial intelligence technologies are increasingly being in-
tegrated into WIMDs for real-time decision making, further en-
hancing their capabilities, user experience, for personalized and
effective healthcare delivery. The global active wearable medical
device market reached a valuation of USD 27 billion in 2022, in-
dicative of the growing demand and widespread adoption of these
new healthcare solutions. Simultaneously, the active implantable
medical device market achieved a value of USD 22 billion, under-
scoring the significant role of these devices in modern healthcare.
The combined size of these two markets is projected to reach
USD 100 billion in 2030.[11]

However, a significant issue affecting the widespread deploy-
ment of WIMDs lies in the power sources essential for en-
ergizing sensors and actuators, enabling data acquisition, on-
board artificial intelligence processing, edge computing, and in-
formation communication. Current WIMDs use primary batter-
ies to ensure uninterrupted power supply for their sustained and

Adv. Mater. 2024, 2404492 2404492 (1 of 34) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:chun.h.wang@unsw.edu.au
https://doi.org/10.1002/adma.202404492
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202404492&domain=pdf&date_stamp=2024-07-06


www.advancedsciencenews.com www.advmat.de

Figure 1. Illustration chart for a future vision where wearable and implanted medical devices, such as neural stimulators, cardiac pacemakers, and
sensors, are self-powered, eliminating the need for battery replacements. The power and energy system integrates energy harvesters, wireless energy
transfer devices, and energy storage to supply power to the WIMDs. In addition, the system is equipped with modules for power management, data
acquisition, and communication. The relationships among energy harvesting devices, energy transfer devices, and energy storage devices are also shown.
Abbreviations for various energy harvesting devices include triboelectric nanogenerator (TENG), piezoelectric nanogenerator (PENG), twistron harvester
(TH), electromagnetic generator (EMEH), thermoelectric generator (TEG), moisture-driven energy generator (MEG), and photovoltaic energy harvester
(PV).

effective operation, particularly for critical applications. Figure 1
illustrates a future vision where WIMDs are self-powered, elim-
inating the need for battery replacements. Energy harvesters,
wireless energy transfer devices, and energy storage are inte-
grated to supply power to a diverse range of WIMDs, such as neu-
ral stimulators, cardiac pacemakers, and sensors. Wearable and
implantable sensors can collect, process, and transmit patient
data wirelessly to mobile phones or cloud servers. This feature
allows healthcare providers and users to easily access and real-
time monitor the patient’s health status, enabling timely decision
making and improving overall patient management. By elimi-
nating the need for battery replacement or conventional recharg-
ing, this system improves patient outcomes. Among implantable
devices like cochlear implants, pacemakers, neural stimulators,
neuralinks, and retinal implants, power consumptions vary de-
pending on their applications, typically ranging from microwatts
to a few milliwatts.[12] The power consumption significantly af-
fects device miniaturization, determining their physical sizes and
durability.[12] The reliability of WIMDs is also intricately linked
with their ability to maintain a steady power supply and vital for
functions such as fall detection and cardiac monitoring to pre-
dict heart failure. Presently, WIMDs heavily rely on primary or

rechargeable batteries, often with limited lifespans, necessitat-
ing periodic replacement, recharging, or surgeries for battery re-
placement upon depletion. These medical procedures pose infec-
tion risks to patients undergoing surgery. Additionally, the size of
the battery impacts the overall dimensions of WIMDs, constrain-
ing device design and limiting potential implantation sites within
the human body.

One promising strategy for overcoming the limited lifespan of
primary batteries is to harvest energy from the human body and
the surrounding environment. In situations where the energy
harvested from the body is insufficient, wireless power transfer
technologies can offer a complementary means for charging en-
ergy storage devices. For example, induction, capacitive coupling,
radio frequency, and ultrasound-induced energy harvesting can
charge energy storage devices or power WIMDs directly. The har-
vested or transferred energy can be used to power WIMDs or to
charge energy storage devices. In this way, it is possible to elimi-
nate the use of primary batteries, thus minimizing the risks asso-
ciated with surgical replacements, enhancing patient experiences
and outcomes, increasing the versatility of WIMDs, and lowering
the cost by reducing the need for manual charging and mainte-
nance.

Adv. Mater. 2024, 2404492 2404492 (2 of 34) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202404492 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [15/08/2024]. 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

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Our body is a rich source of energy, generated through fun-
damental processes like heartbeat, respiration, joint rotations,
and body movements. To harness this inherent energy, a range
of wearable and implantable energy harvesters have been de-
veloped, including mechanical energy harvesters, such as tribo-
electric nanogenerators (TENGs),[13] piezoelectric nanogenera-
tors (PENGs),[14,15] twistron harvesters,[16] and electromagnetic
generators. They are designed to capture energy from mechanical
motions, externally (in vitro) and internally (in vivo). Biochemi-
cal energy harvesting technologies, such as glucose fuel cells, can
also be used to produce energy within the body through biochem-
ical reactions. Additionally, thermoelectric generators can con-
vert body heat into electricity, while electrochemical energy har-
vesters, such as moisture electric generators, can extract energy
from the humidity gradient in the environment. While these in-
novative technologies have shown remarkable progress over the
past decade, their clinical applications in powering WIMDs re-
main exceedingly limited.

Beyond the energy produced by our body, there is abundant
energy in our surroundings, such as solar energy and electro-
magnetic fields emitted by Wi-Fi and similar devices. This envi-
ronmental energy can be captured by wearable energy harvesters
or transmitted into our bodies via electromagnetic induction.
The harvested or inducted energy can supplement primary or
recharging rechargeable batteries, leading to reductions in bat-
tery size or even their complete replacement. Therefore, energy
harvesting and induction technologies have the potential to trans-
form wearable and implantable medical devices, ushering in a
new era of autonomy in personalized medical care. By harness-
ing these technologies, we can significantly enhance the func-
tionality and performance of WIMDs while also extending their
operational longevity.

This review provides a systematic analysis of current and
emerging techniques for powering wearable and implantable
medical devices, with a primary focus on recent advancements
in closing the gap between WIMDs’ energy needs and the en-
ergy that can be harvested from human bodies or the environ-
ment. Beginning with an overview of the typical power require-
ments of a range of common WIMDs and sensors, this review
then assesses the latest advancements in new material technolo-
gies aimed at harvesting more energy per unit area or mass, in-
creasing energy storage density, and enhancing wireless power
transfer efficiency. Fundamental to these new technologies are
advanced materials, especially flexible, stretchable, and biocom-
patible materials that can be integrated into clothes, worn on the
skin, and implanted in our bodies. Some of the most important
impacts include increased energy harvesting efficiencies, greater
wireless power transfer range, and higher energy or power den-
sities of energy storage devices. Some major types of active med-
ical devices, energy harvesting devices, energy transfer devices,
and energy storage devices are illustrated in Figure 2. By ana-
lyzing their operational principles, performance metrics, limita-
tions, and major case studies, this review offers comprehensive
insights into the effectiveness of these approaches. For exam-
ple, innovations in the design of materials, microstructures, and
interfaces have yielded significant enhancements in energy har-
vesting efficiency, the energy densities of wearable batteries and
supercapacitors, and wireless charging efficiency. Finally, the re-
view outlines existing challenges and identifies research oppor-

tunities for accelerating the clinical applications and enhancing
the commercial viability of self-powered WIMDs.

2. Power Demands of WIMDs

The power requirements of WIMDs vary significantly, ranging
from microwatts (μW) to milliwatts (mW), a spectrum largely dic-
tated by the specific demands of their applications.[12] Below we
provide a comprehensive review of the typical power budgets for
a wide range of medical devices, serving as a fundamental refer-
ence point for designing and selecting power sources. The typi-
cal power demands of ten distinct types of WIMDs are summa-
rized in Figure 3, with more detailed analyses of these devices
provided in the following sections. It is worth noting that effec-
tive powering strategies need to be combined with reduced power
consumption to extend the operational lifespan of WIMDs.

2.1. Implantable Medical Devices

2.1.1. Cardiac Pacemakers

The first implantable pacemaker invented by Rune Elmqvist was
powered by two nickel–cadmium rechargeable batteries, which
had a radio loop antenna attached, enabling the batteries to be
recharged each week by beaming radio energy through the skin
to the pacemaker’s antenna. The initial rechargeable battery had
limited recharging lifespan. Coupled with issues of toxicity, the
first patient has undergone almost 30 pacemaker replacement
surgeries.[29] Nuclear batteries were investigated for powering
pacemakers, boasting a lifespan extension up to 30 years. How-
ever, nuclear-powered pacemakers pose travel inconveniences
for patients and challenges in the safe disposal of used cells,
not to mention the extreme toxicity, hindering their commer-
cial viability.[30] Lithium-iodine batteries were introduced in 1973
for implantable pacemakers,[31] offering improved longevity, low
current drain, and suitable voltage characteristics. Consequently,
lithium and more recently lithium-ion batteries have become the
preferred power sources for implantable devices, featuring lifes-
pans exceeding 10 years, reduced manufacturing costs, and com-
pact size. Cardiac pacemakers operate at minimal energy levels,
typically ≈15 μJ, translating into an annual power usage between
10 and 100 μW. This equates to a battery consumption of 0.5 to
2 Ah over a span of 5 to 10 years, suggesting that a battery with a
capacity of 1 Ah could sustain a pacemaker for up to 10 years.[17]

As a result, repeated battery replacement surgeries are needed,
which poses significant risks to patients, potentially leading to se-
vere side effects. To address these issues, alternatives to surgeries
have attracted significant interest, such as body energy harvest-
ing, which will be discussed in Section 3.

2.1.2. Neural Stimulators

Neural stimulators are active implantable medical devices de-
signed to deliver controlled electrical pulses to nerves or areas of
the brain to relieve pain and treat neurological disorders, such
as major depressive disorder.[32] Examples of neural stimula-
tions, which are class III medical devices, include deep brain

Adv. Mater. 2024, 2404492 2404492 (3 of 34) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202404492 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [15/08/2024]. 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

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. Power harvesting and transfer solutions for WIMDs. The sketch of twistron harvester. Adapted with permission.[16] Copyright 2017, The
American Association for the Advancement of Science.

stimulators, spinal cord stimulators, and vagus nerve stimula-
tors. They were also used to restore lost sensory functions, such
as olfaction.[33] However, neural stimulators generally demand
more power than devices used for cardiac pacemakers, present-
ing a major challenge in developing comparably small-sized de-
vices. The power requirements for neural stimulation devices de-
pend on specific applications.

One important application of neural stimulators is for
spinal cord and peripheral nerve stimulation to manage var-
ious chronic injuries and pain conditions. Patients received
spinal cord stimulation often report a higher quality of life,
more noteworthy pain relief, and a return to normal activities
and work, compared to those receiving only pharmacological
treatments.[34] As reported by Moore and McCrory,[18] spinal
cord stimulation that operates between 60 and 100 Hz with
voltage ranging from 2 to 8 V and pulse width between 100
and 500 μs, requires power consumption between 24 μW to
3.2 mW.[18]

Brain neuromodulation has also shown promise in im-
proving symptoms related to movement disorders.[35] Deep-
brain stimulation, typically operating at voltages of 2 to 10 V,

frequency between 130 and 185 Hz, and pulse widths of
60 to 450 milliseconds, requires an estimated power of 31.2
μW to 8.325 mW.[19] Therefore, neuromodulation applications
require microwatt-level power, thus demanding larger bat-
teries than those used in pacemakers to sustain consistent
functionality.

The power requirements for neural stimulation applications,
which demand microwatt-level power for advanced controls,
such as varying amplitude, frequency, and pulse width, present
a significant challenge to current energy harvesting technolo-
gies due to their relatively low output power. It is worth noting
that recent research in neural stimulators has explored the di-
rect use of harvested energy for nerve stimulation, bypassing the
need for a power supply and power management unit. However,
this area of research is still in its initial stages. There is a lack
of ability to control the amplitude, frequency, and pulse shape
of the signal, and no clinical applications have been reported.
This further highlights the existing gap between the power de-
mands of neural stimulation technologies and the potential of en-
ergy harvesting solutions. Further discussion will be presented in
Section 3.
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Figure 3. Power demands of ten different wearable and implantable medical devices. These devices are cardiac pacemaker,[17] spinal cord stimulator,[18]

deep brain stimulator,[19] neuralink,[20] insulin pump,[21,22] cochlear implant,[23–25] temperature sensor,[26] heart rate sensor,[26] blood pressure
sensor,[27] and pulse oximetry sensor.[28]

2.1.3. Neural Recording for Brain–Machine Interfaces

Brain–machine interfaces can help individuals with a broad
range of medical conditions. For instance, controlling soft robotic
hands through human neuroprosthetics has been successfully
demonstrated.[36] Furthermore, speech neuroprosthetics has the
potential to re-establish communicative abilities for individuals
experiencing paralysis.[37,38] While millisecond and micrometer
scales are considered the benchmark for capturing neuronal ac-
tion potentials for neural recording, a gap remains in develop-
ing a microelectrode technology that can be clinically applied for
extensive recordings.[39] Such an advancement would require a
design featuring materials known for their excellent biocompat-
ibility, safety, and long-term durability.

