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ABSTRACT: With the advancements in materials science and micro/nanoengineering, the
field of wearable electronics has experienced a rapid growth and significantly impacted and
transformed various aspects of daily human life. These devices enable individuals to
conveniently access health assessments without visiting hospitals and provide continuous,
detailed monitoring to create comprehensive health data sets for physicians to analyze and
diagnose. Nonetheless, several challenges continue to hinder the practical application of
wearable electronics, such as skin compliance, biocompatibility, stability, and power supply.
In this review, we address the power supply issue and examine recent innovative self-
powered technologies for wearable electronics. Specifically, we explore self-powered sensors
and self-powered systems, the two primary strategies employed in this field. The former
emphasizes the integration of nanogenerator devices as sensing units, thereby reducing
overall system power consumption, while the latter focuses on utilizing nanogenerator
devices as power sources to drive the entire sensing system. Finally, we present the future
challenges and perspectives for self-powered wearable electronics.
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1. INTRODUCTION
Humans increasingly depend on wearable sensors to monitor
their physical and physiological conditions,1−5 thereby
enhancing the quality of life in the digitalized and intelligent
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world. For example, wearable or attachable devices can
monitor heart rate, electrocardiograph signals,6−8 providing
crucial information for diagnosing heart diseases. Skin
temperature can be obtained through flexible devices,9−11

serving as direct indicators of certain diseases related to
immune response. Body motion analysis can reveal health
conditions associated with orthopedics, muscles, or neuro-
logical disorders.12−14 Additionally, attachable electronic
patches can monitor sweat to indicate metabolic condi-
tions.15−17 Sensing devices have also been developed for
monitoring respiration,18,19 blood,20,21 and skin22 to provide
early warning signs for related diseases.

Despite significant advancements in benchside research over
the past decade, the market adoption of flexible sensors
remains limited due to several bottlenecks that hinder their
maturation, one of which is power supply. Specifically,
incorporating a battery in a wearable sensor system imposes
constraints on its volume and weight, thereby limiting its
potential applications. Moreover, when the battery is depleted,
continuous monitoring is disrupted, potentially affecting the
accuracy of estimations and consequently reducing user
engagement. Thus, the development of wearable systems
with innovative power supply technologies is of paramount
importance.

Figure 1. Emergence of the self-powered concept. (a) ZnO nanowires and (b) electricity generation by using an AFM tip to bend a ZnO nanowire.
Reproduced with permission from ref 24. Copyright 2006 AAAS. (c) Sketch of the self-powered nanosystem. Reproduced with permission from ref
25. Copyright 2010 Elsevier Ltd. (d) Self-powered nanosystem with wireless data transmission. Reproduced with permission from ref 26. Copyright
2012 Wiley-VCH.

Figure 2. Rapid development of self-powered nanosystems and their applications in wearable electronics. Piezoelectric nanogenerator in 2006.
Reproduced with permission from ref 24. Copyright 2006 AAAS. Self-powered nanosystems in 2008 and 2011. Reproduced with permission from
ref 27. Copyright 2011 WILEY-VCH. Triboelectric nanogenerator in 2012. Reproduced with permission from ref 28. Copyright 2012 Elsevier Ltd.
Self-charging power unit in 2013. Reproduced with permission from ref 29. Copyright 2013 American Chemical Society. Hybrid power suit in
2016. Reproduced with permission from ref 30. Copyright 2016 Springer Nature. Self-powered sensors in 2018. Reproduced with permission from
ref 31. Copyright 2018 AAAS. Self-powered skin electronics powered by sweat in 2020. Reproduced with permission from ref 33. Copyright 2020
AAAS. Symbiotic cardiac pacemaker. Reproduced with permission from ref 32. Copyright 2019 The Authors.
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In 2008, Wang introduced the concept of self-powered
nanosystems23 based on the developed piezoelectric nano-
generator, which is capable of converting the mechanical
trigger from an AFM tip into an electrical output, as reported
in 2006 (Figure 1a and 1b).24 The self-powered nanosystem
comprises a sensor, a data processing and transmission circuit,
and an energy harvesting and storage unit, as depicted in
Figure 1c and 1d. The energy harvester can convert ambient
mechanical, thermal, chemical, and even solar energy into
electricity, which then powers the subsequent sensing
processes, including data acquisition, processing, and trans-
mission.

Subsequently, numerous self-powered prototypes have been
developed. As illustrated in Figure 2, a nanogenerator based on
piezoelectric materials was reported in 2006.26 This was
followed by the proposal of a self-powered nanosystem in
2008.23−25 In 2011, a fiber-based piezoelectric nanogenerator
featuring thousands of ZnO nanowires was fabricated, and the
first self-powered electronic watch powered by a ZnO−
nanowire array was reported.27 In 2012, a novel mechanical
energy harvesting approach based on triboelectrification and
electrostatic induction emerged, named a triboelectric nano-
generator (TENG).28 Due to its high output performance, self-
powered nanosystems have advanced further. For example, a
self-powered energy cell consisting of a TENG and a Li-ion
battery was reported in 2013.29 In 2016, a combination of
TENGs and solar cells was woven into fabric, serving as a
wearable power supply.30 In 2018, employing a TENG as a
self-powered sonic sensor was proposed, with the device

functioning as a hearing aid for humans or robots.31 In 2020, a
self-powered sweat sensing system powered by human motion
energy was demonstrated. Furthermore, a symbiotic cardiac
pacemaker was unveiled in 2021,32 enabling the pacemaker to
be driven by the host organism’s own heartbeat.

