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Self-powered wearable sensors effectively address the bulkiness of digital health dévideg™"""00* "

caused by external power sources, thanks to their portability and sustainability. However,
their development faces significant challenges due to power efficiency issues in self-
powered mechanisms and the varying impacts of different device forms on energy
harvesting efficiency. Continuous optimization of power supply mechanisms and the
integration of various power supply methods can enhance power supply efficiency.
Additionally, thoughtful design that aligns with human anatomy and meets patient needs
can significantly improve energy harvesting. A thorough understanding of power supply
mechanisms and the application scenarios for different device forms is essential for
advancing self-powered wearable sensors. This article provides a detailed overview of the
various power supply mechanisms for these sensors and methods to enhance their energy
output performance. It also explores the application and development prospects of devices
with diverse structural forms, highlighting their role in digital health. The insights presented

aim to equip researchers with a comprehensive understanding of the latest advancements

Published on 21 Motsheanong 2025. Downloaded on 2025-05-23 00:53:21.

in self-powered wearable sensors and inform future developments in this field.
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Self-powered wearable sensing devices are portable devices that convert environmental stimuli like light, heat, mechanical
motion, and more into electrical signals to achieve health monitoring and data collection functions. Due to the flexibility,
portability, and ability to combine with smart Al, self-powered wearable sensors are extensively utilized in digital health.

This review focuses on self-powered wearable sensing devices that utilize human energy, introducing their power supply

mechanism and efficiency improvement methods. It also provides an overview of the common structural and morphological

features of self-powered wearable sensors currently used in healthcare. Besides, the specific applications of self-powered

wearable sensors in digital healthcare are summarized. Finally, the technical bottlenecks, application prospects, and possible

improvement strategies are discussed.

1. Introduction

With the increasing prevalence of global health and medical
challenges, the quest for effective healthcare solutions to
create robust and reliable disease defense mechanisms has
gained global attention.! 2 Digital medical devices are essential
in this field, as they can integrate multiple functions and offer
real-time visual feedback which enables users to understand
their health status better. Digital medical devices can effectively
monitor various health indicators such as heart rate, pulse, and
sleep quality, providing users with comprehensive health data
analysis. The fundamental digital healthcare device is the
multifunctional watch that monitors heartbeats and pulse rate.?
This trend not only enhances individuals' ability to manage their
health but also provides richer data support for medical
professionals to make more diagnoses and
treatments. With recent advancements in Artificial Intelligence
(Al), the potential for these digital health devices to become
smarter, more multifunctional, and seamlessly integrated into
daily life is promising.* > The application of Al enables these
devices to analyze records in real-time, deliver personalized
medical recommendations, and even predict potential health
problems in certain situations. In addition, the portability of
devices has become particularly important to ensure that users
can easily use these tools in their daily lives, thereby
continuously monitoring and managing their health. These
properties are expected to drive the progression of
personalized health. In particular, wearable sensors that fulfill
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@ Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences,
Beijing 101400, China

b School of Nanoscience and Engineering, School of Chemical Sciences, University of
Chinese Academy of Sciences, Beijing 100049, China

tThese authors contributed equally.

these criteria are setting the standard and paving the way for
innovative  digital healthcare applications, ultimately
transforming health monitoring and management.®”

Sensors have a long history, dating back to Warren
Johnson's 1883 invention, which measured room temperature
and later evolved into the thermostat.® Today, "smart sensors"
encompass advanced devices that not only detect various
physical properties but also achieve digital data conversion and
upload to cloud systems.? 10

In the 1960s, wearable technology—focusing on devices
that can be worn directly on the body or integrated into clothing
and accessories—was an innovative concept first introduced by
the MIT Media Lab. Subsequently, two MIT mathematics
professors, Edward Thorp and Claude Shannon, designed and
built the world’s first wearable computer. Subsequently,
wearable sensing devices combining wearable technology and
smart sensors can harvest physiological signals to prevent or
cure disease.> 1% 12 The concept of personalized medicine is
rapidly developing, and more and more people hope to meet
their unique health needs through technological means.
Wearable sensors, as an essential component of this process,
stand out due to their ability to simultaneously meet multiple
functional requirements.’> By connecting with mobile
applications, these devices can synchronize data in real-time,
providing in-depth health insights and recommendations,
thereby enhancing users' health awareness.'* These sensors not
only provide accurate data collection but also assist users in
effective health management through intelligent analysis. As
sensors evolve, their performance improves and their energy
requirements increase, it has become significant to develop
sensors that do not require an external energy supply.

In response to this need, scientists have begun
experimenting with various power generation techniques to
harvest various forms of energy from human movement as well
as from the surrounding environment to power sensors. Self-
powered wearable sensors have been widely utilized since
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Wang et al. created Triboelectric Nanogenerator (TENG).'®
Along with the development of new forms of TENG, 17
Piezoelectric  Nanogenerators(PENG)'® and Pyroelectric
Nanogenerators (PyNGs)'® 20 come into sight; for example, the
device for motor function recovery after nerve injury can be
worn daily and no longer needs an additional power supply.?!
Despite these advances, improving energy conversion efficiency
remains a significant challenge. Theoretically, TENGs can
achieve total efficiencies reaching up to 85%.%2 Similarly, PENGs
have demonstrated theoretical efficiencies as high as 66%.23
However, in practical scenarios, the actual energy conversion
efficiency is often much lower, typically below 30%. For
example, the multi-layer TENG for energy harvesting developed
by Zheng et al.?* achieved a conversion efficiency of 24.89%,
while the PENG reported by Rasappan et al.2> demonstrated an
efficiency of only 5.4%. Table 1 presents the energy produced
by specific physiological activities of humans and the power
density of the related energy harvesting technology.

Table 1 Various biological energies of the human body and their
energy harvesting technologies

Energy source Energy Energy Power density
supply harvesting  (mW cm™2
technology
Body heat?® 60-180 TEG? 6.8*1073
W TEG28 3.32
Arm motion?® 60W TENG30 6*10*
TENG3? 3.062*102
TENG3? 8.5*%1073
TENG33 30.96
Footfall?® 67W TENG34 2.75*107
PENG33 5.625*102
Exhalation?® 1w TENG36 0.12*103
Heart beat?® 1.4W EHU3? 9.24*103
P

k4

5}450

In recent years, self-powered wearable sensipg. . deviges
have experienced unpredictable growth? TRelOF8PIRRALIRI SR
digital healthcare include physical signal monitoring, illness
cures, and so on. With the continuous advancement of Al and
deep learning, we have reason to believe that future digital
medical devices will become more intelligent, providing people
with more comprehensive health protection and support.3®
However, with this improvement comes a critical challenge: the
need for more power. Enhanced functionalities demand greater
energy output, making it essential to develop self-powered
wearable sensors that can sustain prolonged use without
frequent recharging.3® Self-powered wearable sensing devices
can simultaneously utilize energy from the external
environment and the human body. The energy expenditure of
typical physiological activities includes approximately 1W for
one breath,?® 1.4W for one heartbeat,?® and around 100W for
the total sensible heat released into the atmosphere while
walking at a natural speed.?® Despite decades of exploration,
the conversion efficiency of existing human energy harvesting
technologies remains relatively low, typically achieving power
levels ranging from microwatts to milliwatts.?° From Table 1, we
see human energy conversion in specific usage scenarios. In
addition, the energy consumption of some common electronic
devices, such as biosensors used for continuous monitoring,
typically has a power of 0.5-5 mW, while the maximum power
of low-power Bluetooth is 5-15 mW. There are many reasons
for this situation. To solve this dilemma, innovation in energy
capture technologies such as solar energy, thermal energy, and
kinetic energy capture is crucial. In addition, the development
of self-powered equipment materials!® and manufacturing
processes* is also necessary to ensure power output. As we
look to the future, the synergy between advanced technology
and energy efficiency will be vital in shaping the landscape of
digital healthcare.

Fig.1 Self-powered wearable sensing devices of different power supply methods. TENG. Reproduced with permission from ref.41, 42,
and*3. Copyright 2022 The Authors. Advanced Science published by Wiley - VCH GmbH. Copyright 2024 Elsevier Ltd. All rights are reserved,
including those for text and data mining, Al training, and similar technologies. Copyright 2024 The Authors. Advanced Science published by
Wiley-VCH GmbH. PENG. Reproduced with permission from ref.44, 45, and %6. Copyright 2022 The Authors. Publishing Services by Elsevier B.V.
on behalf of KeAi Communications Co. Ltd. Copyright 2022, American Chemical Society. Copyright 2022 Wiley-VCH GmbH. TED. Reproduced
with permission from ref.#’, 48,and 4°.Copyright 2022, The American Association for the Advancement of Science. Copyright 2024, The
Author(s). Copyright 2024 Wiley-VCH GmbH. BFC. Reproduced with permission from ref.>0, 51, and 32. Copyright 2024, American Chemical
Society. Copyright 2024, The Author(s), under exclusive licence to Springer Nature Limited. Copyright 2024 Wiley-VCH GmbH.
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In this review, we examine the application and
development of various power supply methods for self-
powered wearable sensing devices in digital health.
Additionally, we identify areas for future improvement,
including enhanced energy output and better integration with
user needs, providing insights for further advancements in this
field.