To meet the high-bandwidth demands of a brain–machine in-
terface and leverage the benefits of thin-film technologies, Elon
Musk’s Neuralink[20] team has made significant strides toward
a flexible, scalable brain–machine interface that expands chan-
nel capacity, surpassing previous efforts by a factor of ten. The
system comprises three principal elements: ultrathin polymer
probes, a neurosurgical robot, and custom high-density electron-
ics. A total of 96 polymer threads were implanted, each contain-
ing 32 electrodes, resulting in a total of 3072 electrodes. They
have developed and produced over 20 distinct types of threads
and electrodes for their arrays. The designs feature either sepa-
rate threads for reference electrodes or threads that carry both ref-
erence and recording electrodes. The threads vary in width from
5 to 50 μm and include various geometries for recording sites.
Each thread is typically 4–6 μm thick, which accommodates up to
three insulation layers and two conductor layers. The threads are
generally 20 mm long. To handle these fragile, lengthy threads

before insertion, a parylene-C film is applied to keep the threads
secured. Due to the small surface areas of the individual gold
electrode sites, surface modifications are employed to reduce
impedance and enhance the charge-carrying efficiency of the in-
terface. They have utilized two treatments: the electrically con-
ductive polymer poly(3,4-ethylenedioxythiophene)–poly(styrene
sulfonate) (PEDOT:PSS) doped with polystyrene sulfonate and
iridium oxide. Although PEDOT:PSS offers lower impedance,
its long-term stability and biocompatibility are not as well estab-
lished as those of iridium oxide. These electrodes were connected
to a custom-designed Neuralink application-specific integrated
circuit (ASIC), featuring 256 individually adjustable amplifiers,
built-in analogue-to-digital converters (ADCs), and additional cir-
cuitry for digitized output serialization. The integrated ADC op-
erates at a sampling rate of 19.3 kHz with a resolution of 10 bits,
while the entire ASIC has a power consumption of roughly 6
mW. Neuralink has also engineered compact electronics device
capable of simultaneously transmitting electrophysiological data
from all the electrodes. This system is encapsulated in a package
designed for long-term implantation and is accompanied by cus-
tom online spike-detection software, capable of identifying action
potentials with minimal delay. Collectively, this cutting-edge re-
search marks the initial step toward achieving a fully implantable
brain–machine interface for human use.[20]

2.1.4. Insulin Pumps

Continuous subcutaneous insulin infusion, more widely rec-
ognized as insulin pump therapy, exemplifies the cutting-edge
integration of technology into medical care, particularly for
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managing type 1 diabetes mellitus. This therapy system com-
prises an insulin reservoir, an infusion set with tubing and a can-
nula, a highly efficient pumping mechanism, a computer chip,
an interactive screen, a durable casing, and an energy-efficient
battery. The growing prevalence of type 1 diabetes on a global
scale has propelled the adoption of insulin pump therapy, which
utilizes rapid-acting insulin analogs for subcutaneous delivery.
This method meticulously replicates the natural insulin secre-
tion of the human body, ensuring that insulin delivery is both
consistent and precise which is a crucial aspect for the efficiency
and safety of the therapy.

However, the reliability of insulin pumps’ power sources re-
mains a critical issue. Failure of the pump’s battery or power unit
can result in serious, potentially life-threatening, consequences
for users. The survey conducted by Murata et al. on 1499 devices
revealed that 66 experienced troubles related to their power com-
ponents, underscoring the urgent need for robust and reliable
power solutions.[40] The power consumptions of these pumps
range from 100 μW to 2 mW,[21,22] highlighting the diverse power
requirements that depend on the device’s specific functions and
operational settings. In quest of alternative uninterrupted power
supply to replace batteries, energy harvesting, and wireless power
transfer technologies have recently received significant interest.
These innovative approaches, which will be discussed in Sec-
tion 3, have the potential to enhance the reliability and safety of
insulin pump therapy as well as improve the overall user experi-
ence by minimizing or eliminating the need for frequent battery
replacements or recharging.

2.1.5. Cochlear Implant

A cochlear implant (CI) is an electronic medical device designed
to restore the perception of sound for individuals with severe to
profound hearing loss by directly stimulating the auditory nerve
within the inner ear. This sophisticated device comprises both
external and internal elements equipped with a microphone,
speech processor, transmitter, and rechargeable or disposable
batteries for power.[41] The type and capacity of these batteries
significantly affect how long the implant can function before re-
quiring either a recharge or battery replacement. Yiğit et al. de-
tailed a cochlear implant system that demonstrates an overall en-
ergy consumption of 513 μW.[23] Meanwhile, Wang et al. intro-
duced a design for cochlear implants characterized by low power
consumption, with a total energy requirement of ≈2 mW when
operating at a clock frequency of 3 MHz.[24] Additionally, Accoto
et al. have reported that the electrical energy necessary for stimu-
lating the auditory nerve during typical conversation amounts to
4.17 mW.[25] Recently, energy harvesting techniques have demon-
strated significant potential in supplying power to cochlear im-
plants reliably and continuously, prolonging the operational life
of the cochlear implants and enhancing user experience by reduc-
ing or completely obviating the need for regular battery changes
or recharges.[42]

2.2. Wearable Health Sensors

Wearable health sensors have significantly evolved to incorporate
an array of sensors for comprehensive health monitoring and

telemedicine applications. These sensors can measure body tem-
perature, heart rate, blood pressure, and oxygen saturation lev-
els through pulse oximetry. Dieffenderfer et al. introduced a low-
power wearable sensor system designed to link environmental
exposure to physiological responses and potential health issues,
with a focus on understanding how ozone and other pollutants
can exacerbate chronic asthma. The team highlighted the limita-
tions of commercial components for continuous monitoring and
outlined their strategies for enhancing device wearability and re-
ducing power needs. Their design included a wristband equipped
with a temperature sensor and a chest patch for heart rate mon-
itoring via photoplethysmography. The system reports a power
consumption of 0.83 mW for the wristband’s temperature sen-
sor and 0.96 mW for the chest patch’s heart rate sensors.[26]

Salo et al.[27] developed a wearable blood pressure sensor lever-
aging a monolithically integrated chip based on the topomet-
ric principle, allowing continuous blood pressure measurements
without invasive methods. This chip, produced using industrial
complementary metal-oxide-semiconductor (CMOS) technology
and micromachining, is aimed for portability and low energy
consumption, requiring only 11.5 mW power to achieve high-
resolution blood pressure monitoring and capture detailed wave-
form features.

Furthermore, portable pulse oximeters, crucial for moni-
toring essential health indicators, use batteries and consume
≈90 mW.[43] The high-power consumption inhibits their applica-
tions for continuous daily monitoring. Leveraging organic tech-
nology, a new type of reflective patch-type pulse oximetry sen-
sor has been developed with significantly reduced power needs,
ranging from 17 to 125 μW.[28] The innovation in organic light-
emitting diodes and photodiodes, designed through optical sim-
ulation to optimize light propagation through the skin, marks
a significant step forward in enabling all-day wearable health
monitors.[28]

Self-powered wearable sensors have also witnessed significant
growth over recent years,[44] evolving into active sensors that can
convert kinetic, chemical, and thermal energies into electrical
energy for real-time human body monitoring. These sensors,
designed to conform to the skin’s surface, monitor physiolog-
ical markers by sensing physical movements[45] and analyzing
biofluids.[3] The electric energy outputs from these self-powered
sensors can reduce the power consumption of the power man-
agement units discussed in the following section. The essence
of this technology lies in leveraging the electrical signals gener-
ated as a fundamental detection mechanism. This approach has
been extensively adopted for precise measurements of multiple
health indicators, including but not limited to joint rotation or
skin stretch, temperature, and humidity, making these wearable
self-powered biosensors exceptionally efficient in identifying nu-
merous physiological indicators. Self-powered wearable sensors
can also potentially serve as energy harvesting devices.[46] This
will also be further discussed in Section 3.

2.3. Power Management Unit

Power management units play a critical role in the function-
ing of WIMDs, such as regulating how the power from the lim-
ited on-board energy source is used for data capture, storage,
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Figure 4. Energy sources available in and around the human body.

processing, and communication. Figure 1 elucidates the frame-
work for achieving an automatic system for health monitoring
applications. This system comprises sensors, which can be cate-
gorized as either passive or active, an amplifier chip that amplifies
the signal, an analog to digital converter that digitizes the sensor
output, and a Bluetooth module facilitating wireless transmis-
sion of data.[47,48] The power management system encompasses
the entire power circuitry, converting the input voltage from an
energy source into different voltage levels tailored for each de-
vice element. This system can be charged by wearable and im-
plantable energy harvesters.

To reduce power waste by the power management unit, mod-
ern microprocessors scaling through a system-on-a-chip (SoC)
approach incorporate a diverse array of components. This in-
cludes adaptive circuits, integrated sensors, and advanced power-
management techniques with multicore and multifunctional ca-
pabilities for integration with energy harvesting technologies,
enabling fully autonomous medical operations. The power con-
sumption for SoCs has been minimized to a few microwatts, sug-
gesting that such systems could feasibly be powered by energy
harvesting devices to achieve autonomous functionality.[49,50]

3. Energy Harvesting Technologies for Powering
WIMDs

Energy harvesting technologies capable of harnessing energy
from the human body, or the surrounding environment hold
tremendous promise for replacing primary batteries upon which
WIMDs currently depend. These technologies offer several key
advantages, including reducing the risk of infection associated

with battery replacement in implanted medical devices, enabling
miniaturization by reducing the size of batteries needed to store
harvested energy, and enhancing user comfort and convenience
by eliminating the need for periodical battery replacement or
recharge. Figure 4 illustrates distinct locations around the human
body and organ systems within the body that can be tapped into
to harvest energy, including organ and body motions, thermal en-
ergy, humidity, as well as external sources like ultrasound, elec-
tromagnetic waves, and light.[51] Mechanical energy sources typ-
ically manifest at lower frequencies, ranging from 0 to 20 Hz.[52]

One significant benefit of harvesting mechanical energy from in-
herent physiological movements, such as the rhythmic expan-
sion and contraction of the chest or internal organs, is their con-
tinuous occurrence throughout both the day and the night. This
consistency ensures a steady and uninterrupted energy output.
While a substantial portion of this energy is naturally utilized to
support the body’s regular functions, a significant amount energy
remains untapped and dissipates into the surroundings. These
untapped energy reserves present a valuable opportunity. When
effectively captured and converted, they have the potential to gen-
erate electrical energy capable of powering implantable medical
devices. This paves the way for establishing a more sustainable
and efficient power solution for essential healthcare applications.

In the following sections we will examine recent advances
in flexible, stretchable, and high-performance energy harvesters
to harness mechanical energy from the human body and elec-
tromagnetic energy in the surroundings. For example, nano-
generators such as TENGs,[13] PENGs,[15] and electromagnetic
generators[53] can be used to harness energy from human body
motion.

Adv. Mater. 2024, 2404492 2404492 (7 of 34) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Working principles of six types of energy harvesting technologies. a) TENG. b) PENG. c) Electromagnetic generator. d) Twistron harvester.
Adapted with permission.[16] Copyright 2017, The American Association for the Advancement of Science. e) Thermoelectric generator. f) Moisture-driven
energy generator. g) Photovoltaic device inside the human body to harvest energy from solar and indoor lighting.

3.1. Harvesting Energy from the Human Body

Although significant mechanical energy can be produced
through everyday human movements/motions like those involv-
ing the arms, fingers, chest, knee, ankle, and heel, harness-
ing this energy effectively presents a significant challenge.[54]

Among the many energy harvesting techniques reported in the
recent literature, seven types have demonstrated the most versa-
tility and high-energy harvesting efficiencies, including triboelec-
tric, piezoelectric, electromagnetic, photovoltaic, thermal, and
mechanical–electrical–chemical methods, which will be reviewed
below.

3.1.1. TENGs

TENG was first demonstrated by Wang’s group in 2012 by em-
ploying Kapton and polyester as the triboelectric layers to harness
energy from mechanical deformation.[55] Integrating the effects
of triboelectrification and electrostatic induction, TENGs can
convert mechanical energy into electricity. Compared to PENGs,
TENGs can produce significantly higher voltage and power, mak-
ing it possible to directly charge capacitors or supercapacitors.
With the ease of fabrication and cost-effectiveness, TENGs pro-
vide a promising approach to harvesting energy from mechanical
movements. In addition, TENGs can serve as self-powered sen-
sors that would reduce the system’s power consumption.

A typical TENG consists of an electrode and a dielectric ma-
terial. Upon exposure to an external mechanical force, triboelec-

tric charges develop on the two contact surfaces. The charge den-
sity builds up under repeated pressure loads and can reach the
maximum value after a few cycles. Wang[56] presented four fun-
damental working modes of TENG: normal contact–separation,
lateral sliding, single electrode, and freestanding triboelectric lay-
ers, as illustrated in Figure 5a. Among these four modes, the nor-
mal contact–separation model has shown the most promise, as
the other three modes are not suitable for harnessing mechani-
cal energy from the human body, and hence will not be further
discussed in this section.

The normal contact–separation mode is a widely employed
TENG operation, which typically comprises two electrets of dif-
ferent electric polarities, two back electrodes, and an external
circuit, as shown in Figure 5a. When the two electrets come
into contact, electrification occurs due to local frictions between
the two surfaces, generating opposite charges on the two elec-
trets. The charges then induce an electrostatic field across the
two electrodes when the two electrets separate, producing an
alternating current in an external circuit. The electrets or the
triboelectrical layers serve several vital functions crucial for the
TENGs’ operation and effectiveness. Made of dielectric materials
with very low electrical conductivity and high dielectric constant,
the electrets generate charges through contact or friction. The
charges are typically stored on the contacting surfaces of the elec-
trets. The greater the surface charge density, the higher the en-
ergy output of TENGs. Effective strategies to enhance the energy
harvesting efficiency of TENGs include maximizing the surface
area and incorporating fillers to increase the dielectric constant
of electrets. Common materials used for this purpose include

Adv. Mater. 2024, 2404492 2404492 (8 of 34) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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conductive fillers such as graphene and metal nanoparticles,[57]

dielectric metal oxides or ceramic particles, and hybrid of these
materials.[58] The mechanical properties of electrets are also very
important, as they play a pivotal role in TENGs’ durability and
stability.