Over the past decade, various innovative technologies and
self-powered prototypes have been developed, Figure 3,
making self-powered technology promising for wearable
applications. As researchers worldwide devote significant effort
to this field, two main research strategies have emerged: one
involves using nanogenerators as power sources to drive
sensing units and processing circuits, thereby constructing
complete self-powered systems; the other entails employing
energy harvesters as sensing units, serving as self-powered
sensors, and then integrating them with processing circuits and
external power sources to create low-power-consumption
systems. The former approach benefits from mature sensing
devices, but its drawback lies in the depletable nature of the
generated power from current powering techniques, which
limits the system’s functionalities. Conversely, the latter
approach enables the use of self-powered sensors to extend
the overall system’s battery life, directly integrate with mature
processing and power circuits, and in some scenarios enhance
the signal-to-noise ratio due to the self-generating-signal
ability.34 However, this method requires external power
sources and the development of additional self-powered
sensors. Therefore, in the subsequent sections, we will discuss
both strategies and present other innovative powering
techniques suitable for wearable applications.

Figure 3. Self-powered sensors and self-powered systems in wearable electronics: self-powered sensors employ energy harvesters as sensing units.
(i) Piezoelectric sensor. Reproduced with permission from ref 66. Copyright 2019 Springer Nature. (ii) Triboelectric sensor. Reproduced with
permission from ref 31. Copyright 2018 AAAS. (iii) Triboelectric sensor. Reproduced with permission from ref 118. Copyright 2021 The Authors.
(iv) Piezotronic sensor. Reproduced with permission from ref 130. Copyright 2019 American Chemical Society. Self-powered systems employ
energy harvesters as power sources. (i) Triboelectric powered. Reproduced with permission from ref 76. Copyright 2015 The Authors. (ii)
Thermoelectric powered. Reproduced with permission from ref 192. Copyright 2020 AAAS. (iii) Photovoltaic powered. Reproduced with
permission from ref 234. Copyright 2018 Springer Nature. (iv) Biofuel powered. Reproduced with permission from ref 33. Copyright 2020 AAAS.
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2. SELF-POWERED WEARABLE SENSORS
In this section, we present typical self-powered wearable
sensors based on piezoelectric, triboelectric, piezotronic, and
tribotronic effects.
2.1. Piezoelectric Sensors

2.1.1. Mechanism. Piezoelectricity has been reported for a
long time.35,36 It stands for the electricity generation due to the
breaking of the material structure’s central symmetry under
pressure. It has been widely exploited in applications, such as
the sonic production37 and detection,38 inkjet printing,39

scanning microscopes,40,41 high-voltage electricity genera-
tion,42 etc. The first nanogenerator is based on the piezo-
electricity of zinc oxide (ZnO). Under an external force, the
central symmetry in the ZnO crystal structure is broken,
forming a piezopotential. For example, in the wurtzite structure
of a ZnO crystal, Zn2+ and O2− are stacked layer-by-layer along
the c axis43 (see Figure 4a), and the charge center of the
cations and anions overlap at this stage. When the structure is
deformed under an external force, the charge centers are
separated and thus form an electric dipole, resulting in a
piezopotential (Figure 4b). Therefore, free electrons are driven
to flow through the external circuit in order to screen the
piezopotential and achieve electrostatic equilibrium. That is
the mechanics−electricity conversion process (see Figure
4c).44 If the external force is periodically applied, the
nanogenerator will continuously output (Figure 4d). Based
on this working principle, numerous forms of piezoelectric
devices are reported.45−48

2.1.2. Piezoelectric Materials for Wearables. The
integration of sensing elements with the soft and curvilinear
surfaces of the human body requires attention to materials
design to obtain seamless and breathable interfaces, which
ensures devices’ robustness and wearers’ comfort during daily
motions.48,49 Therefore, flexible/stretchable materials are