Table 2 Comparisons of various self-powered flexible wearable
sensing devices

Energy source Capacity Sensitiv.  Power density

(kPa) ity (mW cm-2
Triboelectric®3 55.6 - 1.4784*103
Triboelectric®* 301358.5 - 3*10*
Triboelectric®® 60 7.989 vV -

kPat

Triboelectric®® 900 2.54V kPal -
Piezoelectric®’ 75 - 3.15*%103

2. Principle of power supply for self-powered
wearable sensing devices.

In the short term, self-powered sensing devices and systems that
utilize displacement current have garnered significant attention
for their capacity to transfer biomechanical or heat energy into
electrical power for a variety of applications.®® This self-powered
technology enables wearable sensors to facilitate real-time
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Piezoelectric>® 600 0.0598 V N

1
Piezoelectric® 10 18.376 kPa-

1
Thermoelectric®! - - 11.14
Fuel cell®? - - 2.26*1073
Fuel cell®3 - - 13*103
Electromagnetism  226.4 139.4 pA
64
Electrochemistry®> - - 82.5
Electrochemistry®® - 96.6 HA -

mM~ cm~2
Electrochemistry®” - 592 HA -

mM~
Piezoelectric+ 150 0.101 Kpa?t -

photoelectricity®®

monitoring while ensuring long-term use without the need for
frequent battery replacements or re-implantation.”® Common
power supply modes cover triboelectric(Fig.2a),1% 12 7177
piezoelectric (Fig.2b),'8 21 7880 thermoelectric(Fig.2c),818 and
other modes, like biofuel cell(Fig.2d)84-8¢ and magnetoelectric,*
hybrid power supply.87-%0 Each type of energy-harvesting device
based on displacement current offers unique advantages, but
they also come with practical limitations that must be
considered.?

(b)

C-axis

(d)

Fig. 2 Schematic diagram of self-powered mechanism. (a)TENG’s four modes. (i)Vertical contact-separation mode. (ii)Lateral sliding
mode. (iii)Single-electrode mode. (iv)Freestanding triboelectric-layer mode. (b)PENG’s principle. (c)Thermoelectric effect. (d)Biofuel

cell’s principle.
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As technology advances and the demand for medical care
increases, self-powered wearable sensors have become
multifunctional. This means it is necessary to improve the power
supply efficiency of the self-powered mechanism. Researchers
have been actively investigating various power supply methods to
improve the accuracy and sensitivity of these sensors, aiming to
enhance their overall performance and usefulness in monitoring
health metrics.?! In this section, the principle of every power
supply mode is introduced. Besides, this section also contains
strategies for improving power supply efficiency.

2.1 Triboelectric effect

According to the quantified triboelectric series diagram, the
contact and separation of two materials with differences in
sorting will lead to charge transfer and generate triboelectricity.
Since Wang?> first combined the triboelectric effect and
electrostatic induction to develop TENG, it has become a self-
powered device with a wide range of applications. TENG has
four working methods: vertical contact-separation mode!®- 7173,
76 which is the most common, lateral sliding mode, single-
electrode mode,’? and freestanding triboelectric-layer
mode(Fig.2a).?? Due to its small size, flexibility, and high power
efficiency, TENG has become an important power source for
wearable sensors.?? 2 TENG still faces challenges with the
power supply of wearable sensors. The main issue is the power
supply efficiency. When considering portability and a broader
range of application scenarios, TENG can supply adequate
energy for self-powered wearable sensing devices while
meeting miniaturization requirements. However, TENG's high
voltage and low current output characteristics present
challenges for these devices in practical applications.®*
Enhancing power supply efficiency involves improving
triboelectric material performance’’73 75> and optimizing
TENG’s structure.'l- 74 76

Table 3 Electrical properties of TENG of different sizes

Material Dimension Electrical properties

MXene/Polymethyl 3 cm?

methacrylate®®

37.8V, 1.8 pA, 14.1nC,
7.3 uW

Thermoplastic uretha 4 cm? 95 V, 0.3 pA,6000 pwW
ne/AgNWs30 m2
PTFE/(Chitosan/Glyce 4 cm? 25V, 1 pA

rol)%®

Chitosan/Fluorinated 4 cm? 74.1V,1.71 pA,20.5 nC
ethylene propylene®

Polycaprolactone/Ag® 5 cm? 7.2V, 0.6 uA,12 nC

8

Kapton/Polyethylene 10 cm? 6.0V,2.3nC
terephthalate®

Perfluoroalkoxy/Aul® 16 cm? 2.4 V,156 pA
PDMS/AgNWs10? 25 cm? 43V,0.28 pA
PDMS/Elastomer?’2 12 cm? 145 V,35000 pW m=2
(Polyethylene 0.90625 6.30 V, 0.07205 uA,

oxide/Polypropylene cm?3 2.12 nC, 2.25 uW m=2

4| J. Name., 2012, 00, 1-3
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glycol)/(Polycaprolact
one/Ethyl cellulose)’s

PTFE/AI®3 3.78 cm3 11.45V, 4.46 pA, 10.56

UW cm-3
PDMS/Polyvinyl 42.39 672V, 15.6 pA, 79.8 nC,
chloride102 cm3 3320 pW

In different cases, we need TENG’s structure to change
both inside and outside. TENG’s structure includes the friction
layer and the mechanical structure.”® Adding multiple friction
layers to increase triboelectric sources can support
multifunctional sensors. Besides, by changing the shape of the
friction layer, the friction power supply can also be increased to
provide output(Fig.3a).193 A flexible self-powered ultrasensitive
pulse sensor was designed to stem from this principle. Adapting
to different application scenarios, the mechanical structure of
TENG alters flexibly. To better utilize the water energy, a gas-
liquid two-phase flow-based TENG is designed by Dong et al.74
The gas-liquid two-phase flow-based TENG utilizes a capillary
tube stretch into a water tank. On top of the tube is a lateral
polytetrafluoroethylene (PTFE) tube, and a porous reticulated
electrical conductive titanium (Ti) electrode is at the end of the
PTFE tube. When gas flows through the PTFE tube, a negative
pressure appears in the cross of two tubes, lifting the water. The
sucked water collides with the tube wall and is dispersed and
atomized. The PTFE tube, porous mesh conductive Ti electrode,
and water construct the closed loop. Similarly, changes in
microstructure can also help increase the power of TENG to
some extent.1% The triboelectric effect relies on the surface
interaction between two different electronegative materials.
Increasing the roughness of the surface can enhance the friction
of the materials.”! The bioresorbable triboelectric sensor shown
in Fig.3b consists of two frictional layers that transform
mechanical movement signals into electrical signals.’! A
poly(lactic acid) and 4% chitosan film that features a
nanostructured surface acts as the frictional layer. The backside
features a magnesium (Mg) layer as an electrode. Additionally,
Mg has been deposited on another poly(lactic acid) and 4%
chitosan sheeting to create a nanostructured metal layer that
functions as both an electrode and a frictional layer. The entire
device is encapsulated in poly(lactic acid) and 4% chitosan, with
a flexible poly (1,8-octane diol co-citric acid) used as an adhesive.
Surface nanostructures can enhance the effective contact part
of the friction layer during operation, resulting in stronger
electrical signals that improve sensor sensitivity. The open
circuit voltage of the TENG reaches up to 65.2 V. Improving
triboelectric materials’ performance can effectively enhance
the power supply efficiency. In addition to changing TENG’s
structure, an external charge excitation circuit can also increase
output.”® These three methods fit TENG to different self-
powered wearable sensors.

To improve triboelectric materials’ performance, the
effective methods widely used involve material optimization’®
75 and adjusting the material's surface texture.”? One common
method for material optimization is to enhance their charge

This journal is © The Royal Society of Chemistry 20xx
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storage capacity in an electric field through the doping of
conductive materials. This process reduces internal impedance
to promote efficient charge transfer, reduces energy loss, and
improves current output. In the preparation of biodegradable
TENGS, according to triboelectric polarities, polyethylene oxide
and polycaprolactone are commonly used tribopositive and
tribonegative layer materials, respectively. Their triboelectric
polarities are related to the types of main- or side-chain
chemical groups or group densities. Li et al.”> dope small
amounts of poly (propylene glycol) and ethyl cellulose to
enhance the output performance of biodegradable TENGs. They
utilize vertical contact-separation mode and prepare poly
(trimethylene carbonate) as encapsulation layer, Mg as
electrode, doped polyethylene oxide/poly (propylene glycol) as
tribopositive layer, and doped polycaprolactone/ethyl cellulose
as tribonegative layer. This biodegradable TENG can adhere to
the abdomen and sensitively recognize breathing patterns. The
test open circuit voltage of biodegradable TENG is 6.30 V, while
during breath detection, the maximum open circuit voltage is
2.85 V. The main reason for this difference is that the
respiratory intensity of the human body cannot reach the
strength of the testing equipment. Besides doping, surface
modification °7 and developing new triboelectric materials 72
can also work. Surface modifications, including chemical
treatments and plasma treatment, can enhance the stability of
the triboelectric effect and lessen the impact of the external

ARTICLE

environment on TENG performance. Han et al.3/ . designed 2
novel TENG based on chitosan film. In theQ@xperiivéntMeHit6$an
TENG based on different processing methods (such as
smoothing, imitating sandpaper texture, and electrospinning
treatment) showed that surface structure changes significantly
improved voltage, current, and electricity output, with
electrospinning treatment performing the best. Besides, the
output performance of the vertical contact-separation TENG is
greatly enhanced due to the significant increase in the effective
contact area between the two friction materials, with chitosan
and fluorinated ethylene propylene film being used as the
positive and negative friction materials, respectively. Improving
the performance of triboelectric materials boosts the efficiency
and stability of TENGs while promoting green energy
technology and expanding applications in smart devices and
self-powered systems.

TENG is a common power supply method. Researchers
have implemented various strategies to enhance the efficiency
of its output. However, these methods have drawbacks such as
increased preparation costs of TENG and additional mechanical
losses. Additionally, the durability and sustained output
capability of TENG triboelectric materials still pose unresolved
issues in wearable sensors. Therefore, the focus of researchers'
future research is to optimize the performance of TENG further
while ensuring its other advantages, in order to improve self-
powered wearable sensing devices.
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Fig. 3 The application of TENG in cardiovascular disease. (a)The structure and pulse signal output of self-powered ultrasensitive
pulse sensors, as well as the wireless health monitoring system images. Reproduced with permission from ref.193, Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)Bioresorbable triboelectric sensor schematic diagram and structure.
Illustration of biodegradation for poly(lactic acid)—(chitosan 4%) polymer. Reproduced with permission from ref.1. Copyright 2021

Wiley-VCH GmbH.