The primary function of the electrode is to facilitate the trans-
fer of electrical charge.[59] One of the significant obstacles in
creating fully wearable TENG devices is the development of a
suitable electrode. Conventional metals such as copper and alu-
minum are widely used for traditional electrodes due to their
excellent electrical conductivity. However, the primary challenge
with these materials in wearable electronics is their rigidity,
which impedes the flexibility and stretchability required for wear-
able devices. This high stiffness can significantly affect the wear-
ability and functionality of the device by limiting its ability to de-
form and conform to various movements and shapes of the hu-
man body.

To address this issue, various fabrication strategies have been
employed. These strategies include designing suitable geome-
tries and integrating materials that combine flexibility with
electrical conductivity while maintaining necessary rigidity.[60–64]

This balance of mechanical and electrical properties is crucial for
developing high-performance, fully stretchable electrodes that
can maintain their functionality under the mechanical strains ex-
perienced in wearable and implantable applications.

The energy produced by a TENG can be stored in an energy
storage device, such as a capacitor, via a rectifier to convert the
alternating current (AC) output to direct current (DC). Due to
the high voltage outputs of TENGs, charging can be achieved
without needing powered amplifiers. This method can be read-
ily integrated into clothing to capture energy from everyday ac-
tivities like chest expansion, walking, and arm movements. Ad-
ditionally, it can capture energy from movements within the in-
ternal organs, such as pressing, bending, and the heartbeat.[65]

TENGs can harvest energy under small sliding or opening dis-
placements. However, appropriate encapsulation of the device is
essential to mitigate the negative impact of the aqueous human
body environment on the triboelectric performance.

TENGs have demonstrated significant potential in powering
WIMDs through two major modes: 1) harvesting energy and stor-
ing electricity in a battery or capacitor, and 2) utilizing their elec-
trical outputs to directly energize WIMDs. In 2019, Ouyang et al.
introduced a pioneering symbiotic cardiac pacemaker that could
harvest and store energy and maintain stable cardiac pacing in
animal models.[65] The device utilized a TENG to harvest energy
from heart movement which was then stored in a power manage-
ment unit through a rectifier. An external wireless magnet switch
was used to activate the pacemaker, as shown in Figure 6a(i).
To enhance the surface charge density and boost the output from
the energy harvesting device, a corona discharge technique was
applied to the surface of the polytetrafluoroethylene (PTFE) tri-
boelectric layer. The peak power density reached 110 mW m−2 at
a load resistance of 100 MΩ (Figure 6a(ii)). The energy harvester
demonstrated exceptional durability, functioning effectively even
after 100 million mechanical test cycles, achieving a maximum
open-circuit voltage of 65.2 V and a short-circuit current of 0.5
μA. The energy harvested from one cardiac cycle was 0.495 μJ,
sufficient to power the pacemaker. Some common patterns in-
cluding intrinsic rhythm and valid pacing of ECG had been ob-

served during the pacing process by symbiotic cardiac pacemaker
system as illustrated in Figure 6a(iii). Furthermore, Ryu et al.[66]

introduced a high-performance, inertia-driven triboelectric en-
ergy harvester based on gravity difference caused by body mo-
tion, which can successfully charge a lithium-ion battery inside a
pacemaker, as illustrated in Figure 6b. These five-stacked TENGs
can generate a peak power of up to 4.9 μW cm−3. In 2024, Liu
et al.[67] introduced a self-powered intracardiac pacemaker (SICP)
that utilizes nanogenerator technologies to harvest biomechani-
cal energy from cardiac motion in a swine model. The innova-
tive device, featuring a capsule structure, is designed for inser-
tion into the right ventricle via a delivery catheter through an in-
travenous route (Figure 6c(i)). The SICP is comprised of an en-
ergy harvesting unit, a power management unit, and a pacemaker
module (as shown in Figure 6c(ii)). Laboratory experiments re-
vealed that the device produced an open-circuit voltage (Voc) of
≈21.8 V, a peak short-circuit current (Isc) of 0.25 μA, and a short-
circuit charge (Qsc) of 6.4 nC. Impressively, it achieved a maxi-
mum output power density of 2200 mW m−3 at an external resis-
tance of 100 MΩ. The ECG signals of the experimental animals
were tracked for two and three weeks, respectively (Figure 6c(iii)).
During this time, the heart rhythm was stable, and the experi-
mental animals continued to eat and live normally without the
occurrence of complications. This pioneering work suggests a vi-
able minimally invasive method for biomechanical energy har-
vesting, potentially extending the service life of leadless pacemak-
ers significantly.[67]

TENGs are also widely used for developing self-powered neu-
ral stimulators. Jin et al. introduced a self-powered function-
alized implantable neural electrode system (FI-NES) aimed at
nerve restoration, by integrating a novel tribo/piezoelectric hy-
brid nanogenerator based on a multifunctional nanoporous
nerve guide conduit (NP-NGC). A conductive nerve guide con-
duit (NGC) must meet specific criteria for long-term repair of
peripheral nerve injury, such as biocompatibility, porosity, and
mechanical strength, while also requiring appropriate electrical
conductivity (>10−1 S cm−1). A structural design strategy was in-
troduced to create a multilayer NP-NGC. In this design, naturally
biodegradable chitosan (CS) was electrospun into nanofibers to
form the inner layer. Then, PEDOT:PSS is coated onto the sur-
face of these CS nanofibers. The PEDOT:PSS was subsequently
treated with an optimized H2SO4 process to induce recrystal-
lization of the PEDOT molecular chain. This process resulted
in CS/PEDOT nanofibers with a core/shell structure, where the
conductive PEDOT layer around a thickness of 30 nm tightly
envelops the CS nanofibers. This conduit exhibited superior
mechanical properties, porosity, conductivity, and degradability.
The hybrid nanogenerator, characterized for its electrical perfor-
mance using an auto step motor, achieved an open-circuit voltage
of 501 ± 8 V over a 16 cm2 working area, with the frequency of
the pressure having no impact on its electrical performance. It
reached a maximum power density of 72 mW m−2, sufficient to
illuminate 15 light-emitting diodes (LEDs) and charge a 1 μF ca-
pacitor to 5.6 V in 400 s. Postimplantation, the devices, ≈1 cm2

in size, produced peak-to-peak voltage (Vpp) and peak-to-peak cur-
rent (Ipp) of 2.7 V and 0.12 μA in active states, and 2.2 V and 0.1
μA in calm states, respectively. By the 12th week, the FI-NES sys-
tem generated 1.5 ± 0.11 V, still significantly above the 100 mV
needed for effective nerve electrical stimulation. After three
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months of animal clinical trials, this fully implantable neural
electrical stimulation system proved highly efficient in peripheral
nerve restoration, equating to the effectiveness of the clinical gold
standard, nerve autograft.[68]

TENGs have also been explored as self-powered sensors to re-
duce the energy needs of the sensor system for health monitor-
ing. Li et al. proposed a self-powered temperature monitoring
platform designed for the continuous and real-time observation
of skin temperature in pregnant women and the surrounding en-
vironmental temperature.[69] By coupling a TENG device contain-
ing 30 μm PVDF film and a thin Cu foil served as the negative and
positive triboelectric layer with a single yarn-based temperature
sensor in series, an output voltage was found to be proportional
to temperature change. The platform reached the maximum out-
put voltage of 50.1 V, a short-circuit current of 23 μA, and a peak
power density of 0.24 W m−2 at a load resistance of ≈30 MΩ. Ad-
ditionally, the sensor’s data were transmitted to a mobile phone
via Bluetooth module for real-time tracking of skin and ambient
temperatures during physical activities. The results suggested a
viable route toward the development of self-powered tempera-
ture sensing platforms with wide-ranging applications.[69] On an-
other front, He et al. developed a multiarch strain sensor utilizing
PEDOT:PSS-functionalized textile, boasting a vast sensing range.
This sensor capitalized on the optimized triboelectric properties
of the textile and its energy harvesting capabilities. Remarkably, it
generated a maximum output power of 3.26 mW from foot step-
ping at a frequency of 2 Hz on a 4 × 4 cm2 layer of PEDOT:PSS-
coated textile. This corresponds to a power density of 2 W m−2

harvested from human walking at 2 Hz, with the TENGs’ match-
ing impedance being as low as 14 MΩ. Four self-powered sensors
based on the smart textiles were developed and affixed to vari-
ous human body parts to monitor activities like standing, walk-
ing, running, arm bending, sudden falls, and sitting, showcas-
ing the versatility and potential of self-powered sensors in activity
monitoring.[70]

To boost the output power of TENGs, significant progress
in material designs and manufacturing processes has been re-
ported. For example, electrospinning has been employed to fab-
ricate high-performance triboelectric layers.[71] He et al. intro-
duced an innovative Schottky junction-based TENG, employ-
ing an electrospun nanofiber mat embedded with hybrid metal–
perovskite oxide fillers (PVDF-HFP/Mn-BNT-BT/AgNWs) as the

tribo-negative layer. This configuration yielded an impressive
maximum open-circuit voltage of 2172 V and a peak power den-
sity of 47.3 W m−2, surpassing the performance of conventional
PVDF-based TENGs. Remarkably, this advanced hybrid TENG
could illuminate 80 LEDs and power a standard seven-segment
LED module to display “2022.”[72] In another significant develop-
ment, Sha et al. explored an innovative method to enhance the
electrical output of TENGs based on the PVDF copolymer by in-
corporating liquid metal Galinstan. This combination resulted
in an almost twelvefold increase in the output voltage. Conse-
quently, this enhanced TENG was able to successfully power an
array of LEDs and a series of standard seven-segment digit LED
modules.[73] These advancements highlight the potential of ma-
terial modification strategies in improving the performance and
expanding application possibilities of TENGs in energy harvest-
ing and powering electronic devices.

3.1.2. PENG

Piezoelectric energy harvesting devices can convert mechanical
energy into electrical energy via the piezoelectric effect as shown
in Figure 5b.[14] A cyclic pressure variation produces an alternat-
ing voltage.[74] The performance of piezoelectric energy harvester
highly depends on structural design and materials, which can be
categorized into four types, including single crystals, ceramics,
polymers, and composites.[75]

The composition of PENGs strongly influences their outputs
but also plays a critical role in determining their biocompatibility,
which is highly dependent on the choice of materials used.[76–82]

Single-crystalline lead magnesium niobate-lead titanate (PMN-
PT) and lead magnesium niobate-lead zirconate titanate are ef-
ficient piezoelectric ceramic materials with some of the high-
est piezoelectric coefficients.[83] However, lead-containing piezo-
electric crystals and ceramics pose a health risk due to their
toxicity. To address this issue, lead-free piezoelectrical materi-
als have been developed as alternatives for biomedical applica-
tions. One major candidate for biocompatible PENGs is zinc ox-
ide (ZnO).[77] As a semiconductor, ZnO can be synthesized into
nanowires or thin films that can convert mechanical deformation
such as bending or compression to electricity.[80] This capability
allows ZnO-based PENGs to serve both as energy harvesters for

Figure 6. Energy harvesting technologies. a) (i) Symbiotic cardiac pacemaker system with an energy harvester, power management unit, pacemaker,
and wireless passive trigger. (ii) Peak power density at different load resistances. (iii) Simultaneously recorded electrocardiography by symbiotic cardiac
pacemaker system. Adapted with permission.[65] Copyright 2019, The Author(s). b) Internal structure of energy harvester and image of self-powered
cardiac pacemaker. Adapted with permission.[66] Copyright 2021, The Author(s). c) (i) Schematic depiction of the device located in the right ventricle
(RV) for transforming biomechanical energy from cardiac movement into electricity and regulating arrhythmia. (ii) The internal structure of the device
comprised of an energy harvesting unit, a power management unit, and a pacemaker module. (iii) ECG signal from animal model 2 weeks and 3 weeks
after implantation of the device. Adapted with permission.[67] Copyright 2024, The Author(s). d) (i) Illustration chart of thermoelectric nanogenerator. (ii)
Power output at different load resistance. (iii) Demonstration of harvesting thermal energy from human skin by thermoelectric nanogenerator. Adapted
with permission.[102] Copyright 2019, American Chemical Society. e) Design and electrical performance characteristics of a moisture energy generator.
(i) Layout of the dual-layer device, which includes a moisture-absorbing layer and a layer for evaporation, each with carbon tape electrodes attached to
their outer surfaces. (ii) Side view diagram of the device structure. The water contact angles for the moisture-absorbing layer (I), the interior (II), and the
exterior (III) of the evaporation layer are displayed above. (iii) Continuous open-circuit voltage (shown in black) and short-circuit current output (shown
in red) from the device under normal room conditions (25 ± 2 °C, RH 60 ± 5%) over 10 days. The average values of the open-circuit voltage and the
short-circuit current output are indicated by black and red dashed lines, respectively, with the relevant circuit model shown in the diagram. Adapted
with permission.[109] Copyright 2022, The Author(s). f) (i) Illustration of a twistron harvester positioned on the surface of the heart, demonstrating its
method for generating electricity from the heartbeats. (ii) Maximum currents at different strain levels versus the number of harvesters connected in
parallel. (iii) Peak voltage and peak power relative to load resistance for four devices connected in series and subjected to a 20% sinusoidal strain at a
frequency of 1 Hz. Adapted with permission.[96] Copyright 2024, The Author(s).
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powering small electronic devices and as sensitive sensors for
various applications, including pressure monitoring.[84,85] More-
over, ZnO’s stability, biocompatibility, and ability to be deposited
on flexible substrates enhance its suitability for energy harvesters
and self-powered sensors. For instance, Chaudhuri et al. in 2017
employed ZnO as a piezoelectric material to charge the battery
of a cochlear implant,[42] demonstrating the potential of biocom-
patible piezoelectric materials as an energy source for powering
active medical devices.