2.2 Piezoelectric effect
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The piezoelectric and piezoresistive effects transfer the strain
force into electrical signals (Fig.2b). They are both used in
pressure sensors that can monitor local dynamic pressure
changes.8% But the piezoelectric effect performs well for power
supply and forms the PENG system. The first PENG was proposed
by Wang?® in 2006. Then, for the application in wearable sensors,
the PENG becomes popular.”® In Comparison with TENG, PENG
can detect higher frequency motions with higher accuracy. Due
to the small size, improving output performance remains a
challenge that needs to be addressed. The material and structure
are also the solutions for it.

The common piezoelectric materials involve piezoelectric
ceramics,'%> piezoelectric crystals,% piezoelectric polymers,t07
and piezoelectric composite materials.1%8 10° The modification of
frictional materials focuses on surface effects, while the
modification methods of piezoelectric materials mainly focus on
bulk effects. These methods typically include ion doping,!1° phase
structure modulation,!'? and multiphase coupling,'? among
others. Besides these, nanomaterials come into sight for their
better performance in the morphology of nanowires (NWs) and
nanosheets.!!® The first PENG is made of a Zinc Oxide nanowire
array and has an output power density of 10® uW m=—=.18 With
continuous striving, the output performance of the nanowire
PENG has been enhanced a lot. For instance, a PENG utilizing Mg-
doped semi-insulating gallium nitride NWs can achieve an output
power density of 1.3*10% uW m=2, nearly a hundredfold
increase.”® And for nanosheets, a sulfur vacancy passivated
monolayer molybdenum disulfide piezoelectric nanogenerator
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has a 73 pW m=2 output power density. We have alreadyJpade
great progress in piezoelectric materialMHoREVEY, DlE G thie
environmental stability and balance between performance and
cost of piezoelectric materials, it is still necessary to improve the
materials from multiple aspects to achieve higher heights and
promote the development of PENG.

Table 4 Electrical properties of PENG of different sizes

Material Dimension Electrical properties
Polyvinyl 0.404 cm? 0.927 V, 6 pA, 340 uW m™2
alcohol'4
Expanded- 0.75 cm? 1.4V, 0.0035 pA, 0.25 nC
PTFE7®
BaTiO3>? 1cm? 0.29 V, 0.20 pA cm?, 570
MW m?
PVDF3> 4 cm? 56.5V, 562500 pW m~2
Polycaprolacton 4 cm? 30V, 5.9 yA,
e/Ag57
Bag.gsCag15Zrp10T 12 cm? 14.5V, 28.5 pA,
i0.90031> 306.5 uW cm3
PVDF-TrFE/ 12.56 cm? 42.3V, 2070000 pW m2
MXene!16
PTFE 14 cm? 150V, 4.5 pyA, 240 nC
Ag/CuNRs/PDMS 702.25cm? 184V, 203 pA, 225000 pW
118 m»Z
PVDF19 26.88 cm?3 0.41V,0.21 pA,45nC
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Fig. 4 Three cases of PENG application. (a)Bionic principle and structure of bionic shark gill nanogenerator. Reproduced with permission
from ref.*4. Copyright 2022 The Authors. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. (b)Schematic
illustration of poly-L-lactic acid/barium titanate piezoelectric sensor structure and working diagram. Reproduced with permission from
ref.?1. Copyright 2024 Wiley-VCH GmbH. (c)Physical image of gesture recognition wristband, schematic diagram of sensor array, and
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schematic diagram of single sensor. Output results of some representative gestures of letters, numbers, and commands;, Reproduced

with permission from ref.%¢. Copyright 2022 Wiley-VCH GmbH.

In addition to the piezoelectric materials’ performance, the
structure of PENG is also essential. Inspired by the bionic shark gill,
a biomimetic structure was designed to convert lateral elastic
deformation into longitudinal elastic deformation when stretched.
This characteristic successfully constructed a scalable multi-
channel nanogenerator(Fig.4a).** The device comprises two
functional layers: the top layer, the main functional component,
features multiple Strip-shaped power generation units arranged
in parallel. Every part has a sandwich structure of silicone resin,
polyvinylidene difluoride (PVDF) metalized piezoelectric
membrane, and polydimethylsiloxane (PDMS). The underlying
layer serves as both support and friction, and it is made of silicone
resin and silver NWs. The PDMS at the strip's base mimics gill arch
cartilage for structural support, while the middle PVDF functions
like gill filaments, crucial for energy conversion. Silicone on either
side acts like gill muscles, connecting the unit to the base and
adapting its shape during stretching. During operation, the strip
units deform in unison, generating synchronous electrical
responses. In addition to mimicking local animal structures, some
PENGs are also designed to mimic plants. For example, a flower
shape is applied (Fig.4b). The flower shape is made of poly-L-lactic
acid /barium titanate fiber, molybdenum electrode, and PCL films.
We can easily see in Fig.4b that the flower shape can gain more
pressure stimulation sites to strengthen the output compared to
the squared shape and the round shape.?! In addition to
biomimetic structures, increasing output sites is another effective
method to enhance performance. An intelligent wristband
system was developed using machine learning, featuring smart
wristbands, multi-channel Bluetooth modules, and remote
computer terminals(Fig.4c).*® Each wristband integrates a sensor
array with eight sensors and a flexible printed circuit board (FPCB).
A single sensor comprises a hybrid generator that combines TENG
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and PENG technologies, incorporating layers of PDMS, polylactic
acid, PVDF, copper, metal, and two FPCB layers, which connect
the sensors and act as circuit carriers. The researchers integrated
two types of sensors into a small box measuring 0.4 cm x 0.8 cm
x 1 cm. TENG captures mechanical information from significant
forces, while PENG focuses on light contact. The PENG operates
on the principle that the fixed circumference of the wristband
causes muscle and skin pressure on the sensor surface, leading to
a deformation cycle: no deformation, slight deformation,
maximum deformation, slight deformation, and back to no
deformation. During fist movements, PENG yields a higher output.
When a force of 5N is applied by the wearer's skin to the sensor,
the output of the hybrid generator is 1080 mV.

Currently, the significant advancements in the piezoelectric
effect are making PENG increasingly prevalent. While these
methods can greatly enhance the output performance of
piezoelectric materials, their durability and stability still
encounter challenges when it comes to integrating them into self-
powered wearable sensors. This is due to their inherent
sensitivity to temperature and humidity changes. Therefore,
addressing these challenges is essential for fully harnessing the
potential of PENG in self-powered wearable sensing devices,
marking a significant step forward.

2.3 Thermoelectric effect and pyroelectric effect

In addition to mechanical energy, the thermal energy of the human
body presents another promising energy source for utilization. The
thermoelectric effect is based on the potential difference caused by
the migration of charge carriers(Fig.2c),’2° while the pyroelectric
effect is the potential difference and current caused by charge
separation.’?’ However, they are both widely utilized in self-
powered technology.
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Fig. 5 Three cases of TED application. (a)TED design and its multifunctional layer schematic and physical diagram. A scatter plot is ysed
to compare soft and stretchable TED. Reproduced with permission from ref.*°, Copyright 2024 Wiley-VCH Gmbd{b)Scheenatic diagram
of flexible thermoelectric devices for wearable electronic devices. The room temperature thermoelectric figure of merit (zT) and
Seebeck coefficient (a) of resilient inorganic materials and organic-based materials. Reproduced with permission from ref.4”. Copyright
2022, The American Association for the Advancement of Science. (c)Fabrication flow of a fully inkjet-printed Ag,Se-based flexible
device and the physical image worn on the wrist. Schematic diagram of thermoelectric power generation utilizing body heat.
Reproduced with permission from ref.122, Copyright 2024, The Author(s).

Human skin can hinder heat dissipation, but thermoelectric
devices (TEDs) can still gather enough energy from the body to power
sensors that monitor human movements. To meet the demands of
portable and real-time digital health devices, TEGs typically utilize

organic thermoelectric materials that can conform to the human skin.

TEDs are usually constructed by connecting multiple p-type and n-
type thermoelectric materials in series and parallel.83 Thermoelectric
materials usually include organic thermoelectric materials,
semiconductor thermoelectric materials, metal-based
thermoelectric materials, and oxide-based thermoelectric materials.
Besides the most commonly used organic materials, embedding
inorganic rigid thermoelectric materials in silicone rubber is an
effective approach for creating flexible thermoelectric devices. Han
et al.*° reported a 3D-printed soft architecture for damage-tolerant
thermoelectric devices, setting a new performance record for energy
harvesting while ensuring excellent consistency(Fig.5a). This
achievement is attributed to the successful integration of stretchable
functional composite materials via 3D printing, the use of self-healing
liquid metal interconnects, and the incorporation of inorganic
thermoelectric materials within a thoughtfully designed device
architecture. This combination optimizes thermoelectric energy
conversion while maintaining structural integrity, addressing
challenges related to stretchability, energy conversion efficiency,
and durability during continuous use. In addition, conductive
semiconductors are also driving the transformation of the potential
of flexible thermoelectric materials. A series of high-performance p-
type thermoelectric materials have been fabricated into thin, flexible
ni-shaped devices, achieving a power density of 30 uyW cm? K
2(Fig.5b).#” Thermoelectric materials have undergone extensive
optimization, significantly enhancing their output performance, but
this has also increased costs. Fig.4c illustrates the development of
Ag,Se-based thermoelectric thin films and flexible devices using
inkjet printing. By manipulating ink formulations and adjusting
printing parameters, large-area patterned arrays with micrometer-
level resolution can be produced in a size-controlled manner.*22 The
printed Ag,Se thin films exhibit (00I) texture characteristics, and
excellent power factors are achieved through careful design of the
film composition and microstructure. This strategy underscores the
potential to transform the design and manufacturing of multi-scale,
complex flexible thermoelectric devices while also reducing costs.
Compared with TEG, PyNG has no external electric field
limitation, making its performance easier to improve and more
portable. However, due to the restriction of the pyroelectric
coefficient, the output performance of PyNG did not significantly
improve by simple structural design.?® Crystallinity control and
polymer modification have become the most effective ways to
strengthen PyNG performance in practice. Moreover, Prestopino et
al.?% developed a layered double hydroxide (LDH) forming a new type
of PyNG. The high gradient composition and energy levels of LDHs

8| J. Name., 2012, 00, 1-3

allow for easy adjustment of the size of the prepared devices. Two
types of nanogenerators were designed using ZnAl LDH or MgAIl LDH
nanosheets, both exhibiting equivalent pyroelectric coefficients that
can reach up to 150 puC K'* m, or as low as -160 pC K'* m2, which
means the new type PyNG has a good performance. Although PyNG
has efficient energy conversion, achieving self-powered capabilities,
balancing performance improvement, and reducing costs remain
goals for future development.

Utilizing thermoelectric and pyroelectric effects in self-powered
technology allows for more efficient harnessing of human energy.
Thermoelectric conversion is expected to impact environmental
protection and intelligent systems greatly. Future advancements will
enhance performance, lower costs, broaden application areas, and
integrate with other emerging technologies to advance sustainable
energy development.

2.4 Other power supply modes

Recently, significant progress has been made in the area of self-
powered wearable sensors. This progress has been driven by the
development of various technologies such as nanogenerators which
are the leading, biofuel cells(BFCs),84-8% 124 magnetoelectricity,®* and
other innovative power supply methods. All power supply methods
have contributed to the development of wearable devices to varying
degrees, making them more efficient and sustainable. In the
previous text, we have provided a detailed introduction to
nanogenerators. There are many other power supply modes, and
here we mainly describe two methods: BFCs, which generate
electricity from organic compounds,® and magnetoelectricity, which
harnesses the power of magnetic fields to produce electric current.

Generally speaking, BFCs use organic fuels and directly or
indirectly utilize enzymes as catalysts to generate electricity
(Fig.2d).12* However, their performance is limited by challenges such
as inadequate enzyme immobilization and restricted electron
transfer within the enzyme electrode.!?®> The simplest approach is to
combine BFC with other power supply methods. Fig.6a shows a
system utilizing a self-voltage-regulated wearable microgrid for
collecting and storing bioenergy from sweat.® This microgrid
integrates enzyme biofuel cells and AgCl Zn cells. It constantly
delivers sweat to the sensors for the detection of multiple
metabolites, while low-power electronic devices are used for signal
acquisition and wireless data transmission. This wearable system
operates entirely on fingertip sweat, enabling the detection of
various physiological signals. Discovering new catalytic materials is
another effective approach to improving the output performance of
BFC. The metal hydrogel-based sweat wearable BFC has
demonstrated high output and excellent stability, directly extracting
energy from human sweat while sensing epidermal biomarkers with
a self-sustaining power supply(Fig.6b).>2 This highly porous and
flexible metal hydrogel exhibits superior electrocatalytic capabilities,
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oxidizing ascorbic acid and sweat metabolites at the anode, and
reducing O, at the cathode. The future prospects of biofuel cells are
very broad. With the continuous advancement of technology, its
efficiency and stability will be further improved, and its application
fields will also continue to expand.12®

In addition to BFCs, some researchers have turned their
attention to magnetoelectric effects, usually utilized in large
generators. Usually, only one coil and magnet are needed to achieve
a power supply. When we wrap a flexible magnet in a copper coil
covered by an Ecoflex sleeve and attach it to a finger, it can transfer
physiological energy related to finger motions into electrical
energy(Fig.6a).5* This setup allows for real-time gesture interaction,
enabling long-distance control of robot hands and vehicles utilizing
human hands. Additionally, some smart fabrics utilize magnetic
electric power supplies. A scalable flexible magneto-electric clothing
generator can generate electricity through arm movements
(Fig.6c).1?” The Particle Flow Spinning approach enables the
production of continuous magnetic yarns and fabrics using industrial
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underwater without the need for sealing and are effective in both
acidic and alkaline environments, as well as extreme
temperatures. For its high energy transfer efficiency and output
power density, magnetoelectric energy is often combined with other
power supply modes to create a hybrid generator, which can power
multifunctional wearable sensors.

With the continuous advancement of techniques, power supply
methods for wearable sensors have evolved to encompass a variety
of approaches. While some methods may be used less frequently,
they have undergone significant development and are now
applicable to a broad scope of scenarios in powering wearable
sensors. These diverse power supply methods are essential for
advancing and innovating wearable sensor technologies.
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Fig. 6 The application cases of BFCs and magnetoelectric effect. (a)Fingertip-wearable microgrid system schematic, working principle
schematic, and optical image. Reproduced with permission from ref.5!, Copyright 2024, The Author(s), under exclusive license to Springer
Nature Limited. (b)Schematic illustration of the metal hydrogel-based integrated w-BFC for sweat collection, energy harvesting, and self-
powered sensor. Reproduced with permission from ref.>2. Copyright 2024 Wiley-VCH GmbH. (c)The process of preparing magnetic fabric.
Microcomputerized tomography images of NdFeB magnetic yarn. A piece of 1 x 3 m? plain weave fabric formed by industrial weaving
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machines. Physical photograph and magnetic field distribution of 5 X 30 cm? magnetic fabric with good flexibility and foldable softness.

Reproduced with permission from ref.12’. Copyright 2021 Wiley-VCH GmbH.

2.5 Hybrid power supply mode

Given the advantages and disadvantages of various power supply
methods, researchers have learned from each other's strengths and
weaknesses and developed a new research direction-hybrid power
supply mode. There are two main directions: one is to combine
different nanogenerators for use, and the other is to combine
nanogenerators with other power supply modes.

By integrating multiple nanogenerators, wearable devices can
increase their power output and expand their application range
while ensuring device miniaturization. This combination of various
nanogenerators has greatly advanced the development of self-
powered wearable sensors, creating new opportunities for
innovative and efficient designs. TENG and PENG are commonly used
power generation methods in self-powered wearable sensors and
hybrid nanogenerators (HNG). One way is to find a material that is
capable of serving as both piezoelectric and triboelectric material. In
Fig.7a, an energy harvester and sensing patch (EHSP) was designed
consisting of multiple layers, with a composite layer sandwiched
between a flexible mesh electrode and an elastic/thermochromic

(@)

& W)

Precursor mixture

K MWCNT  Polymer

Annealing Piezoelectric layer PNG layer

Elastomer/TCD.

P'w'i layer

arvesting ang
@etg‘fnq patch (EHSP)
‘;j*

}- -
e
Breath sensing

Composite
layer

(i) Industrial application

,Izgé,@

e
i

DOI: 10.1039/D5MH00443H

dye layer.1?8 The bottom electrode is first layered with potassium
niobate composite film and covered with elastic material, and
thermochromic dye is loaded in the elastic material. The elastomer
carries a negative charge and therefore acts as a negative frictional
dielectric in TENG, HNG, and EHSP structures. It is used as a sensor
and energy harvester. EHSP can be mounted on the human body and
extended to other daily applications. Another method is to splice or
stack piezoelectric materials and triboelectric materials together.
The simplest way of splicing is for each component to occupy half,
and when the device vibrates and rubs with the movement of the
body, HNG begins to collect energy. In one example, the energy he
collected was most likely sufficient to support low-level vagus nerve
stimulation for treating atrial fibrillation.?® While stacking multiple
triboelectric and piezoelectric materials can achieve multiple power
generations through a single vibration.'?® In addition to the
combination of TENG and PENG, other nanogenerators also have
different combinations of power supply, such as PENG and PyNG.118
With the deepening of research, the power supply capability of HNGs
continues to enhance, increasing their ability to capture human
energy and expanding their applications in various fields.
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Fig. 7 Hybrid power supply mode. (a)The preparation, schematic diagram, photographic images, and various applications as a wearable device.
PENG, TENG, and EHSP device structures are used to optimize electrical output and thermochromic properties. Working mechanism of the
EHSP. Reproduced with permission from ref.128, Copyright 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH.
(b)Preparation, schematic diagrams, photographic images, and industrial applications of EHSP. Reproduced with permission from ref.*3,
Copyright 2024 The Authors. Advanced Science published by Wiley-VCH GmbH.

Another approach is to combine nanogenerators with other
power modes. They collect different types of energy from the
environment while collecting human energy to improve the output
capacity of the generator. In addition to common sources such as
solar'3% and wind energy, radiofrequency energy is also gradually

10 | J. Name., 2012, 00, 1-3

gaining attention from people(Fig.7b). Thus, a hybrid energy
harvester that combines radio frequency and triboelectric energy
was designed.®®> The hybrid energy harvester system comprises a
wearable rectifier antenna, TENG, and a power management circuit.
Researchers have proposed a standardized fabric circuit board that
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utilizes quasi-surface mount technology, which integrates modules
on the fabric architecture. The multifunctional fabric constructed in
this way can improve the controllability of the collected mixed
energy while enhancing the mechanical robustness of the system.
Electromagnetic generators are commonly used as a power supply
method for large generators due to their advantages in continuous
power output and efficiency. Electromagnetic generators and TENG
are often used together because electrostatic induction and
electromagnetic induction are two non-contact effects with minimal
mutual interference.®® A  highly coupled triboelectric-
electromagnetic magnetic-levitation hybrid nanogenerator was
designed. During TENG's contact separation process, the magnetic
flux in the electromagnetic generator coil creates a voltage between
the coil and the Cu electrode. The unique design of the magnetic-
levitation hybrid nanogenerator adopts a shared coil electrode
configuration, which enhances coupling without increasing
additional volume.