Another approach to addressing the toxicity of PZTs is to en-
capsulate them with biocompatible materials, such as PDMS and
PTFE.[86] Novák et al. demonstrated an encapsulation strategy for
implanted circuit boards by using a two-part PVDF mold.[87] An
additional biocompatible layer was added using an inert P3HT
polymer coating. The biocompatibility of this encapsulated de-
vice was tested according to ISO10993, demonstrating superior
robustness compared to PDMS encapsulation only. The complete
devices was evaluated in vivo to verify their long-term stability.[88]

For practical applications of providing power to cardiac pace-
makers by PENG, Azimi et al.[89] in 2021 reported a piezoelec-
tric energy harvester capable of a maximum energy output 0.487
μJ per heartbeat. The maximum open-circuit voltage was 4.55 V
and the short-circuit current was 2.95 μA with a maximum power
density of 140.82 μW cm−3. However, the performance of these
energy harvesters is yet to be tested and validated in real-world
clinical conditions, although some devices have been tested in
open-chest conditions while significant reductions in energy out-
put have been found when implanted in a closed chest for long-
term operations.[90]

To address the above-mentioned reduced performance un-
der enclosed chest conditions, Li et al. reported a different
cardiac piezoelectric energy harvester to closely mimic real-
life conditions.[91] This device was successfully implanted in a
porcine heart for over two months, during which time it demon-
strated stable performance and maintained consistent output lev-
els, thereby confirming its exceptional durability. Moreover, the
device did not show any infection or significant heart tissue dam-
age. However, a significant drop in the peak-to-peak voltage of
this piezoelectric energy harvester was observed in enclosed chest
conditions within the initial three days of implantation, dropping
from 2 to 0.75 V.[91]

Transitioning from cardiac pacemakers to health monitoring
areas, the team led by Rogers showcased a 3D piezoelectric mi-
crosystem that brought new capabilities to the field of sensing
and energy generation in 2018.[92] Their work introduced new av-
enues for applying these 3D piezoelectric systems across various
architectures tailored for harvesting energy, aiding robotic pros-
thetics, and enhancing biomedical implants. The 3D piezoelec-
tric microsystem incorporates a thin functional layer of PVDF
along with two backing electrodes composed of Cr/Au layers.
Through experimental study, computational modeling, and the-
oretical analysis, they illustrated the potential of these systems
for capturing energy from multidirectional and broad-spectrum
vibrations, converting mechanical forces into electrical energy
across a wide range of pressures, sensing mechanical forces in
terms of their magnitudes and directions, and harvesting biome-
chanical energy within the body. Notably, an application was
demonstrated through the implantation in a mouse’s leg, where
no electrical output was observed until the mouse began to move

postanesthesia, producing voltages up to ≈100 μV, and upon
full recovery. When the mouse resumed normal activities, the
piezoelectric harvester generated a peak voltage above 1 mV. The
unique 3D design of these systems facilitates deformation un-
der external forces, ensuring effective energy coupling with mus-
cle movements without causing irritation or significantly hinder-
ing natural actions. The 3D piezoelectric microsystems’ high en-
ergy harvesting efficiency and output voltage demonstrated their
potential as implantable devices for both energy generation and
sensing purposes.[92]

Furthermore, Park et al. presented a self-powered flexible
piezoelectric pulse sensor leveraging a PZT thin film as piezo-
electric thin film and gold as electrodes, tailored for a real-time
healthcare monitoring system.[93] This innovative piezoelectric
pulse sensor was incorporated into a signal processing circuit
that included amplifiers, comparators, and output modules. The
integration enabled the sensor to accurately detect the minute
arterial pulse, as depicted. The captured pulse signal was then
wirelessly communicated to a smartphone, facilitating a real-
time monitoring system using a microcontroller and a Bluetooth
transmitter.[93]

3.1.3. Twistron Harvester

Electrochemical mechanical energy harvesters exploiting stretch-
induced changes in capacitance have demonstrated impressive
performance. Baughman and colleagues[16] reported a twistron
harvester comprising a twisted and coiled carbon nanotube yarn
and a high-surface-area sulfur-rich counter electrode immersed
in an aqueous electrolyte. Given the chemical potential differ-
ence between a carbon nanotube yarn and an electrolyte, which
varies based on the electrolyte’s acidic or basic nature, immers-
ing the carbon nanotube (CNT) yarn in an electrolyte can induce
an equilibrium charge on the yarn (Figure 5d).[16] When the CNT
yarn electrode is stretched, it increases density and reduces elec-
trochemical capacitance, which in turn causes the voltage to in-
crease to enable energy harvesting.

Utilizing coiled carbon nanotube yarns, the twistrons exploit
stretch-induced changes in electrochemical capacitance to con-
vert mechanical energy into electricity. The elongation of the
twisted and coiled carbon nanotube yarn causes the transfer of
coiling twist to yarn twist, which produces yarn densification and
a resulting decrease in yarn capacitance that enables mechanical
energy harvesting as electricity. Without the need for an exter-
nal power source to maintain bias voltage, stretching coiled yarns
generated 250 W kg−1 of peak electrical power when cycled up to
30 Hz, as well as up to 41.2 J kg−1 of electrical energy per me-
chanical cycle, when normalized to harvester yarn weight.[16] For
example, at 1 Hz and 5% peak strain, the twistron can generate
350 W kg−1, which is equivalent to 12 mW cm−2.[94]

They introduced plied twistrons as an alternative to coiled
ones, boosting the energy conversion efficiency of the yarns from
7.6% to 17.4% for stretching and up to 22.4% for twisting.[94]

This enhancement is attributed to additional harvesting mecha-
nisms involving yarn stretch and lateral deformations. For me-
chanical energy harvesting within the frequency range of 2 to
120 Hz, plied twistrons exhibit higher gravimetric peak power
and average power compared to nontwistron, material-based
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harvesters. The twistrons were integrated into textiles for sensing
and harvesting human motion, deployed in saltwater environ-
ments for harvesting ocean wave energy, and utilized for charg-
ing supercapacitors.[94] Twistron harvester is a promising candi-
date for application in implantable devices due to its compact
size, stability, and mechanical durability.[95] However, the high-
level applied strain, typically 20%, needed to achieve the power
output may limit their applications to specific situations where
no such large strain is available.

Recently, Ruhparwar et al.[96] demonstrated a novel twistron
harvester, comprising coiled carbon nanotube yarn, which con-
verts the mechanical energy of the beating heart into electricity.
In preparation for implantation in a porcine heart, they character-
ized the performance of the twistron when artificially stretched at
different frequencies, mimicking the deformation pattern of the
cardiac surface (Figure 6f(i)). The twistron reached a maximum
peak power of 1.42 W kg−1 and an average power of 0.39 W kg−1

for the 60 beats per minute deformation frequency and the ten-
sile deformation provided by an artificial heartbeat system. Fur-
thermore, for an artificial heartbeat system, when four twistron
harvesters were linked in parallel and mounted on the surface of a
water-filled rubber balloon that was periodically deformed to 30%
sinusoidal strain, they collectively generated a maximum peak
short-circuit current of 230 μA (Figure 6f(ii)).[96] As illustrated
in Figure 6f(iii), when these four harvesters were connected in
series and cycled at 1 Hz and 20% peak strain, they generated
0.338 μJ of energy per cycle for an external load resistance of 6
kΩ. This energy output is comparable to the threshold energy
needed for pacing a human heart (0.377 μJ), which is higher than
the 0.262 μJ energy required for pacing a porcine heart.[96] Upon
in vivo implantation onto the left ventricular surface of a porcine
heart, the device continuously generated electricity from cardiac
contraction. The generated energy was utilized for direct pacing
of the heart, as confirmed by electrophysiological mapping. The
results indicate that twistron harvesters are a promising way to
harvest biomechanical energy from cardiac motion to provide the
electricity needed for cardiac pacing.

3.1.4. Electromagnetic Generator

Electromagnetic generators (Figure 5c) operate based on Fara-
day’s law of induction. Conventional electromagnetic power gen-
eration devices are typically large and heavy, operating at high fre-
quencies. When used to harvest mechanical energy from the hu-
man body, these devices can become burdensome. Furthermore,
the mechanical energy obtained from everyday human activities
tends to have low frequency and small amplitude, resulting in a
limited energy output from electromagnetic generators. Despite
these challenges, considerable efforts are being made to develop
wearable electromagnetic energy harvesters. For instance, Ma-
harjan et al. proposed a high-performance, cycloid-inspired wear-
able electromagnetic generator capable of delivering an average
power of 8.8 mW under excitation vibrations of 5 Hz at a load
resistance of 104.7 Ω.[53]

Moreover, the automatic wristwatch exemplifies a success-
ful electromagnetic generator that can produce useful power by
converting human motion into electrical energy.[97] It harnesses
wrist movement as its power source: an eccentric oscillating

weight winds a spring during wrist movement, causing a pinion
to rotate. Within milliseconds, a miniature electrical generator,
driven by the pinion, generates electrical energy, charging a stor-
age device such as a rechargeable battery. This energy conversion
mechanism has been adapted to capture mechanical energy from
heartbeats in vivo. Zurbuchen et al. explored a clockwork mech-
anism adapted from an automatic wristwatch to the motion of
heartbeats into electrical energy.[98] In 2017, they demonstrated
the feasibility of battery-free cardiac pacing using a custom-made
pacemaker powered by an energy-harvesting mechanism driven
by a Swiss wristwatch. The watch could generate an average
power ranging from 10 to 90 mW.[98] They also conducted re-
search to enhance the sensitivity of this mechanism to heart mo-
tions by optimizing the oscillator weight, which increased from
7.2 to 16.7 g.[99]

3.1.5. Thermoelectric Generator

In addition to the mechanical energy derived from human move-
ment, the thermal energy produced by the human body repre-
sents another valuable energy source that can be harvested and
utilized. Given the relatively consistent body temperature and
temperature differential with the external environment, thermo-
electric generators offer a stable energy supply. These generators
operate based on the Seebeck effect, which involves the diffusion
of electrons driven by temperature gradients as seen in Figure 5e.

Considerable research has been devoted to flexible thermo-
electric generators employing both inorganic and organic ther-
moelectric materials. For instance, Kim et al. developed a flex-
ible thermoelectric generator that mimics human skin utilizing
body heat to generate power and achieving an output of ≈2.28 μW
cm−2.[100] Similarly, Choi et al. designed an ultralight and flexible

thermoelectric generator using carbon nanotube yarn exhibiting
remarkable thermoelectric efficiency.[101] Their device comprised
of 60 pairs of n- and p-doped carbon nanotube yarns and reached
a peak power density of 10.85 μWg−1 with a temperature differ-
ence of 5 K.

Moreover, in health monitoring and human activity track-
ing, body temperature as a vital sign can indicate a range of
health states. Body core temperature is tightly controlled within
a strict range of 36–37 °C, with any fluctuations outside this
range potentially signaling fever, changes in heart rate, and
various other health issues.[2] Feng et al. demonstrated a flex-
ible and wearable thermoelectric nanogenerator characterized
by its stable long-term operation at high voltages and output
power densities (Figure 6d(i)).[102] Figure 6d(ii) displays the
power output curve of the energy harvester, which varies accord-
ing to load and temperature difference. The graph illustrated
that at a temperature difference of 50 K, it generated a peak
power of 113.6 mW and a power density of 11.14 mW cm−2,
demonstrating its capability to harvest thermal energy from hu-
man skin shown in Figure 6d(iii). It also served as a flexi-
ble self-powered temperature sensor with a 0.5 K temperature
resolution.[102]

Despite these promising developments, thermoelectric gen-
erators encounter significant challenges. These devices rely on
temperature differentials; however, the human body tends to
maintain a consistent internal temperature and the internal
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Figure 7. Comparison of the power outputs of energy harvesters around 5 cm2 with the power needs of a) implantable active medical devices (highlighted
in green) and b) wearable sensors (highlighted in gray). Photovoltaic energy harvesters were under 1000 W m−2 solar irradiation.[115,117,118]

temperature variations are often insufficient to generate signif-
icant electricity. The typical temperature gradient between the
skin and surrounding air, ≈10 K, can only produce thermoelectric
power in the tens of microwatts per square centimeter range.[103]

Thus, the power density of current thermoelectric generators is
inadequate for powering electronic devices as shown in Figure 7.
Moreover, the utilization of thermoelectric generators in im-
plantable devices presents an even greater challenge, since the
internal temperature of the human body remains relatively uni-
form, without sufficient temperature gradient for these genera-
tors to function effectively.