Due to the intermittency and instability of most self-powered
technologies, energy storage devices have become essential
components in flexible and wearable electronic systems.’26 Among
various energy storage solutions, fabric batteries have emerged as a
promising option for self-powered wearable devices.®> 13133 Fabric
batteries combine battery technology with flexible materials for use
in wearable devices, flexible electronics, and smart textiles.!34 By
using conductive fibers and materials, these batteries are soft,
stretchable, and comfortable to wear like regular fabric.13> Here's an
example. Jiang et al.’3! developed a fiber electrode with a channel
structure for high-performance flexible batteries. They used a
polymer gel electrolyte instead of a traditional liquid electrolyte to
enhance safety and flexibility. By rotating electrode fibers to create
organized channels and incorporating small and large holes on the
surface, they improved the penetration of the gel electrolyte,
ensuring a stable interface. This design boosts the battery's energy
density to about 128 Wh kg' and demonstrates excellent
electrochemical performance and long-term stability. With the
ongoing advancement of technology, fabric batteries are anticipated
to be widely utilized in areas such as smart textiles, wearable devices,
and healthcare, providing greater convenience and innovation to
daily life.13¢

The hybrid power supply method extends the operation time of
self-powered wearable sensing devices, enhances energy efficiency,
improves device autonomy and reliability, and reduces battery
dependency. However, this also increases the complexity of system
design, necessitating precise power management techniques and
stable energy storage methods. Overall, hybrid power sources boost
the durability and environmental sustainability of wearable devices
while enhancing their long-term reliability, providing greater
convenience and surprises in daily life.

3. Different wearing styles

With the continuous advancement of technology, people's demand
for improved medical standards is also increasing. People hope to
always protect their health in their daily lives.’3” The increasing
demand has led to the rapid popularization of health monitoring,
exercise tracking, and smart devices, which has accelerated the
development of lightweight, portable, and self-powered wearable
sensors.’38 It is expected that further integration of technologies
such as Al and big data to achieve more intelligent functions, and the

This journal is © The Royal Society of Chemistry 20xx
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application scope will continue to expand. Whether, in.bealth
monitoring, environmental protection, or pefioHali2éd FashidH) sl
powered wearable sensing devices have the potential to change our
way of life.” These sensors have thus spawned various wearing
methods to meet different application scenarios, such as using smart
fabrics, flexible devices, and exoskeletons.

The following section will offer a comprehensive overview,
detailing each wearing method's development and specific
application scenarios.

3.1 Smart fabrics

The development of smart fabrics dates back to the 1980s, with early
research mainly focused on integrating sensors and electronic
components into traditional fabrics.!3® With the advancement of
technology, particularly in materials science and textile engineering,
smart fabrics have evolved into multifunctional textiles capable of
sensing the environment, transmitting information, and interfacing
with other devices. Combining self-powered wearable sensors, smart
fabrics, which we call self-powered smart fabrics, have also made
progress in portability and customization.14? But problems related to
flexibility, breathability, and integration with clothing still need to be
addressed.'#!

The weaving process of smart fabrics has higher complexity
compared to traditional textiles, as it not only requires the basic
functions of textiles to be implemented, but also integrates sensors,
circuits, conductive materials, etc. to achieve intelligent interaction,
data acquisition, or energy transmission functions.}4> 143 The
integration of intelligent fibers with traditional textile machines is
mainly achieved through material and process adaptation, structural
design optimization, and innovation in large-scale production.'#* In
terms of integration, conductive fibers, such as carbon fibers,14>
conductive polymers,146-148 and metal fibers 14° are used to achieve
electronic functions. These conductive fibers can be blended with
ordinary fibers or woven separately into fabrics, forming the basic
components of circuits. For example, electrospun temperature
sensors made from PVDF/LICl nanofibers can balance the flexibility
and breathability of textiles while also reducing the energy
consumption of portable electronic devices.’® Coaxial coating,
interlacing, and twisting are three typical strategies for assembling
fiber electrodes into fiber devices.’®® The coiled structure fibers
manufactured using melt spinning technology and twisted insertion
can withstand up to 100% axial tension, achieving a high energy
density of 80 mJ cm2.152 The common weaving methods include plain
weave, twill weave, and satin weave, and the specific choice depends
on the flexibility, conductivity, and intended use of the fabric. In
textile processing, smart fibers and conductive yarns are intricately
woven into embedded electrode structures using three-axis looms or
industrial knitting machines.'®? In addition, combined with the melt
spinning process, a high energy output of 87 uW cm™ has been
achieved.'®3 Furthermore, smart fabrics often incorporate additional
components like sensors, LED displays, heating elements, and energy
harvesters, which are integrated through techniques such as direct
embedding and fabric circuit design. In essence, the creation of
smart fabrics represents a convergence of traditional textile
craftsmanship with cutting-edge interdisciplinary technologies in
electronics and sensing, enabling the development of innovative and
multifunctional wearable solutions. Large-scale production is

J. Name., 2013, 00, 1-3 | 11


https://doi.org/10.1039/d5mh00443h

Published on 21 Motsheanong 2025. Downloaded on 2025-05-23 00:53:21.

215 Materials

ARTICLE

facilitated by a continuous spinning and weaving process, combined
with cost-effective pre-mixed masterbatch technology, ensuring
seamless integration with existing production lines.?>3 This approach

@ e

Core-sheath Composite Yarn

Botton Cotton Fabric

i |
¢ ‘ -
'&1: — ] Ausiliary
i . % Rehabilitation
= Self-powered by
Conductive Fabric Multi-point Body Motios AR

3D Knitted Fabric

Semsing Network

O © Qe ‘O ®

{ — ——l
N _gEs

o Ag core yarn #~ mm Conductive Fabric “—-—J —L — w -
i e by T

i PE sheath yarn — - o ‘wwar
o i 'S0

ooty avteld ¥ = ¥ -

CF CF CF

Horizons:| =11

Journal Name

offers an efficient and affordable solution for the.commergial
application of electronic textiles. DOI: 10.1039/D5SMH00443H

(b) —vsenacy

CONTE A%
| — Silicon rubbeer [F

Voltage (¥)
=
H

Fig. 8 Smart fabric. (a)Structural design of textile-based SMN and schematic diagram of a highly integrated gait recognition system. Schematic
diagram of the manufacturing process and parameters of Ag-PE core-sheath composite yarn. Atomic-scale-electron-cloud potential-well
model to describe the contact electrification between conductive fabric and PE sheath yarn. Reproduced with permission from ref.1>4,
Copyright 2023 Wiley-VCH GmbH. (b)Schematic diagram and SEM image of MLTENGF principle. Photos of stretchable MLTENGF and their
corresponding optical images and dynamic loading structure diagrams. Output voltage of MLTENGF at different distances and its application
and transmission in water. Reproduced with permission from ref.1>5, Copyright 2024 The Author(s). Advanced Science published byey-VCH
GmbH. (c)lllustration of the synthetic route of conductive fabric/Polyphthalamide. Application of Fire Alarm System Based on Thermoelectric
Effect and TENG. Reproduced with permission from ref.1>¢. Copyright 2024 Elsevier B.V. All rights are reserved, including those for text and

data mining, Al training, and similar technologies.

The development of self-powered smart fabrics was first
considered to solve the problems of comfort and breathability. Fig.
8a showcases a high-integration and high-recognition system that
consists of a self-powered multi-point body motion sensing network
(SMN) building on a fully woven structure.!>* The SMN is developed
through traditional knitting and innovative digital embroidery
techniques. It can detect dynamic parameters such as limb
movements and coordination during walking and convert them into
electrical signals. This SMN exhibits excellent pressure sensitivity and
a rapid response time, all while ensuring outstanding breathability,
moisture permeability, washability, and high stability. While
addressing these issues, we have started to explore further

12 | J. Name., 2012, 00, 1-3

functionalization of self-powered smart fabrics and their potential
applications in daily life and high-risk work scenarios. In daily life, the
most common use of self-powered smart fabrics is to monitor human
movement and physiological conditions. Just like the smart fabric
powered by TENG in Fig.8a, it can be used for gait recognition. In
addition, integrating thermoelectric devices for collecting human
thermal energy into self-powered smart fabrics can enable
continuous monitoring of health status anytime and anywhere. A
stretchable MXene-based thermoelectric fabric harnesses body heat
by utilizing the temperature difference with the environment,
converts it into electrical energy, tracks breathing rates, and
monitors joint states through deformation.!#! At the same time, it
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can collect thermal energy from the environment for more stable
detection. In addition to motion monitoring, self-powered smart
fabrics are often used for functions such as intelligent monitoring®>>
and intelligent human-machine interaction.'! The requirements for
home intelligent monitoring devices include easy concealment,
simple operation, and mobile monitoring. Mechanical luminescent
TENG fibers (MLTENGF) constructed based on lightweight carbon
nanotube fibers ensure good stretchability while self-powered (Fig.
8b).1>° The carefully designed MLTENGF delivers a remarkable 200%
increase in electrical signals and distinct optical signals, both on land
and underwater, by utilizing its mechanoluminescent-triboelectric
synergistic effect. As a carpet, the MLTENGF generates a signal when
a stranger steps on it, activating an alarm that produces a green light,
which is then wirelessly conveyed to a mobile phone via Bluetooth.
The nanofibers can also be used for underwater communication. If it
can be applied underwater, it is easy to associate it with application
scenarios like high-risk fire scenes. Fig.8c depicts a multifunctional
intelligent textile that serves as a dual fire warning system.>® It
incorporates thermoelectric performance, TENG, flame retardancy,
and hydrophobic functionality into a unified system. The flame
retardant mechanism combines principles of condensed-phase and
gas-phase flame retardancy. In the event of a fire or personal
activation of alarm devices, the microcontroller chip promptly sends
a distress signal to a mobile phone to ensure an effective alarm. Due
to the wide applicability of self-powered smart fabrics in daily life,
reducing their cost has also become one of our priorities. 7

The future of self-powered smart fabrics will continue to
advance despite impressive progress.}* These fabrics will deepen in
terms of multifunctionality, integration, and comfort, fully utilizing
the latest advances in technology.'>® They will be able to adapt to
various environments and application scenarios, from sports
equipment to medical monitoring, and even daily wear,
demonstrating greater flexibility and powerful performance. As
materials science and electronic technology continue to integrate,
these fabrics are poised to transform our understanding and use of
clothing entirely.*>?