3.2. Harvesting Energy from the Environment

3.2.1. Moisture-Driven Energy Generator

Moisture-driven energy generators (MEGs) stand out for their
simplicity and ease of assembly. They also can be readily con-
structed from a variety of low-cost materials. By designing elec-
trodes to achieve different water diffusion properties, MEGs can
utilize water found in natural environments to generate an ion
gradient to produce power,[104] generating electricity from the at-
mospheric moisture, as illustrated in Figure 5f. This process,
driven by ion diffusion[105] and streaming potential,[106] hinges
on the electrochemical dynamics at the water–solid interface and
is not limited by geographical or environmental constraints. The
mechanism for MEG is attributed to the dynamic electric dou-
ble layer owing to the transfer of charges at the vicinity of the
interface and the change in liquid coverage surface area.[107] Sig-
nificant theoretical and experimental work has advanced MEGs,
with evaporation generators standing out for their ability to trans-
form thermal energy from the air into sustainable electricity
until the water has entirely evaporated.[108] Similarly, humidity-
driven generators depend on the ambient moisture to produce
electricity.[104]

Tan et al. proposed a novel device that can be continuously
powered by the ambient moisture.[109] This innovative generator
merged the processes of water absorption and desorption, uti-
lizing a hygroscopic layer alongside an evaporative layer as illus-
trated in Figure 6e(i,ii). Impressively, this device could produce a
consistent voltage of ≈0.78 V and a current of ≈7.5 μA for more
than ten days under standard ambient conditions (Figure 6e(iii)).
Moreover, the device’s power output could easily be increased
through serial and parallel configurations, enabling it to directly
charge batteries or capacitors. This breakthrough technology rep-
resents a significant advancement toward generating continuous
electricity from our environment, presenting a significant ad-
vancement in the pursuit of renewable energy solutions.[109]

To further extend the applicability of moisture-driven gen-
erators over the long term, Zhao et al. introduced a bilayered
MEG with exceptional environmental durability and long-term
operation.[105] The MEG features a bilayer architecture in which
a surface-active material serving as the power generator is placed
onto a hydrogel layer acts as a water reservoir. This design was
able to minimize the device’s dependence on external humidity
levels by maintaining a consistent internal water gradient. By in-
tegrating an organohydrogel known for its excellent water reten-
tion and structural stability with 3D structured Mxene aerogels,
the device demonstrated a power density of 24.8 μW cm−2.[105]

3.2.2. Flexible Photovoltaic Energy Harvesters

Flexible photovoltaic devices are a promising alternative to con-
ventional energy sources for certain applications where natural
or synthetic light is abundant. As illustrated in Figure 5g, flex-
ible solar cells that can be embedded underneath the skin or
integrated into clothes offer a viable energy source for powering
wearable and implantable devices.[110] Various categories of so-
lar cells have been investigated for wearable applications, includ-
ing flexible perovskite solar cells.[111–114] As an example, Lv et al.
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created high-performance fiber-shaped organic solar cells em-
ploying nonfullerene-acceptor light harvesting materials.[115]

These innovative fiber-shaped cells reached efficiencies ≈9%
under AM 1.5G irradiation condition, which is typically
1000 W m−2.. Tholl et al. demonstrated that the daily energy re-
quirement of a contemporary cardiac pacemaker, ≈10 μW, can
be fulfilled by a solar cell of 2.0 cm2 implanted 3.0 mm beneath
the skin, under midday clear sky irradiation for 11 min.[116] In-
door irradiance reached 4 W m−2, leading to a power output of
4 μW cm−2 for the subdermal solar cell, indicating an approxi-
mate light absorption and conversion efficiency of 1% within the
cell. Furthermore, Song et al. reported that a solar cell implanted
beneath a mouse’s skin under AM 1.5G solar conditions can gen-
erate a peak power density of about 10 mW cm−2.[117] Addition-
ally, Lu et al. found the power density for a solar cell positioned
under 2 mm of skin and 2 mm of fat to be ≈17.37 mW cm−2 un-
der the same AM 1.5G conditions.[118]

While solar cells hold excellent potential for WIMDs, their
power output and conversion efficiency can significantly decline
under conditions of low light and elevated body heat, particularly
in small, implantable applications. However, results from recent
publications for solar cells are normally under the standard test
condition of AM 1.5G irradiations. The indoor light spectrum is
often a combination of natural and artificial light, and the irra-
diance levels range between 0 and 100 W m−2,[119] which is only
0.1% of AM 1.5G irradiation condition. Under such a typical in-
door lighting condition, the power output of solar cells will be
much lower compared with the standard experimental tests.

Moreover, the positioning of PV cells whether skin-mounted,
cloth-integrated, or implanted greatly influences their power out-
puts. Additionally, factors such as implantation depth and size
constraints in implantable applications affect the maximum en-
ergy they can capture.[110] Hence, substantial challenges and op-
portunities lie ahead in advancing wearable and implantable pho-
tovoltaic cells to effectively meet the power demands of WIMDs
summarized in Figure 7 and Table 1.

4. Wireless Energy Transfer Technologies

Unlike harvesting energy from the motion of the human body
using TENGs and PENGs, wireless energy transfer techniques
can deliver power from external energy sources, overcoming the
risk of infection associated with wired connections of the energy
harvesters. We will focus on four types of wireless energy trans-
fer technologies that are promising for wearable and implantable
medical applications, including inductive transfer, capacitive cou-
pling, and ultrasound-induced energy transfer and harvesting.
Table 2 shows some recent examples of wireless energy transfer
techniques for medical applications. Such wireless energy trans-
fer techniques offer another significant advantage in the control
of power parameters such as current density, pulse width, fre-
quency, and duty cycle.[133,134]

4.1. Inductive Power Transfer

Inductive power transfer (IPT) (Figure 8a) is the most widely used
wireless power transfer technology for applications with short

range or shallow tissue depth. The overall system comprises two
inductive coils with one inside of the body and the other outside
of the body to transfer power wirelessly. Voltage will be induced
in the receiver coil due to electromagnetic induction when a sinu-
soidal current is placed on the transmitter coil.[135] This method
is notably efficient for transfers over a short distance, ranging
from millimeters to a few centimeters, but its efficiency dimin-
ishes sharply with the transfer distance, rendering it less effec-
tive for long-range power transmission. IPT is commonly utilized
in situations where the power source and the receiver must be
well aligned and in proximity, such as in certain medical implant
applications.[136]

For powering implantable medical devices, Choi et al. demon-
strated a bioresorbable temporary cardiac pacemaker that uti-
lized wireless inductive power transfer for its operation.[137] This
unique cardiac pacemaker was successfully powered ex vivo on
the mouse, the rat, and human cardiac tissue. It was designed to
operate at a frequency of 13.5 MHz and the output reached 13.2 V
upon contact with heart tissue. A distinctive characteristic of this
pacemaker is its capacity to fully dissolve in biofluids over approx-
imately three months, significantly diminishing the infection
risks commonly associated with pacemaker replacement surg-
eries. The operation of implanted devices that function wirelessly
and without batteries was demonstrated, which are gradually dis-
solved through biosorption as time progresses.

Sivaji et al. developed an innovative implantable peripheral
nerve stimulation system that operates wirelessly without need-
ing a battery, thereby eliminating the need for additional surg-
eries to replace batteries.[138] As illustrated in Figure 8b(i), the
system consists of three major components: an implanted pulse
generator (IPG), a relay module outside the body and positioned
directly over the IPG during stimulation, and a programmable
module. The IPG, which is implanted directly on the nerve of
interest, uses a near-field communication (NFC) tag for wireless
communication and power harvesting. The power harvesting cir-
cuit outputs a maximum of 3 V, which is used to power the rest
of the device. The 3 V output from the NFC tag is stepped-up to
12 V by a boost converter and then fed to the stimulator. The re-
lay module is battery powered and provides wireless power to
the IPG through inductive coupling at 13.56 MHz, a frequency
that results in negligible absorption in the body. The team also
demonstrated the operational performance, reliability, biocom-
patibility, implantation safety, and nerve stimulation efficacy of
this system. In vivo tests were conducted to assess the device’s
long-term biocompatibility and safety. Five pairs of devices were
successfully implanted in five dogs, with the devices on the right
vagus nerve remaining unstimulated and those on the left nerve
stimulated for 28 days. Each animal underwent at least 14 000 s of
stimulation throughout the study. The operational amplifier volt-
age required to deliver 1.2 mA of current remained safely under
the 12 V compliance voltage for the entire 28 days. Additionally,
despite the animals’ constant movement, the communication
success rate exceeded 80%, except for the initial days when the re-
lay module was not securely mounted, as shown in Figure 8b(ii).
These results indicate its potential for effective nerve stimulation
without the drawbacks associated with implanted batteries.[138]

However, the efficiency of IPG is influenced by various factors,
including the distance between the implanted generator and the
relay module, and the misalignment between them.
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Consequently, a significant challenge remains in improving
the power transfer efficiency of IPTs in the presence of misalign-
ments between coils, especially when one of the coils is attached
to the continuously moving internal body organ.[139] Moreover,
metamaterials are promising route to reducing the size of the
coils, miniaturizing IPTs, while maintaining the efficiency.

4.2. Capacitive Power Transfer

Capacitive power transfer (CPT) (Figure 8c) delivers power by
using an electrostatic induction between two coupled metal-
lic plates acting as power transmitter and power receiver,
respectively.[140] Kim et al. introduced an ionic wireless power
transfer (IWPT) system, leveraging capacitive coupling through
ion conductive plates to transmit power. This innovative system,
designed to operate on input signals with an amplitude of less
than 10 V, ensures safety even when transferring power to im-
plants. The capacitive coupling was effectively demonstrated us-
ing various gap-filling materials, including both dielectric sub-
stances and electrolytes. This capability allows the IWPT system
to deliver power to subcutaneous sites in a mouse through the
skin, showcasing the system’s potential for noninvasive power
transfer to implants (Figure 8d(i)). The charging curve was rep-
resented by the blue line in Figure 8d(ii). The battery’s theoretical
capacity is 13.6 mAh, and the current measured at the receiving
end was ≈1.4 mA. For comparative purposes, the battery was also
charged using a wire-based system where a direct current source
provided a steady current of 1.4 mA (yellow line). Both curves
indicate that the current measured was effectively stored in the
battery by the IWPT system.[140]

The advantage of CPT is its higher misalignment tolerance
compared with inductive coupling. However, the current system
is too bulky for implantable situations as it requires four large
plates to achieve the necessary power transfer. Therefore, there is
a need to reduce the size of capacitive coupling while maintain-
ing the power transfer performance, which will greatly enhance
its suitability for implantable use.

4.3. Radio Frequency Wireless Power Transfer

Devices employing radio frequency (RF) for wireless power trans-
fer can transmit energy over distances greater than those achiev-
able by IPT (Figure 8e). The efficiency of this power transmis-
sion is influenced by factors such as the separation between the
devices, surrounding conditions, and the operational frequency.
Unlike IPT, RF power transfer does not require precise alignment
or proximity between the transmitter and receiver. Incorporating
compact components capable of RF power transfer and control
facilitates the observation of animals in their natural settings, free
from the limitations imposed by physical connections like elec-
trical wires.[141]

Wireless devices that utilize RF for power are commonly de-
ployed to energize microscale light-emitting diodes (μLEDs) for
optogenetic applications. Kim et al. have developed a resilient,
multifunctional, and wireless solution designed to facilitate the
optogenetic activation of peripheral nerves within body organs
efficiently.[142] The fabrication process for manufacturing the de-
vice is depicted in Figure 8f(i). This compact device, which can be
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completely implanted, features a flexible and soft tether aimed
at directing a μLED to specific organ locations. Through an in-
novative production technique, they crafted a durable tether that
houses a μLED, enabling sustained (>1 month) and close inter-
action with peripheral nerve endings in mice that move freely
(Figure 8f(ii)). This setup included an analoguous, front-end cir-
cuit for RF energy capture measuring 5.5 mm in diameter and
1 mm in thickness and an electrical wire that directs the current
to a μLED. This device captured RF energy from a wireless RF-
power system situated remotely, transformed this RF energy into
light, and illuminated it on precise areas within the stomach.[142]

Samineni et al. introduced a fully integrated optoelectronic de-
vice powered by RF, featuring a flexible design tailored for op-
tical activation of the spinal cord. This system operated within
the scope of an external dual-loop antenna, which was strategi-
cally placed around the cage’s edge, facilitating wireless power
transfer. At the device’s core, a Schottky diode mounted on the
tip of the probe efficiently converted the received RF signals
into electrical power for the micro-LED. Additionally, a capac-
itor (40 pF) located at the base of the probe was crucial for
achieving the impedance match needed for the system’s effective
functioning.[143]

It has been observed that the range of devices wirelessly pow-
ered by RF signals is notably constrained, yet they do not limit
the movements of living creatures.[144] Furthermore, variations in
magnetic flux density between the near-field and far-field ranges
present distinct challenges for RF energy harvesting. In the near
field, achieving optimal impedance matching and precise an-
tenna alignment remains a significant hurdle for designers. In
the far-field, due to the lower magnetic flux density, gathering
enough energy to activate the circuit with a far-field RF harvester
proves difficult, especially as start-up thresholds vary across dif-
ferent CMOS technologies.[110]

4.4. Ultrasound-Induced Power Transfer

Ultrasonic energy transfer and communication employ travel-
ing ultrasonic waves to transmit energy with adjustable out-
put power and longer transmission distance (Figure 8g). It has
several advantages such as deeper penetration and high-level
safety for biomedical applications. The attenuation of ultrasound
power in biological tissue is much smaller when compared with
other electromagnetic-based wireless energy transfer technolo-
gies, i.e., it can have a deeper travel depth through the tissue
with less energy loss.[145] The US Food and Drug Administration
settles the limit for ultrasound intensity for peripheral vascular
≈720 mW cm−2 and cardiac ≈430 mW cm−2.[146] Piezoelectric
materials are usually used as transceivers to combine with ul-
trasound power transmission to form ultrasound-induced wire-

less energy harvesting systems for implantable medical devices.
Jiang et al. in 2019 proposed a flexible device made from piezo-
electric materials which can be driven by the ultrasonic wave to
produce continuous voltage and current.[147] In 2021, Chen et al.
demonstrated a piezoelectric thin film-based nanogenerator re-
motely driven by programmable ultrasound pulses, which could
directly stimulate the peripheral nerves.[134] The performance
of this battery-free neural stimulator was validated through si-
nusoidal pulse waveforms designed with various pulse widths
and intervals, programmed from ultrasound input parameters.
Surprisingly, the voltage output of these piezoelectric thin film-
based neural stimulators remained consistent for two months af-
ter postimplantation in rats.

Furthermore, combining ultrasound induction and TENG
has been reported as a promising approach for implantable
applications. Hinchet et al. reported an ultrasound-induced
high-frequency vibrating TENG, demonstrating the feasibility
of recharging the battery of small implants through pig tissue
(Figure 8h(i)). Their device was tested at depths of 5 and 10 mm.
At the depth of 0.5 cm, the device produced output signals ex-
ceeding 2.4 V and 156 mA, as shown in Figure 8h(ii). The ob-
served reductions in voltage and current were attributed to the
attenuation of ultrasound signals. Furthermore, when positioned
1.0 cm deep under layers of tissue including skin and fat, the de-
vice generated output signals greater than 1.93 V and 98.6 mA.
The prototypes demonstrated the ability to generate power in the
milliwatt range, which is adequate for recharging capacitors and
lithium-ion batteries.[148]

5. Energy Storage

The energy harvested from various sources needs to be stored for
future use by wearable and implantable medical devices, which
require energy storage solutions that are not only reliable and
long-lasting, but also biocompatible and safe for on- or in-body
use.