3.2 Flexible devices

The development of flexible devices dates back to the late 20th
century, initially focusing on basic research in flexible electronics and
wearable technology.'®® Since the beginning of the 21st century,
rapid technological advancements have led to a significant surge in
demand for wearable devices. This trend not only encourages the
widespread use of stretchable devices in health monitoring, such as
heart rate tracking, motion detection, and sleep analysis, but also
supports their integration in smart homes and the Internet of Things,
including smart lighting control and environmental monitoring
systems.161

In order to improve the performance, flexibility, and comfort of
flexible devices, 3D printing and microelectromechanical systems
(MEMS) play a crucial role in the manufacturing of self-powered
wearable flexible devices. Both can provide high-precision, complex
structures, and highly customized solutions. 3D printing brings
significant advantages in complex structures and personalized
customization. The key components of self-powered equipment,
such as sensors, batteries, and energy harvesting modules, typically
need to be highly customized according to application requirements.
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3D printing allows for precise structural design at the.migremeter
level. In addition, self-powered wearable de{ités fygRAIMeifS
casing or support structure to protect electronic components and
enhance the comfort and durability of the device. 3D printing can
create customized flexible shells with high comfort and elasticity,
which can adapt to the dynamic movement of the human body while
providing sufficient protection. MEMS has a wider range of
applications in precision component manufacturing. MEMS refers to
the optimization design, processing, assembly, system integration,
and application technology of sub-millimeter, micrometer, and
nanometer-scale components, as well as components or systems
composed of these components. MEMS can manufacture high-
precision flexible circuit boards and create microcircuits on flexible
substrates through etching technology. This circuit can achieve high-
density integration and has excellent flexibility and bendability,
making it suitable for wearable devices that come into contact with
the skin. In addition, MEMS can be used to manufacture high-energy
density micro batteries or supercapacitors, providing sufficient
power support for self-powered wearable devices. In the
manufacturing of self-powered wearable flexible devices, 3D printing
and micro-nano processing technologies are often combined to
leverage their advantages.

At present, flexible devices have achieved high performance
and integration, and they are developing towards intelligence and
self-powered, enabling devices to work independently without
external power sources. This innovation greatly enhances the
flexibility and convenience of the equipment.’®? Self-powered
flexible devices are available as adhesive patches, which allow users
to attach them to their skin easily. Nonadhesive patches usually use
straps and tape assistance to adapt to different usage scenarios and
needs.

3.2.1 Adhesive Patches

Adhesive patches are designed to be lightweight and easy to
wear, so patients feel a minimal burden in their daily lives. The
materials for these patches are carefully selected to minimize
skin irritation and are suitable for long-term use, especially in
situations that require continuous monitoring or treatment.
Patients can maintain natural movement while wearing the
patch, without feeling uncomfortable or impacting their daily
life. 163

Modern adhesive patches are integrated with advanced
sensor technology, allowing real-time monitoring of vital signs.
164, 165 While combined with Al, this technology creates more
precise and flexible human-machine interfaces.®® 167 The first
problem that adhesive patches need to solve is how to better
adhere to the human body. In Fig.9a, a solid-state frictional
electric patch is shown, which uses a composite material called
polyethylene oxide/waterborne polyurethane/phytic acid to
form an effective current collector, along with silicone rubber
as the friction layer.1®* Autonomously adhering to non-flat skin
or clothing surfaces, this patch serves as a tactile sensor or skin
input touchpad for detecting physiological motions and
enabling remote control of electrical appliances. Combining
scalability, stretchability, and transparency, it meets a diverse
array of application needs, from transparent electronics to
artificial skin and intelligent interfaces. One of the key factors of

J. Name., 2013, 00, 1-3 | 13


https://doi.org/10.1039/d5mh00443h

Published on 21 Motsheanong 2025. Downloaded on 2025-05-23 00:53:21.

== Material!

ARTICLE

these devices is the hydrogel electrolyte. In one example, a
conductive double mesh ionic organic hydrogel with antifreeze,
self-healing, adhesion, and toughness was constructed.®’
Utilizing high-performance ionic organic hydrogel as the key
material for body motion strain sensors and all-solid-state
supercapacitors enables the creation of self-powered strain
sensors and flexible supercapacitor systems. In addition to the

Polyionic triboelectric patch

(0}
rd peeting off ——
atfach on the skin

o hydrogen bond
-‘L@r‘\nmm—li nking
Pattern mask
1
Push oy

st :mnsmrrn\

PEO/WPU/PA solution

/
/" and castingirying

/

PWP composite

(c) v o-MWCNTs

X 5 Cutting & Di § 0-CB SDS Self-powered

e Sterilizatio Ip-coating 4 strain sensing

0 =5 o 1
W i p
= i 7=
b —
Discarded mask MS MWCNTs/CB suspension

-Horizons: =1

Journal Name

adhesive patches composed of hydrogels, polycatigpicimadified
carbon nanodots /polyvinyl alcohol natidcBmpoxiteMpeRitet
electrolytes were utilized as the primary triboelectric materials
to build an innovative type of nanocomposite polymer
electrolytes-based fiber TENG, which expanded the material
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Fig. 9 Three cases of flexible devices. (a)Schematic illustration for the preparation of polyionic triboelectric patch. The patch structure consists
of a polyethylene oxide/waterborne polyurethane/phytic acid current collector and silicon rubber tribolayer. Reproduced with
permission from ref.’®4, Copyright 2021 Wiley-VCH GmbH. (b)Schematics and Structure diagram of the self-powered SWSAS for wireless
molecular monitoring. Structural design of the HNGM. The SEM images of etched PTFE and nylon film surface. Structure diagram of sweat
sensor patch. Reproduced with permission from ref.3%. Copyright 2022 Wiley-VCH GmbH. (c)Schematic illustration of the fabrication process
for MC-FHPG.The stretchability, flexibility, and knittability of the MC-FHPG. Self-powered wearable strain sensing performance and human
behavior monitoring applications. Reproduced with permission from ref.168, Copyright 2023 Wiley-VCH GmbH

With the continuous advancement of technology, these patches
are becoming more functional and personalized in design.
Manufacturers can customize patches that suit the specific needs of
different patients and provide tailored medical solutions. This
personalized medical service improves patient compliance and
enhances treatment effectiveness, allowing every patient to have a
more intimate and effective nursing experience. Adhesive patches
play an increasingly important role in modern medicine, providing
convenience and protection for patients' health management.

3.2.2 Straps and Tape-Assisted Nonadhesive Patches

Due to the inability of nonadhesive patches to autonomously adhere
to the human body, straps or adhesive tape are usually used for
assistance.

14 | J. Name., 2012, 00, 1-3

In addition to the nonadhesive patches assisted by straps used
for monitoring heartbeat and pulse rate and other physiological
activities mentioned earlier, nonadhesive patches assisted by straps
can also be used for detecting various secretions produced by the
human body, such as sweat detection. Just like Fig.9b shows, a
wireless wearable sweat analysis device can continuously and in situ
monitor biomarkers at the molecular level while effectively
converting the mechanical energy of human movement into
electrical energy.?? And it can wirelessly transmit sensor data to the
user interface through Bluetooth. In addition to the fluids secreted
by the human body, gases are also one of the standards for detecting
human health. Since COVID-19, masks used to detect or inhibit the
spread of pathogens have made great progress.’®® Nonadhesive
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patches for detecting harmful gases are important for maintaining
human health. For instance, a self-powered and reusable all-in-one
NO, sensor has been proposed.’’® This sensor is structurally and
functionally coupled to the battery, providing ultrahigh sensitivity,
linearity, an ultralow theoretical detection limit, and humidity
immunity. Moreover, it can be used as wearable electronics to
provide early and remote warning of gas leakage. Although
nonadhesive patches assisted by straps can adhere to the human
body, they cannot fit the curves of the body well.

Therefore, some nonadhesive patches use various non-toxic
adhesive tapes to adhere to the human body without affecting their
performance. For environmental considerations, a stretchable hydro
photovoltaic power generator based on fiber optics has been
designed, which has the advantages of high output, portability,
repeatability, and sustainable power generation (Fig.9c).1%8 COVID-
19 has countless discarded masks. The hydro photovoltaic power
generator is a functional micro/nano water diffusion channel based
on discarded mask strips and oxidized carbon nanomaterials,
enabling the applied water to generate power continuously in the
process of spontaneous flow and diffusion. In addition to the water
vapor evaporated by the human body, the heat it emits is also a
significant energy source. A self-powered, ultra-sensitive strain
sensor is designed based on a graphene thermoelectric composite
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thread using a simple 3D extrusion method.®? High-sepsitivity.strain
and temperature detection can be achieV&d #RrEUEHDEINEEQAEHT
generated by the thermoelectric effect. Adhesive tape-assisted
nonstick patches have various applications in daily life, which will not
be elaborated on here.

With the continuous advancement of technology and the
expansion of their application scope, flexible devices have shown
broad application prospects. They are anticipated to play a greater
role in various fields such as healthcare, sports, fashion, etc. in the
future, changing our way of life and health management.

4. The digital health application of self-powered
wearable sensors

Digital health is an evolving field that encompasses the extensive use
of digital technology in healthcare and health management.'’! These
technologies include health monitoring devices, mobile health
applications, electronic health records, remote healthcare, Al, and
data analysis. The core goal of digital health is to improve the
efficiency, accessibility, and personalization of medical services while
helping individuals better manage their health and make wiser life
choices.1”?
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Copyright 2024, The American Association for the Advancement of Science. (b)Structural design of the wound dressing with Bi,Tes NPs as
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Association for the Advancement of Science.