Flexible supercapacitors are emerging as an effective solution
for the energy storage demands of wearable and implantable
biomedical devices. They offer superior power densities com-
pared to traditional batteries and excel in energy storage through
mechanisms like ion adsorption and rapid surface redox re-
actions. Advantages include improved safety, quick charging
and discharging, and longer lifespan. Although they have lower
energy density than batteries, their higher power density, fast
recharge rates, and reduced toxicity make them ideal for medical
applications, particularly when paired with energy harvesting and
wireless power transfer technologies.[151,152] Rechargeable batter-
ies, particularly lithium-ion, are the primary choice for WIMDs
due to their high energy density and stable performance.[31]

Figure 8. Energy transfer technologies. a) Working principle of inductive power transfer. b) (i) Relay module PCB with the flex coil that is used to power
the implantable neural stimulator. (ii) Outcomes of long-term biocompatibility assessments: Voltage needed to administer 1.2 mA of current across
five animals and success rate of IPG communication for the five animals. Adapted with permission.[138] Copyright 2019, Elsevier. c) Capacitive power
transfer mechanism. d) (i) A capacitive coupling power transferring system implanted in a mouse to power green LEDs. (ii) Charging curve of a battery
through implantable wireless power transfer systems and DC power source. Adapted with permission.[140] Copyright 2020, American Chemical Society.
e) Working principle of RF power transfer. f) (i) Fabrication procedure of the device. (ii) Remote control for stimulating multiple organs in rats. Adapted
with permission.[142] Copyright 2021, The Author(s). g) Working principle of ultrasound-induced wireless power transfer. h) (i) Illustration chart of
wireless power transfer devices implanted in the porcine. (ii) Voltage and current generated by the device implanted at 0.5 and 1 cm under the porcine
tissue. Adapted with permission.[148] Copyright 2019, The American Association for the Advancement of Science.
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Table 3. Table of wearable and flexible supercapacitors and batteries reported recently.

Materials Process Power density [mW cm−2] Energy density [μWh cm−2] Refs.

Cu2O/Cu(OH)2 Metal plated coating 9.5 1.74 [155]

Cu2O/Cu(OH)2/graphite Metal plated coating 20.0 8.81 [155]

MoOx/Mo Electrochemical oxidation 2.53 15.64 [156]

Crystalline tetra-aniline Solution self-assembly 0.82 80.3 [157]

Sericin/reduced graphene oxide Sequential cross-linking 0.026 0.014 [158]

Activated carbon/gold Annealing 0.78 10.86 [159]

PEDOT:PSS Solution drop casting 0.031 0.74 [160]

Mg-MoO3 Slurry pasting 196 4.70 [161]

MnO2/CNT Electrodeposition 0.819 84.18 [162]

Recently, zinc-ion batteries have gained popularity as a sustain-
able and safer alternative, offering benefits such as the abun-
dance and affordability of zinc, making them more suitable for
medical applications. Additionally, the use of aqueous electrolytes
significantly increases safety by reducing the fire and explosion
risks associated with lithium-ion batteries.[153]

Nevertheless, the energy/power densities of wearable or im-
plantable rechargeable batteries/supercapacitors remain a limit-
ing factor for the miniaturization of the energy source. Innovative
research in new material chemistries and battery designs is criti-
cally needed for miniaturized, biocompatible battery systems that
are not only high-performing but also seamlessly integrate with
the ergonomic and physical requirements of medical devices.[154]

Wearable and implantable energy storage devices are grouped
into four categories: biocompatible energy storage devices, mi-
croenergy storage devices, stretchable/deformable energy stor-
age devices, biodegradable/bioabsorbed energy storage devices,
and high-performance energy storage devices. Each category ad-
dresses a unique set of challenges and requirements, underscor-
ing the manuscript’s comprehensive approach to advancing en-
ergy storage solutions in the medical field. Table 3 illustrates the
table of recently reported wearable supercapacitors and batteries,
mapping the performance of various materials by energy density
(in μWh cm−2) against power density (in mW cm−2) on logarith-
mic axes. Most supercapacitors have an energy density ranging
between 1 to 100 μWh cm−2. While some achieve energy densi-
ties up to 104 μWh cm−2, the trade-off is a lower power density
compared to their peers. Overall, from an energy storage perspec-
tive, the performance of wearable energy storage devices still falls
short when compared to their traditional counterparts.

5.1. Biocompatible Energy Storage Devices

Biocompatibility refers to the ability of a device to safely func-
tion within the human body. A biocompatible material does not
provoke adverse reactions or long-term changes in the body, al-
lowing it to coexist with biological systems without causing harm
or toxicity. The assessment of biocompatibility is essential in the
development of medical devices, as it ensures that the materials
used are compatible with the body’s tissues and biological pro-
cesses, minimizing the risk of rejection, inflammation, or other
negative responses.[163] A notable advancement in this domain is
the emergence of open-system power sources. By utilizing body

fluids as natural electrolytes, these systems circumvent the need
for potentially harmful encapsulated electrolytes, marking a sig-
nificant step forward in biocompatible energy solutions.

Given their nontoxic nature, natural polymers hold significant
promise for biomedical applications, including implantable de-
vices. However, the long-term durability of flexible or implantable
energy storage devices is a major factor as continuous deforma-
tion may lead to electrode damage.[164] The development of self-
healable, biodegradable energy storage devices based on natu-
ral polymers addresses these concerns.[165] Hsu et al. presented
a self-healable and biodegradable hydrogel supercapacitor using
natural polymers like tannic acid, gelatin methacrylate, and cel-
lulose nanocrystals.[166] This device was further enhanced with
polyaniline (PANI) and reduced graphene oxide through in situ
polymerization, presenting a flexible, self-healing supercapacitor,
aligning with sustainability goals and the demands of the medical
electronics market.[166]

Building on these foundational principles, Tong et al. devel-
oped a supercapacitor using crystalline tetra-aniline as the elec-
trode, which is self-repairable and biocompatible.[157] The self-
healing capability of the device stems from the strategic inte-
gration of polyethylene glycol (PEG) with crystalline tetra-aniline
to form a self-repairing electrode. This design exploits the re-
versible hydrogen bonds in PEG, enabling the electrode mate-
rial to autonomously mend itself after sustaining physical dam-
age. Its resilience is further augmented using a ferric-ion cross-
linked sodium polyacrylate gel electrolyte, which possesses inher-
ent self-healing properties due to its dynamic ionic cross-linking
that can spontaneously reform post-damage. This innovative ap-
proach ensures that the device can preserve its functionality and
structural integrity even after undergoing cuts or tears, thereby
significantly extending its useful life and reliability for wearable
and implantable electronics applications.[157]

Additionally, body fluid, tears, and sweat can serve as biocom-
patible electrolytes. For instance, Chae et al. developed a compos-
ite material consisting of MnO2 nanoparticles and multiwalled
carbon nanotubes for the positive electrode, paired with phos-
phidated activated carbon to enhance biocompatibility at the neg-
ative electrode.[167] This approach uses body fluids, rich in vari-
ous ions like Na+, K+, Ca2 +, Cl−, and HCO3 −, as the electrolyte
in an open system, thereby minimizing leakage risks and cir-
cumventing the issues associated with toxic electrolytes in tradi-
tional energy storage devices. This method shows a promising
path toward maintaining capacitance with minimal loss, even
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in an open system.[167] Furthermore, Yun et al. have developed
flexible aqueous batteries for smart contact lenses that utilize
tears as the electrolyte, presenting a safer alternative to tradi-
tional batteries that could cause severe eye injuries if damaged.
These batteries incorporate nanocomposite electrodes embedded
in a UV-polymerized hydrogel, serving both as a contact lens and
an ion-permeable barrier (Figure 9a(i,ii)). Demonstrating a dis-
charge capacity of 155 μAh with an electrolyte composition of
human tears, these batteries can sufficiently power low-energy
electronics, validated for mechanical stability and compatibility
with standard lens care solutions, highlighting their practicality
and safety. Long-term cycling performance tests showed that the
capacity retention was superior to performance in tears and that
the Coulombic efficiency was ≈97.5% (Figure 9a(iii)).[168] Addi-
tionally, Bandodkar et al. have developed a sweat-activated bat-
tery technology for epidermal electronics, overcoming the limi-
tations of conventional batteries that pose risks due to their haz-
ardous materials and rigid structures. Incorporated into a soft,
microfluidic system, this technology allows for the embedding
of electronic modules for power management and wireless com-
munication. This advancement has been validated through hu-
man trials, successfully powering devices that monitor heart rate,
sweat chloride, and pH values.[169]

5.2. Microenergy Storage Devices

In the field of bioelectronics and medical devices, which includes
both implantable and wearable technologies, the trend toward
miniaturization without sacrificing functionality has intensified
the focus on microenergy storage systems like microbatteries and
supercapacitors. The key advantage of these microscale energy
solutions lies in their compactness, which facilitates the creation
of more discreet and comfortable wearable devices, as well as less
invasive implantable devices, without compromising their opera-
tional functionality. Therefore, the advancement of microenergy
storage devices is crucial, demanding innovative design and fab-
rication approaches that are in tune with the evolving demands
of bioelectronics. This ensures that the devices remain effective
user-friendly, meeting the critical need for both convenience and
reliability in medical applications.

To this end, traditional film-type supercapacitors made of hard
materials may pose limitations for implantation due to their bulk-
iness and rigidity, potentially impeding tissue, and organ move-
ment in daily activities. To address this issue, Sim et al. in-
troduced a flexible, fiber-type implantable micro-supercapacitor
with a slender diameter of only 80 μm, designed for in vivo energy
storage. Constructed from biocompatible materials PEDOT:PSS
with ferritin nanoclusters embedded in multiwalled carbon nan-
otube sheets, this micro-supercapacitor exhibits exceptional flexi-
bility and is envisioned as a feasible implantable device. Its fiber-
like form allows for implantation within narrow bodily spaces,
such as organs, tissues, and blood vessels, and it can even be uti-
lized as a suture in medical procedures.[170]

In addition to fiber-shaped devices, Gao et al. introduced an ed-
ible micro-supercapacitor (EMSC) tailored for noninvasive diag-
nostics and applications inside the body, employing components
found in food as its main materials. This strategy overcomes the
challenges and health risks associated with conventional biocom-

patible materials and maintains the electrode structure’s durabil-
ity across various physical stresses. The EMSC features ingestible
and biologically safe electrodes and electrolytes, making it suit-
able for human consumption. Its robust mechanical properties
and versatility enable the device to conform to different shapes,
including flat and curved surfaces like human skin. The EMSC
achieves a significant energy storage capacity of 10.86 μWh cm−2

and a power output of 0.78 mW cm−2, sufficient to power a red
LED when two EMSCs are connected in series. Additionally, its
potential for integration into the casing of a medical pill show-
cases its capability to energize capsule endoscopy within a syn-
thetic stomach acid setting, underscoring its suitability for direct
in-body monitoring and diverse biomedical uses.[159]

5.3. Stretchable/Flexible Energy Storage Devices

Integrating the inherent softness and flexibility of human tis-
sues into the design of medical devices offers significant advan-
tages. Stretchable energy storage devices, designed with materi-
als that emulate the flexibility of human skin, hold promising
potential for bioelectronics, particularly in the domain of health
monitoring. These devices are engineered to seamlessly integrate
with the body’s natural movements, offering a more comfortable
and less intrusive option for continuous health tracking. Their
adaptability and durability under deformation make them ideal
for wearable technologies that require consistent performance
over time, enhancing the user experience in medical monitor-
ing applications.[171] Developing such energy storage devices re-
quires a multidisciplinary approach, focusing on biocompatibil-
ity and mechanical properties, alongside innovative design and
manufacturing techniques.

A flexible and deformable electrolyte plays a crucial role
in designing supercapacitors that exhibit both high elastic-
ity and impressive electrochemical capabilities.[172] The ideal
flexible electrolyte would feature excellent ionic conductivity,
remarkable electrochemical stability, strong biocompatibility,
and notable flexibility. Various types of electrolytes includ-
ing liquid electrolytes,[173] solid-state electrolytes,[174] and gel
electrolytes[175] are extensively utilized in most flexible superca-
pacitors. Li et al. showcased a hydrogel electrode with a fiber-like
structure, created through the self-assembly process of graphene
oxide (GO) and PANI hydrogels, combined with a poly(vinyl al-
cohol) (PVA)/sulfuric acid gel electrolyte.[176] This innovation led
to the development of an all-gel-state supercapacitor that stands
out for its exceptional flexibility, formability, and enhanced elec-
trochemical performance.