In this context, the real-time, portable, and
communication capabilities of self-powered wearable sensors make

remote them highly applicable in various digital health environments. These

sensors can continuously monitor users' health status and transmit
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data in real-time through smartphones or other devices, helping
users and healthcare providers stay informed about health
information at all times. This feature not only improves the
accessibility of data but also provides a foundation for the
development of personalized medical plans.

In this section, the application of self-powered wearable sensors
in digital health is mainly introduced. These applications can be
categorized into proactive prevention, intelligent diagnosis, precision
treatment, and scientific rehabilitation.

4.1 Proactive Prevention

Proactive prevention is a health management and risk control
strategy focusing on taking proactive measures to reduce the
likelihood or impact of future problems or diseases.'’* This approach
includes early intervention, health education, regular health
monitoring, lifestyle adjustments, and risk assessment to identify
potential health risks. By using self-powered wearable sensors and
remote communication control programs, it is possible to track users'
health data, detect abnormal situations, and take real-time
preventive measures.'’® This data-driven approach aims to improve
health awareness, promote active health management, and
ultimately reduce the overall incidence rate of chronic diseases while
improving the quality of life.176

Since the onset of COVID-19, there has been remarkable
progress in the development of masks designed to detect exhaled
gases. 1% On the mask, there are often exhaled breath condensates
(EBCs) formed by the condensation of water vapor in the exhaled
gases from the human body. EBCs contain a wealth of physiological
information about individuals. As a result, a mask-based system
called Exhaled Breath Conditioned Analysis and Respiratory
Evaluation (EBCare) is created for monitoring EBC biomarkers (see
Fig. 10a)73. EBCare can continuously monitor EBC analytes during
indoor and outdoor activities. EBCare has been validated for
evaluating metabolic status and respiratory inflammation both in
healthy individuals and in patients with related diseases.
Additionally, preventing wound infections is also a major aspect of
proactive prevention. A wearable self-powered wound dressing,
shown in Fig.10b, can be sensitized by different inducements from
the human body and offers on-demand treatment for both normal
and infected wounds.?® The height-adjustable dressing consists of
thermally catalyzed bismuth telluride nanoplates (Bi,Te; NP) based
on a carbon fiber fabric electrode. It is activated by the surrounding
temperature difference to produce hydrogen peroxide in a
controllable manner, effectively inhibiting bacterial growth. This self-
powered dressing has the potential to facilitate personalized wound
care, leading to enhanced healing outcomes. In addition to
preventing infections and infectious diseases, researchers also aim
to actively prevent other diseases. The principle involves isolating or
killing potential pathogens, which will not be elaborated on here.

In the future, these self-powered wearable sensors, combined
with Al and big data analysis, will provide personalized prevention
recommendations and help users develop health plans that are
suitable for themselves. These devices will also be more lightweight,
comfortable, and have longer battery life, thereby enhancing the
wearing experience. In addition, real-time data sharing with
healthcare providers will enable doctors to obtain patients' health
information promptly, thereby making more accurate decisions.

16 | J. Name., 2012, 00, 1-3

Ultimately, these technologies will better support remote healthcare
services, allowing users to receive guidance®oth Id6etersVatons e
promoting convenience and accessibility for proactive prevention,
and improving overall health levels.

4.2 Intelligent Diagnosis

Intelligent diagnosis utilizes advanced techniques such as Al,
machine learning, and data analysis to support or partially replace
traditional medical diagnostic processes.'’’ This innovative method
helps healthcare professionals identify diseases and health issues
faster and more accurately by analyzing large amounts of health data,
imaging data, and patient history information. Combined with self-
powered wearable devices, innovation in remote healthcare can also
be achieved. Medical professionals can remotely access users' health
data, provide timely feedback and guidance through intelligent
diagnostic systems, avoid unnecessary waiting for medical treatment,
and improve the accessibility of medical services.1’8

One of the primary goals of intelligent diagnosis is to assist
doctors in accurately diagnosing patients' diseases. The stethoscope
is the most commonly used diagnostic equipment by doctors, which
is why a digital stethoscope was developed. Fig. 11a illustrates a
wireless, sustained soft wearable stethoscope (SWS) used to
quantitatively diagnose a range of diseases.’® This software device
enables the monitoring of consecutive cardiopulmonary sounds with
minimal noise and classification signal anomalies, effectively
addressing the shortcomings of current digital stethoscopes, which
are often too bulky for consecutive auscultation. In addition to
medical devices, developing various testing equipment is a key
objective of intelligent diagnosis. A flexible sensor for multimodal
muscle state monitoring has been designed by integrating a snake-
shaped surface electromyography electrode with a fingerprint force
electromyography sensor into a patch approximately 250 um
thick(Fig.11b).18 This design allows for a comprehensive assessment
of muscle condition while maintaining a compact form. It ensures the
stability of fingerprint force electromyography sensors during
mechanical deformation and vibration. By analyzing the time-
domain and frequency-domain characteristics of electromechanical
coupling signals, this patterned coupling sensing patch demonstrates
practical applications in muscle strength tracking, fatigue assessment,
and muscle dysfunction recognition. Remote medical diagnosis is
also a significant area for the advancement of intelligent diagnosis. It
has enhanced the efficiency and quality of medical services, as well
as improved the treatment experience and quality of life for patients.
Chen et al.’8! designed a wearable sweat detection platform that
utilizes surface-enhanced Raman spectroscopy and is capable of
visually and intelligently analyzing sweat. The platform is made of
colorimetric paper containing silver NWs (AgNWs) (Fig.11c).'8! By
taking photos with a smartphone, the platform can intelligently
quantify the pH value and volume of the sweat using image
recognition technology. In diagnosing gout, the platform collects
surface-enhanced Raman spectroscopy spectra of human sweat
containing uric acid and analyzes them using Al algorithms.
Furthermore, the integration of remote medical diagnosis and self-
powered wearable sensors boosts patients' feelings of being actively
involved. Patients can track their health status at any time using
wearable devices and share feedback with their doctors, thereby
actively engaging in health management. This interaction not only
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improves patients' awareness of their health but also reinforces their
treatment adherence.
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The combination of intelligent diagnosis and self-powered
wearable sensors will advance with the development of Al. This will
enable accurate health assessments and personalized treatment
plans. The development of technology will reduce the cost of
telemedicine and wearable devices, and improve access to high-
quality medical services, especially in remote areas. A user-friendly
interface will enhance the patient experience, encourage active
health monitoring and management participation, and promote
more efficient, intelligent, and personalized medical services.

4.3 Precision Treatment

Precision therapy emphasizes tailoring treatment plans based on
multiple data points such as the patient's genomic information,
lifestyle, and environmental factors.'8 Self-powered wearable
sensors are essential to this process. The combination of precision

This journal is © The Royal Society of Chemistry 20xx

treatment and self-powered wearable sensors brings new
opportunities for personalized medicine. They can capture
dynamically changing data and help doctors adjust treatment
strategies promptly. For example, for patients with diabetes,
monitoring blood glucose levels can help doctors respond quickly
and adjust insulin dosage when necessary.'® This combination
enables doctors to develop more accurate treatment plans based on
the patient's specific needs and physiological status through real-
time monitoring and data analysis.

The combination of precision therapy and self-powered
wearable sensors has shown significant potential in various
applications. One common application is wound treatment. Fig.12a
depicts a "smart" bandage that utilizes multi-mode wearable devices
for physiological monitoring and active intervention to facilitate the
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healing of chronic wounds.’®* It has been developed, featuring a
closed-loop wireless-powered sensing along with a skin interface
hydrogel electrode that can be adhered to and separated on demand.
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Fig. 12 Precision treatment. (a)Schematic diagram and exploded view of the wireless smart bandage including FPCB and tissue-interfacing
conducting adhesive hydrogel. The schematic diagram for the hydrogel interface in the smart bandage. Schematic diagram illustrating
microscopic structural changes during LCST phase transition. Reproduced with permission from ref.184, Copyright 2022, The Author(s), under
exclusive licence to Springer Nature America, Inc. (b)Mechanism of drug and electrical stimulation synergistic therapy using an integrated
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outcomes of synergistic treatments. Reproduced with permission
Advancement of Science.

In addition, self-powered wearable sensors can be applied in
treating complex diseases. Rheumatoid arthritis is a widespread
autoimmune disease. An integrated smart device has been
developed with wearable and reconfigurable features for
inflammation monitoring and collaborative treatment of
Rheumatoid arthritis(Fig.12b).18> The integrated smart device shows
high capacitance, low impedance, and suitable mechanical
properties. In rodent models, impedance sensing has been validated
through machine learning models to indicate inflammatory
conditions and facilitate diagnosis. The subsequent collaborative
treatment results indicated significant symptom relief and synovitis
elimination. The treatment of diseases is often a long process that
can lead to muscle loss. In a study targeting the neurodegenerative
disease amyotrophic lateral sclerosis, Proietti et al.18¢ emphasized
the use of a soft, lightweight, portable robotic wearable assistant to
aid shoulder movements. Participants using the robotic wearable
devices showed improved shoulder range of motion during tasks that
simulate daily life activities. This device reduces shoulder muscle
activity and perceived muscle depletion while increasing endurance.
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from ref.185, Copyright 2024, The American Association for the

The combination of precision treatment and self-powered
wearable sensors will usher in an important development trend.
Technology integration and intelligence will enable sensors to
efficiently analyze physiological data and provide personalized
feedback. Secondly, personalized medical solutions will be
based on users' genetic information and real-time monitoring
data. Data interconnectivity will enhance diagnostic accuracy,
while remote monitoring and healthcare will improve patient
management. Overall, this combination will promote the
development of the medical industry towards intelligence and
precision.

4.4 Scientific Rehabilitation

The combination of scientific rehabilitation and self-powered
wearable sensors significantly improves the efficiency and
personalization of the rehabilitation process. These sensors can
monitor physiological indicators in real-time, provide
immediate feedback, and help adjust rehabilitation plans.'’> By
collecting data, personalized rehabilitation plans can be
developed to enable patients to participate and actively
enhance their self-management abilities.’®” In addition,
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combining Al for data analysis can identify trends and issues and
provide intelligent feedback. Overall, this combination
optimizes the rehabilitation effect and enhances patients' sense
of participation and safety. 188
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The main goal of rehabilitation is to reduce functional
impairments caused by illness or injury and help patients return
to their daily lives, work, and social activities as much as possible.
The knee joint is a vulnerable area in daily life, often susceptible
to injuries and strain due to its crucial role in movement and
weight-bearing activities. A magnetically driven piezoelectric
cantilever beam generator array effectively harvests energy
from human joint motion to power temperature and humidity
angles
velocities(Fig.13a).*> A wearable joint rehabilitation monitoring

sensors, while detecting rotation and angular
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system combines this array with wireless data acquisition and
software, enabling real-time measurement of joint range of
motion and flexion evaluation for effective rehabilitation.
Moreover, as technology advances, knee joint detection
equipment is continually updated, improving accuracy and
effectiveness in monitoring and diagnosing issues. Fig.13b
presents a wearable brace designed for the rehabilitation self-
assessment of patients undergoing total knee arthroplasty.*!
This system consists of force sensors to measure muscle
strength and active angle sensors to detect knee joint curvature.
Clinical trials with total knee arthroplasty patients have shown
the system's feasibility and significance. Specifically, by utilizing
personalized healthcare through the braces, the rehabilitation
process is quantified in terms of muscle strength, leading to
measurable enhancements in recovery. In addition to these,
many exoskeletons and pressure wearable sensors mentioned

earlier are scientific rehabilitation devices.

This journal is © The Royal Society of Chemistry 20xx

By applying Al technology, sensors can adjust training
intensity based on monitoring data and provide real-time
guidance. Remote rehabilitation support will enhance patient
convenience and accessibility, and data integration and analysis
will promote collaboration among medical teams. The system
will also be able to identify potential health risks, achieve early
intervention, and reduce the incidence of complications.
Additionally, wearable devices will be more lightweight and
comfortable, enhancing the user experience. This combination
will promote the development of rehabilitation medicine
towards intelligence and personalization, improving patients'

rehabilitation outcomes and quality of life.

5. Challenges and Prospects

Currently, self-powered wearable sensors are making significant
advancements in the field of digital health and are transforming the
way health monitoring and management are carried out.'® However,
this technology also faces several challenges, including improving
sensor sensitivity, achieving device miniaturization, enhancing self-
powered efficiency, optimizing remote communication control, and
integrating multifunctional capabilities and Al applications.'®
Addressing these issues will not only enhance the practicality and
user experience of devices but also improve the accuracy and real-
time performance of health data, thereby promoting the broader
development of self-powered wearable sensors in the medical
domain.161
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1)

2)

To improve the sensitivity of self-powered wearable sensors, it
is crucial to focus on improving material properties and
refining structural design. Advanced materials such as high-
sensitivity semiconductors, nanomaterials, or composite
materials can greatly enhance the sensor's response to specific
signals due to their superior electrical and mechanical
properties at the microscopic level. Moreover, optimizing the
structural design of sensors is essential. Increasing the sensor's
surface area or optimizing its geometry can effectively improve
its signal-capturing ability. For instance, utilizing complex
shapes through multi-layer structures or 3D printing
technology can enhance the contact area with physiological
signals, thereby improving sensitivity and response speed. By
optimizing both material and structural design, self-powered
wearable sensors are expected to significantly improve
sensitivity, leading to broader and more effective health
monitoring and management applications.

To achieve miniaturization of equipment, in addition to
material improvement and sensor design optimization,
utilizing advanced preparation techniques and optimizing
packaging design are equally crucial. During the preparation
process, the use of MEMS technology to manufacture
microsensors can achieve both compact and efficient sensor
design. This technology significantly reduces the size of sensors
while maintaining functionality, making them suitable for the
requirements of wearable devices. Despite advancements,
MEMS still encounters significant challenges, including the
need for complex multi-layer interconnects and sensor
integration in printed circuits. Additionally, there is a critical
need to balance size, cost, and scalability to achieve efficient
multifunctional integration at the micrometer level. Another
effective method is to develop ultra-thin sensors that are easily
integrated into clothing or patches. This integration method
not only improves portability but also enhances the user's
wearing comfort. In addition, optimizing packaging design is
equally important, as sensors can be protected through film
packaging and 3D packaging technology while maintaining
their flexibility. This packaging method not only effectively
protects the sensor but also ensures its reliable performance
in various environments. In short, through comprehensive

20 | J. Name., 2012, 00, 1-3

optimization of materials, design, and packaging, the
miniaturization of devices will greatly enhance the practicality
of self-powered wearable sensors, making them better meet
the needs and application scenarios of users.

To enhance the efficiency of self-powered equipment, various
methods can be utilized, including improving energy utilization
and optimizing energy management systems. When it comes
to optimizing energy utilization, hybrid power generation
methods can be employed by combining nanogenerators with
other power sources such as fuel cells and electrochemical
methods. This comprehensive use of different energy sources
can ensure a stable and efficient power supply for equipment
in various environments and application scenarios. Moreover,
the development of low-power sensor devices is essential for
improving the performance of energy management systems.
These low-power devices can maintain efficient monitoring
functions while minimizing energy consumption, thereby
extending the working time of self-powered devices.
Additionally, integrating energy capture, storage, and sensor
capabilities into a compact system can effectively reduce
losses during energy transmission. This integration can
improve the overall efficiency of the system and enhance the
reliability and portability of the equipment. In summary, by
improving energy utilization and optimizing energy
management, the efficiency of self-powered wearable devices
will be significantly enhanced, providing more sustainable and
reliable power support for health monitoring and other
application areas.

To achieve multifunctional integration, we can use modular
design, multi-sensor fusion, and intelligent processing units.
Modular design allows for independent design of sensors,
communication modules, and energy harvesting modules,
facilitating the integration of different functions and enhancing
upgrade flexibility. By designing flexible interfaces and
communication protocols, seamless integration of different
functional modules can be achieved, ensuring overall
compatibility and scalability of the system. Integrating multiple
sensors can improve the accuracy and reliability of data
through data fusion technology, allowing data from different
sensors to complement each other and provide more

This journal is © The Royal Society of Chemistry 20xx
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comprehensive health monitoring information. Using
computer algorithms to process multi-sensor data can better
analyze users' health status and help doctors develop
personalized medical plans. The integrated intelligent
processing unit can achieve on-site data processing and
analysis, reducing dependence on data transmission. Through
edge computing technology, the system can conduct real-time
data processing and analysis, thus improving the reaction
speed and decision-making efficiency. This efficient processing
capability not only optimizes the user experience but also
enhances the potential application of wearable devices in
dynamic health monitoring. In short, through multifunctional
integration, self-powered wearable devices will better meet
the needs of modern healthcare and health management.

5) To enhance remote communication control, we can utilize low-
power communication design and an intelligent data
transmission strategy. The low-power communication design
employs technologies like Bluetooth Low Energy or Near Field
Communication to reduce device energy consumption and
prolong the usage time of wearable sensors. Additionally, low-
power wide area network technologies such as Zigbee or LoRa
can be utilized to expand communication range and ensure
stable data transmission over longer distances. Implementing
intelligent data transmission strategies is also crucial. These
strategies can dynamically adjust the transmission frequency
and optimize based on the importance and urgency of sensor
data. For example, using an event-driven transmission
mechanism and transmitting data only when necessary can
effectively reduce unnecessary communication and save
electricity. By combining these approaches, remote
communication can improve energy efficiency, ensure the
timeliness and reliability of data transmission, and provide
users with a better health monitoring experience. In summary,
optimizing remote communication control will significantly
enhance the practicality and functionality of self-powered
wearable sensors.

6) In the future, the combination of self-powered wearable
sensors and intelligent Al will expand the applications in the
field of digital health. Al can analyze individuals' lifestyle habits,
provide advice on healthy lifestyles, and help people better
maintain their health in daily life. For example, individuals can
receive personalized advice through Al to promote healthy
daily activities and dietary habits. In terms of physical exercise,
Al can analyze sports data, provide feedback on sports
performance, and offer improvement suggestions. This allows
users to adjust their exercise routine promptly, enhancing their
effectiveness. Additionally, Al can create personalized training
plans to help users optimize their exercise performance,
ensuring that their workouts are both effective and safe. The
application of Al is equally crucial in health monitoring and
management. By analyzing data from sensors, Al can predict
potential health risks and provide personalized health
recommendations. Through real-time monitoring of
physiological indicators, Al can identify abnormal patterns and
issue timely alerts when potential problems are discovered.
This intelligent health management not only enhances the
monitoring ability of users' health status but also provides

This journal is © The Royal Society of Chemistry 20xx
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necessary interventions at critical moments, further impreying
users' quality of life. In short, the conibiiatio 6/ SeHipeeted
wearable sensors and intelligent Al will bring revolutionary
changes to the field of digital health, enabling individuals to
more actively manage their health and enjoy more
personalized and efficient health services.

6. Conclusions

This extensive review provides an in-depth exploration of the various
power supply methods, structural forms, and diverse applications of
self-powered wearable sensors within the digital health domain. The
detailed analysis encompasses the influence of structural design,
material enhancements, and ongoing advancements in Al on the
practical implementation of self-powered wearable sensors. It
advocates for further innovation and refinement of self-powered
wearable sensors to effectively cater to the evolving needs of future
users. In summary, this review underscores the substantial impact of
self-powered wearable sensors on the progression of digital health.
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