Furthermore, Ye et al. developed an ultrasoft and deformable
hydrogel-based battery to address the need for power sources
that closely mimic the mechanical properties of biological tis-
sues (Figure 9b(i)). These all-hydrogel batteries display a low
Young’s modulus of 80 kPa, making their mechanical character-
istics compatible with that of skin and vital organs like the heart.
The all-hydrogel batteries demonstrated remarkable durability,
showing almost no loss in capacity after 5000 bending cycles at
180 °C and stretching by 30% strain. These soft batteries also
retained stable capacities after being twisted at 90° for 5000 cy-
cles and at various other angles. Additionally, even under severe
shearing deformation over 5000 cycles, the capacities remained
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Figure 9. Flexible and stretchable rechargeable batteries. a) (i) Illustration chart of the battery made of porous electrodes and hydrogel. (ii) Battery placed
on a fake eye model. (iii) Cyclic durability and Coulombic efficiency of the battery within the cleaning solution. Adapted with permission.[168] Copyright
2021, American Chemical Society. b) (i) The fabrication method for the all-hydrogel battery using interfacial dry cross-linking. (ii) All-hydrogel based
batteries under bending, stretching, twisting, and shearing tests for 5000 cycles. Adapted with permission.[177] Copyright 2021, John Wiley and Sons.
c) (i) Method of fabricating the supercapacitor through evaporation-driven self-assembly technology on an NP-PLA support substrate. (ii) Long-term
electrochemical performance test at 37 °C. (iii) Degradation test of the supercapacitor in a cell-culture dish and images of implanted site containing the
device before and after degradation over various periods. Adapted with permission.[181] Copyright 2019, The Author(s). d) (i) Production method and
use of the supercapacitor featuring a SrMA/A-rGO hydrogel electrode. (ii) Photographs of degradation assessment for implant in the subcutaneous area
of SD. Adapted with permission.[158] Copyright 2023, John Wiley and Sons.
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consistent, thereby preventing any error of the batteries due to ex-
ternal friction (Figure 9b(ii)). Their application in wearable and
implantable devices has proven their high stability and biocom-
patibility, positioning them as an optimal solution for devices re-
quiring seamless integration with biological tissues.[177]

Besides, fiber-based batteries and supercapacitors are garner-
ing significant interest for their adaptability in wearable tech-
nologies. Pullanchiyodan et al. have introduced an innovative
method for creating fabric-based supercapacitors for wearable de-
vices, employing metal-coated textiles combined with a harmless
polyvinyl alcohol gel electrolyte.[155] This study represents a sig-
nificant advancement in wearable supercapacitors through the
innovative use of metal coatings on textiles, which serve dual
purposes as both the functional layer and the current collec-
tor, resulting in a substantial enhancement of the electrochemi-
cal performance. Additionally, the supercapacitor maintained its
capacitance over 5000 charge/discharge cycles, highlighting its
durability and reliability for long-term application in wearable
technology.[155]

5.4. Biodegraded/Bioabsorbed Energy Storage Devices

The environmental footprint of traditional battery components
is a significant concern due to their long decomposition times,
which exceed a century when left in natural settings, along-
side the toxic emissions and substantial CO2 produced dur-
ing incineration.[178] The non-degradable synthetic substances
within batteries pose serious threats to biological systems, po-
tentially causing organ damage or even fatality in living beings.
Given the surge in battery usage, the environmental influence of
these materials demands urgent attention. To counter the grow-
ing environmental impact and enhance sustainability, there is a
pressing need for innovative solutions that reduce the ecological
risks tied to escalating battery production levels. Efforts are un-
derway to incorporate biodegradable[179,180] and bioresorbable[181]

substances as electrodes in standard primary battery setups, of-
fering a partial solution by diminishing the overall accumulation
of battery waste through their comparatively rapid degradation.

Pal et al. have introduced microfabricated supercapacitors
that are both biocompatible and degradable, crafted from
protein-based composites for both the electrodes and the flex-
ible substrate.[182] This device, primarily made of proteins and
agarose polysaccharides, is designed to be absorbed by the body,
making it ideal for temporary bioelectronic applications. Addi-
tionally, Li et al. introduced a fully bioabsorbable capacitor (BC)
that holds potential as an energy storage device for both in vitro
liquid environments and in vivo implantable medical devices
(Figure 9c(i)).[181] As shown in Figure 9c(iii), the biodegradabil-
ity and real-time changes of the BC were evidenced by immers-
ing it in PBS at 37 °C for four months. Initially, the BC main-
tained its structural integrity. Over subsequent immersions, the
rectangular shape of the current and voltage curves progressively
changed to an inclined shuttle-like shape. The symmetric curves
became asymmetric, with a rapid voltage drop occurring along
the discharging curves on the 20th and 25th days (Figure 9c(ii)).
This change could be attributed to the increased distance between
electrodes, partial corrosion of the electrodes, and weakened con-
tact between the active material and electrode due to prolonged

immersion in PBS. These BCs could power 15 green LEDs im-
mediately upon implantation in rats. Crucially, after serving its
purpose, the BC can be completely degraded and absorbed by the
organism, offering a sustainable energy solution for future im-
planted medical devices without necessitating secondary surgery
or imposing financial strains.

Furthermore, Lv et al. have crafted a degradable supercapacitor
implant by featuring an innovative hydrogel-based electrode.
This electrode is produced via a unique process that forms
a multinetwork conductive structure with aminated-reduced-
graphene-oxide-and-methacrylic-anhydride-modified sericin
(SrMA/A-rGO) (Figure 9d(i)), bound together with four-arm
polyethylene glycol succinimide carbonate and polyethylene
glycol acrylate. On day 28, residuals of the implant were visible
beneath the skin, with the decomposition product completely
vanishing by day 35 (Figure 9d(ii)). Its utility is underscored by
its capability to energize a light-emitting diode and, importantly,
to kickstart a non-beating heart, indicating its value as a power
source for essential medical uses like temporary pacemakers.

5.5. High-Performance Energy Storage Devices

With the rapid advances in active medical devices, the demand for
wearable and implantable energy storage solutions has reached
unprecedented levels. High performance refers to high power
density for supercapacitors and high energy density for batteries.
A high power density ensures quick bursts of energy, suitable for
peak demands in device operation or emergency medical inter-
ventions. Inman et al.[183] reported the development of MXene
textile supercapacitors, utilizing Ti3C2Tx as the active material,
tailored for real-world wearable electronics applications. By in-
tegrating these supercapacitors in a series via a stacked design,
they achieved a notable energy density of 0.401 mWh cm−2 and
power density of 0.248 mW cm−2, with an areal capacitance of
146 mF cm−2 at a discharge current of 0.16 mA cm−2, using a 5-
cell configuration over a 25 cm2 area with an MXene loading of
24.2 mg cm−2. This MXene-based device successfully powered a
temperature monitoring system with wireless data transmission
for 96 min, demonstrating the practicality of MXene superca-
pacitors in powering peripheral electronics for wearable applica-
tions, thanks to their high current density handling capability.[183]

Moreover, Manjakkal et al. reported a wearable supercapacitor
utilizing sweat as an electrolyte and PEDOT:PSS coated on a
cellulose/polyester cloth as the active electrode, which demon-
strated a specific capacitance of 8.94 Fg−1(10 mF cm−2) at 1
mV s−1 with artificial sweat, showcasing energy densities of 1.36
and 0.25 Wh kg−1, and power densities of 329.70 and 30.62 W
kg−1 with artificial and real human sweat, respectively.[160]

High energy density allows for longer device operation
on a single charge, essential for continuous health monitor-
ing/regulating and critical medical applications. For high-energy
density devices, metal-ion batteries such as lithium-ion batter-
ies (LIBs) have attracted considerable attention in this area. For
instance, Zhang et al. reported a high-energy density lithium-
ion microbattery (LIMBs) by utilizing a scalable screen-printing
technique to fabricate multilayer LIMBs with highly conductive
and mechanically stable inks. The as-developed device exhibits a
robust cross-linked conductive network with superior electrical
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Figure 10. Challenges and future opportunities.

conductivity (≈7000 ms cm−1) and effective lithium-ion mobility.
As a result, the LIMBs demonstrated an outstanding areal capac-
ity of 398 μAh cm−2 and an impressive areal energy density of
695 μWh cm−2, outperforming most existing LIBs.[184]

In addition to metal-ion batteries, it is always desirable for
a supercapacitor to achieve high power density without signifi-
cantly losing energy density. To this end, Zhou et al. reported a
high-capacitance, foldable supercapacitor, achieving an impres-
sive areal capacitance of 56 mF cm−2 and volumetric capacitance
of 11140 mF cm−3 at 0.5 mA cm−2.[185] By integrating vertically
grown graphene nanosheets (VGNs) with MnO2 on nickel wire
substrates, they developed a hybrid electrode that offers an energy
density of 7.7 μWh cm−2 and a maximum power density of 5 mW
cm−2, metrics that far exceed those of current MnO2/VGNs-
based supercapacitors. These figures not only far outperform
the volumetric capacitance and energy density of existing wire-
shaped supercapacitors by ≈25 and 39 times, respectively, but
also improve the areal energy density by 400% over the best state-
of-the-art MnO2/VGNs supercapacitors. Furthermore, the super-
capacitor demonstrates exceptional foldability, retaining high ca-
pacity even when molded into various shapes or bent to different
curvatures, making it a highly viable option for next-generation
wearable devices.[185] Another work from their group further ex-
tended the energy density of supercapacitors, where an ultrahigh
MnO2 mass loading of up to 50 mg cm−2 on CNT electrode was
achieved via the hierarchical design.[162] This design leverages the
high specific surface area (≈120 m2 g−1), excellent electrical con-
ductivity, and robust mechanical properties of CNT mats to pro-
duce binder-free electrodes with an ultrahigh areal capacitance
reaching 5000 mF cm−2 and a mass efficiency of 98%. The result-
ing flexible supercapacitors exhibit an areal capacitance of 947
mF cm−2 at 1 mA cm−2 and excellent stability under bending.[162]

Efforts in lithium-ion battery research have pushed these de-
vices close to their theoretical performance limits, particularly
concerning electrode materials. Recently, lithium–sulfur (Li–S)
battery has emerged as a promising successor. Comprising a sul-
fur cathode and a lithium anode, the Li–S battery leverages the

multielectron conversion electrochemistry between elemental
sulfur and lithium. This interaction delivers significantly higher
specific energy compared to conventional lithium-ion batteries,
making Li–S batteries an exciting frontier for energy storage in
medical devices and beyond. For instance, Chen et al. reported a
3D-printed Li–S battery by utilizing 3D printing techniques.[186]

They employed a graphene/phenol formaldehyde resin paste as
the ink for 3D printing, which, after curing, endowed the cathode
skeleton with robust mechanical strength. This material, along
with the use of a classical SiO2 template method for crafting a
porous cathode skeleton, was instrumental in achieving an un-
precedented active material loading of ≈10.2 mg cm−2. With a
conductive 3D framework and the associated high efficiency ion
and electron transport pathways, the batteries exhibit a remark-
able specific capacity of 505.4 mAh g−1 over 500 cycles.

One major issue of Li–S battery is the sulfide shuttle effect,
where the dissolution of lithium polysulfides into the electrolyte
causes their migration between the cathode and anode. Con-
sequently, it leads to continuous loss of active sulfur material,
reduced capacity and efficiency, and degradation of the elec-
trode materials, shortening the battery’s lifespan. Alhaiji et al.
demonstrated a technique for fabricating a freestanding inter-
layer of laser-scribed graphene that significantly reduces poly-
sulfide movement in Li–S batteries. This technique resulted in a
notable specific capacity (1160 mAh g−1) and remarkable cycling
stability, with a capacity retention of 80.4% after 100 cycles.[187]

6. Challenges and Future Opportunities

Energy harvesters for WIMDs can enhance patient comfort by
reducing the size of the power source and eliminating the need
for surgical battery replacements. However, achieving clinical
applications faces numerous challenges. Most generally, for all
candidate harvester systems, energy harvesting efficiency, life-
time, and safety of energy harvesters within the human body
are critically important concerns. Also, system development is
needed for storing the harvested energy and determining when
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it should be delivered to power WIMDs. Despite significant
progress in harvesting technologies, further advancements or
new approaches are needed to meet the growing requirements
for device functionalities.[79,188–191] Some of the challenges and
future opportunities for energy harvesters are summarized in
Figure 10. The most important of which is to bridge the gap be-
tween the power requirements of active medical devices, includ-
ing their information transmission capabilities, and the power
density of energy harvesters that can be achieved by using avail-
able energy sources (whether mechanical energy, thermal energy,
light energy, and moisture-based energy generators).

Moreover, Table 4 shows a comparison of advantages and
disadvantages among different energy harvesters, wireless en-
ergy transfer devices, and energy storage devices. Batteries and
supercapacitors remain the primary choices of energy storage
sources. However, even there is demand for smaller size, flexi-
bility, biocompatibility, and higher power density, exceeding cur-
rent material capabilities. Energy harvesting technologies open
new avenues for devices to operate self-powered, eliminating the
need for traditional energy storage methods. Utilizing mechan-
ical movements, thermal, solar energy, and moisture gradients
holds promise, yet achieving a consistent and reliable energy
source requires further development. Integrating these harvest-
ing technologies with advanced energy storage could offer a so-
lution. Advances in material science, physics, and chemistry are
crucial for miniaturizing devices and enhancing performance,
ensuring they are safe and biocompatible.

6.1. Energy Harvesting Efficiency

Commercial implantable medical devices such as neural stimula-
tors require high operation frequency and high power. Moreover,
the energy harvesters inside the human body mainly rely on me-
chanical energy from low-frequency motion of human internal
organs. It is still challenging for current nanogenerators to pro-
vide continuous power to commercial medical devices. TENGs
and PENGs for implantable medical devices, such as cardiac
pacemakers and neural stimulators, currently produce power
densities from 0.001 to 0.1 mW cm−2 as seen in Figures 7 and 11.
Bridging the gap between these power levels and the require-
ments of commercial medical devices (Figure 7) is crucial for fu-
ture advancements. Based on device weight, the gravimetric peak
power of twistron mechanical energy harvesters substantially ex-
ceeds those of any other mechanical energy harvesters for a de-
formation frequency range between 0.01 and 120 Hz.[94] While
many sensing applications operate within this power range, en-
ergy needs for stimulation beyond cardiac pacing are signifi-
cantly higher, highlighting the need for innovative design im-
provements in power harvesting.

There are a few aspects could considerly improve the output
of energy harvesters. Using TENG as an example, for it to meet
the requirements for large-scale commercial applications, they
need to produce high power output. High surface charge density
leads to high energy output. However, the surface charge den-
sity of TENG are influenced by triboelectrification charge den-
sity, air breakdown, and dielectric breakdown. Numerous effects
have been focused on improving the performance of TENG by in-
creasing triboelectric charge density. Optimization of materials

and structural designs is frequently involved in this. For exam-
ple, thinner dielectric film, larger dielectric constant, and lower
atmospheric pressure always lead to a higher maximum surface
charge density.[192] These enhancements have a direct effect on
energy conversion efficiency, which then improves the energy
output. Surface modification,[193] ion injection,[65] and charge-
excitation[194] are widely used for improving triboelectric charge
density. However, it is equally important to address the issue of
triboelectric charge decay caused by air breakdown, which is an
area often neglected in past studies. Reducing triboelectric charge
decay can substantially improve TENG performance. Therefore,
more research should focuse on understanding the fundamen-
tal mechanisms of triboelectric charge decay and developing ad-
vanced strategies to minimize it.

Furthermore, TENGs present several challenges in practical
applications, particularly due to environmental factors. Specif-
ically, high relative humidity conditions may significantly de-
grade the power outputs of TENGs. The presence of atmospheric
moisture, absorbed on the surface of the TENGs’ triboelectric
layers, facilitates the transportation and dissipation of triboelec-
tric charges.[195,196] This phenomenon severely diminishes both
the output performance and stability of TENGs, which limits
their practical utility. Addressing the degradation of TENG per-
formance in humid environments is crucial, as humidity is com-
monly encountered in many practical settings where TENGs are
deployed.

To mitigate these effects, various approaches have been devel-
oped, including the use of superhydrophobic materials in the
triboelectric layers and encapsulation of the devices to shield
them from moisture.[197–199] These modifications aim to enhance
the humidity resistance of TENGs. Despite these improvements,
the output levels of many TENGs remain insufficient for many
practical applications. Therefore, advancing the mechanical
robustness and triboelectric properties of TENGs under condi-
tions of high relative humidity is essential to expand their prac-
tical applications and ensure their reliable operation in typical
environmental conditions.

Another strategy to increase energy harvesting efficiency is to
reduce system energy loss that can arise from resistance mis-
matches or heat dissipation when the harvested energy is used
to charge energy storage devices. Most energy harvesters out-
put a low voltage insufficient to directly power medical devices
or charge energy storage devices. Hence, voltage amplifiers are
needed in most cases boosts the voltage. The efficiency of the
amplifiers or power management units is then also an important
consideration for avoiding significant energy losses.

6.2. Long-Term Biocompatibility and Safety

Wearable and implantable energy harvesters require long-term
biocompatibility and safety. For devices intended to be implanted,
these criteria are particularly critical to prevent adverse reactions
within the body. Implantable energy harvesters are engineered
to maintain long-term and direct contact with internal body tis-
sues and fluids. Consequently, it is essential to ensure that the
materials utilized in these implantable devices are biocompatible
to prevent inflammatory responses and potential risk of toxicity.
The selection and innovation of these nontoxic materials face a
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Figure 11. Power density comparison for different energy harvest-
ing technologies. Each symbol represents the peak power density
in publications from 2018 to 2024. Different energy harvesting tech-
nologies include: TENG,[65–68,72,120,121] PENG,[86,89,122–124] twistron har-
vester (TH),[94] electromagenetic generator (EMEH),[53,125–128] thermo-
electric generator (TEG),[129–131] and moisture-driven energy generator
(MEG).[105,109,132] Photovoltaic energy harvester (PV) under 1000 W m−2

solar irradiation.[115,117,118]

substantial challenge. Biocompatibility cannot be solely assessed
based on the toxicity of materials, as it can be influenced by any
process or contamination like inaccurate material mixing or tool
contamination.

Surprisingly, many studies have not paid much attention to
evaluating the final product’s biocompatibility, relying solely on
the biocompatibility of the constituent materials, potentially lead-
ing to erroneous performance assessments. Furthermore, ensur-
ing the long-term stability of these materials inside the human
body is critically important because any degradation can poten-
tially affect both performance and safety of the energy harvesting
devices. Therefore, more studies are needed to assess the long-
term performance and safety of implants.

Furthermore, it is necessary for implantable energy harvesting
devices to achieve mechanical compatibility with adjacent tissues
to prevent discomfort or harm. Additionally, given that many en-
ergy harvesters operate based on electrical principles, electrical
safety cannot be ignored. Potential risks such as electrical shorts
need to be effectively managed. By ensuring proper isolation and
protection against electrical errors, the safety profile of these de-
vices can be significantly enhanced.

The rapid growth of wearable and portable electronic devices
has led to a significant increase in material waste and discarded
electronic components, posing a considerable environmental
challenge. The ideal scenario is to develop electronic devices
that can be either recycled or biodegraded after their useful life.
At present, the primary materials used in wearable energy har-
vesters, such as TENGs and PENGs, are primarily polymers and
metals.[82,200] These materials are chosen for their excellent elec-
trical output and triboelectric properties. However, they are not
readily recyclable or biodegradable, contributing to resource de-
pletion and environmental pollution due to their extensive use.

Consequently, the focus on developing renewable, biocom-
patible, and environmentally degradable materials like cellulose,
chitosan, gelatin, and starch is emerging as a major research

direction.[201–205] These materials are viewed as viable alternatives
that could mitigate the environmental impacts of traditional non-
degradable materials. Moreover, reusing eco-friendly waste ma-
terials not only addresses environmental concerns but also offers
a solution to the looming energy crisis by providing sustainable
materials for energy harvesting applications.

6.3. Device Functionality

DC output: Overall, most electronic devices require constant DC
voltage. Most energy harvesters based on PENGs and TENGs,
however, produce AC outputs. There are several drawbacks of
AC outputs. First, rectifiers must be used to transfer AC to DC
to allow the electricity to be stored in rechargeable batteries and
supercapacitors. Therefore, the overall energy efficiency will be
decreased since the rectifier will consume ≈10–15% of the har-
vested energy. Also, rigid rectifiers also add weight and bulk to
medical devices. Another issue with AC output is that it will cause
energy output instability which will seriously influence its per-
formance in energy storage and electronic powering.[206] There-
fore, DC output energy harvesters are more desirable because
they can directly power electronic devices and recharge energy
storage units. Up to now, strategies such as continuous electro-
static breakdown,[206] periodical lateral cantilevers,[207] and mul-
tiphase rotation-type structures[208] have been employed to gen-
erate DC output. However, none of these methods can be applied
to implantable devices. Thus, directly generating DC outputs for
WIMDs is still an open challenge.

Controllable output: Most recent research has focused on us-
ing the electricity produced by PENGs and TENGs from the mo-
tions of internal organs to stimulate nerve system. One issue with
this approach is the lack of control over the electric pulses, which
are typically of low frequency due to the energy harvesting from
internal organs that move at relatively low frequency. However,
the neural stimulator or cardiac pacemaker needs some stimu-
lations at specific frequencies, pulse width, and current thresh-
old depending on different patients’ needs in real clinical applica-
tions. Currently, it is not possible to generate controllable outputs
from energy harvesters that can be used directly in nerve stim-
ulators without an external power source. By contrast, wireless
energy transfer technologies such as ultrasound-induced energy
harvesters can transit sufficient energy into the human body, but
the power source of the ultrasound transmitter makes this ap-
proach inconvenient.

With the goal of minimizing the potential impact and discom-
fort experienced by patients, it is crucial to keep implantable de-
vices as lightweight and small as possible. Currently, most of the
energy harvesters have a relative low power density, thus requir-
ing a large size to achieve the power demanded by WIMDs. Ad-
vanced in this enhancing the energy harvesting density of these
devices will bring significant benefits.

6.4. Hybrid Energy Harvesting Devices

There are various types of energy harvesting technologies, in-
cluding TENGs, PENGs, twistron harvesters, electromagnetic
generators, thermoelectric generators, moisture-driven energy
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generators, and photovoltaic energy harvesters. These technolo-
gies capture sustainable energy from diverse sources includ-
ing kinetic motion, solar radiation, atmospheric humidity, wind,
and heat. Although each system is efficient at converting a spe-
cific type of green energy, its performance is significantly im-
pacted by the environmental conditions. For instance, biome-
chanical energy harvesters can generate energy both indoors and
outdoors but require biomechanical movement at specific loca-
tions. When users are stationary, no energy is harvested.[209] Sim-
ilarly, photovoltaic energy harvesters are effective under direct
sunlight, but their performance is limited by changing weather
conditions.[113,115] Therefore, it is critical to develop continuous
energy harvesting systems to ensure uninterrupted power sup-
ply for medical devices.

Natural and artificial energy sources, such as light, solar, heat,
wind, heartbeats, and humidity are consistently available. There-
fore, integrating mechanical, photovoltaic, moisture-driven and
thermal energy harvesting systems has the potential to provide
continuous energy generation. For example, during the day, solar
energy can serve as the primary energy source for hybrid energy
harvesting devices, supplemented by mechanical and thermal en-
ergy sources to enhance the output. Conversely, under night-time
or rainy conditions, mechanical or thermal energy harvesting sys-
tems outperform photovoltaic energy harvesting systems. Thus,
hybrid energy harvesters can effectively capture energy, providing
a continuous and reliable power source for medical devices.

However, it remains a major challenge to design and build hy-
brid systems so that they can work collaboratively as a system, be-
cause each of the energy harvesting mechanisms will require its
own materials and designs, making it difficult to integrate them
together without degrading their individual performance. In ad-
dition, hybrid devices may also require complex circuit and power
management systems, which must also be sufficiently miniatur-
ized to fit within the implantable devices.[210–212] Therefore, it is
essential to design hybrid systems where the different elements
are synergistic, thus reducing wiring and integration challenges.
For example, combining triboelectric or piezoelectric energy har-
vesters with wireless power transfer technology is a promising
approach to harvesting energy from external sources. Overall, hy-
brid energy harvesters have the potential to achieve higher en-
ergy output, but significant challenges in system integration and
safety need to be addressed to realize their full potential.

6.5. Standardization

Substantial progress has been made at the laboratory level in de-
veloping high-performance energy harvesters. Moving forward,
it will be essential to focus on developing techniques to im-
prove the long-term effectiveness and durability, as well as cost-
effectiveness to accelerate the commercialization of these energy
harvesters.

There is an urgent need to establish a comprehensive frame-
work for measuring and comparing the outputs and efficiencies
of energy harvesters. Currently, metrics such as open-circuit volt-
age (Voc), short-circuit current (Isc), and power density are used
for comparison. However, these parameters can vary significantly
depending on the test conditions, such as frequency and applied
forces, which can particularly affect the performance of TENGs

and PENGs. Variations in humidity levels also influence the re-
sults. Inconsistencies in reporting these parameters alongside
different testing conditions pose significant challenges to the de-
sign and sizing of energy harvesters to meet the specific energy
needs of WIMDs.

Differences in the units of measurement reported in the lit-
erature further complicate the comparison of the energy har-
vesters’ performance characteristics. Establishing standardized
testing protocols is vital for advancing the field and facilitating
the commercial scalability and consistent evaluation of energy
harvesting technologies.

In summary, the successful implementation of energy har-
vesters in practical applications requires not only advancements
in material preparation and device engineering but also the es-
tablishment of robust standards and protocols. These standards
will ensure consistency in data and transferability among differ-
ent devices, which is crucial for the integration of diverse systems
and the advancement of collaborative technologies in the field of
bioelectronics.

7. Conclusion

Remarkable advancements have been made in the development
of energy harvesters, wireless charging, and flexible energy stor-
age units for powering wearable and implantable active medi-
cal devices. Currently, most WIMDs depend heavily on large,
short-lived primary batteries that require frequent replacement,
leading to poor experiences for patients. However, novel develop-
ments in energy harvesting technologies, including mechanical
energy harvesters like triboelectric, piezoelectric nanogenerators,
and carbon nanotube yarn nanogenerators known as twistron
harvesters, along with electromagnetic generators, are being de-
signed to harness energy from mechanical movements both out-
side and inside the human body. Moreover, thermoelectric gener-
ators have shown some promise in generating electrical energy
from waste body heat, while moisture-driven energy harvesters
are emerging as a novel technology to harness energy from envi-
ronmental humidity gradients. While these pioneering technolo-
gies are still in their infancy and have not been widely adopted
for clinical applications, they represent significant potential for
revolutionizing future active medical devices. Beyond the scope
of energy harvesting, wireless energy transmission technologies,
including inductive, capacitive, RF, and ultrasound, are emerg-
ing to achieve self-powered WIMDs.

Despite the considerable progress made, substantial obstacles
persist in the development of energy solutions for WIMDs. This
review has identified several critical gaps and promising path-
ways for further research. These include increasing energy har-
vesting efficiencies; meeting the power needs of high-energy-
demand devices such as neural stimulators; ensuring long-term
biocompatibility and safety for devices intended for implanta-
tion; and improving device functionality through adjustable stim-
ulation frequencies. Moreover, there is a pressing need for en-
ergy harvesters to provide DC output to directly power WIMDs
and/or recharge energy storage devices, as most current har-
vesters produce AC outputs. Furthermore, reducing the size of
implantable energy harvesters is essential to minimize patient
discomfort while maintaining high power output, which neces-
sitates advances in materials science and micromanufacturing
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techniques. Additionally, hybrid energy harvesters that combine
different mechanisms to harness diverse energy sources could
capture significantly more energy than single-mechanism sys-
tems. Beyond technological advancements, the successful de-
ployment of energy harvesters in practical settings also requires
the development of robust standards and protocols. Establishing
these standards is crucial for ensuring data consistency and fa-
cilitating synergy among different devices, which is essential for
the integration of diverse systems and fostering collaborative ad-
vancements in the field of bioelectronics.

While significant challenges remain in fully realizing self-
powered WIMDs, recent advancements in advanced materials
and devices have brought that goal within exciting reach. By tack-
ling the challenges outlined in this review, a future where wear-
able and implantable medical devices can be entirely powered by
the human body or the energy in the surrounding environment
is increasingly feasible.
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