required. Traditional piezoelectric materials are piezoelectric
ceramics, e.g., lead zirconate titanate (PZT).50 Although it
possesses a high piezoelectric coefficient (PC) of 218.7 pC
(d33), the toxicity of ingredients and low flexibility restrict its
wearable applications. Hence, soft piezoelectric materials have
been rapidly developed. Figure 5a shows an array of ZnO
nanorods capsulated by soft jelly, such as polydimethylsiloxane
(PDMS) or Ecoflex. Under bending or stretching, the jelly
compresses the ZnO nanorods, delivering electricity output.
Poly(vinylidene fluoride) (PVDF), as an organic material with
inherent flexibility, is also widely used as the piezoelectric
material. It can be fabricated as fibers and textiles, which are
suitable for wearable applications. Lin reported PVDF fibers
fabricated via electrospinning (Figure 5b) with in situ
mechanical stretching and electrical poling to produce
piezoelectric properties.51,52 Besides, diversiform piezoelectric
fibers, combining wearability and piezoelectricity, have been
discussed in the literature (including inorganic ceramics or
organic polymers).53 Another approach to obtain soft piezo-
electric materials is softening traditional piezoelectric ceramics.
Figure 5c shows a buckled PZT ribbon array, which makes the
whole film retractable. Compared with PVDF, it exhibits 10-
times higher output; however, the reported largest strain is
8%.54 Figure 5d shows the barium carbonate-doped soft
dielectric materials.55 The challenge lies in how to align the
barium carbonate c axis to achieve a high PC value.
Furthermore, as more new materials emerge, two-dimensional
MoS2 shows its piezoelectric property and forms a soft and
transparent device, as shown in Figure 5e.56 Besides, poly(L-
lactic acid) (PLLA) and poly(vinyl alcohol) (PVA)/glycine/
PVA were recently proposed due to their excellence in
softness, piezoelectric property, and biocompatibility (Figure
5f and 5g).56,57,59,60 Notably, PVA is employed to promote the
crystallization of glycine due to the hydrogen bonding at the
PVA−glycine interface, which results in a large-scale

Figure 4. Sketch of the piezoelectric mechanism. (a) Wurtzite-structured ZnO. (b) Piezopotential in tension and compression. (c) Numerical
calculation of the piezoelectric potential distribution in a ZnO nanowire under axial strain. Reproduced with permission from ref 43. Copyright
2009 AIP Publishing LLC. (d) Potential of a piezoelectric nanowire under bending. Reproduced with permission from ref 48. Copyright 2008
Springer Nature.
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generation of a piezoelectric film, with water-soluble and
biodegradable properties.

2.1.3. Devices and Applications. In this section, we show
examples of wearable sensors based on a piezoelectric
mechanism. Figure 6a shows a finger bending monitoring
device made up of a ZnO nanowire on a flexible substrate with
an output around 0.1 V.62 And, the sensor output can be
enhanced by serially connecting the devices. Figure 6b presents
a sonic sensing application based on PVDF, where the sensing
film will detect the sonic signals.63 Figure 6c shows the
application of using a piezoelectric device as the phonation
sensor to help dumb people. The serpentine mesh layout was
employed to achieve the desired stretchability instead of
modifying the intrinsic mechanical properties of PVDF.64

Figure 6d shows a smart insole, where the piezoelectric film of
PVDF serves as a pressure sensor to detect the wearer’s foot
pressure distribution.65 It is useful to assist doctors in the
diagnosis of some orthopedic disorders, e.g., lumbar stenosis.
In this work, the authors collected time-varying pressure data
during patients walking and then employed machine learning
analysis to evaluate and predict the patients’ disorders.
Eventually, the system can recognize the patients from the
healthy group and evaluate the patients’ postoperative recovery

status. Figure 6e illustrates the piezoelectric sensor’s
application in robotics. Notably, Han et al. utilized a three-
dimensional processing technique to fabricate a stereo-
structure. Therefore, the sensor can detect multidirectional
force trigger, making it a high-sensitivity touch sensor.66

2.2. Triboelectric Sensor

2.2.1. Mechanism. The triboelectric nanogenerator was
first proposed in 2012.28 It combined contact electrification
and electrostatic induction, converting mechanical motions
into electricity output.67−69 Generally, when two materials
come in contact, due to the difference in the electron affinities,
electrons are inclined to transfer from the one with lower
affinity to the other with higher affinity; therefore, polarization
is generated across the interface. Afterward, when the two
materials separate or approach periodically, the electric field
varies and causes electrons to move back and forth between
the two electrodes located behind the contacting materials via
external wires/circuits. Thus, alternative current is obtained
(Figure 7a, more details about the working principle of the
TENG can be found in the literature70−72). The output could
be employed as a power supply73−76 or as a sensing signal.77−80

Figure 5. Common piezoelectric materials for wearable applications. (a) ZnO nanorod array. Reproduced with permission from ref 58. Copyright
2010 WILEY-VCH. (b) PVDF fibers. Reproduced with permission from ref 51. Copyright 2010 American Chemical Society. (c) Buckled PZT
ribbons. Reproduced with permission from ref 54. Copyright 2011 American Chemical Society. (d) BaTiO3-doped dielectric materials. Reproduced
with permission from ref 55. Copyright 2013 American Chemical Society. (e) Two-dimensional materials of MoS2. Reproduced with permission
from ref 61. Copyright 2014 Springer Nature. (f) Implantable PLLA. Reproduced with permission from ref 57. Copyright 2022 AAAS. (g) Wafer-
level bio-organic glycine. Reproduced with permission from ref 56. Copyright 2021 AAAS.
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In this section, we focus on the sensing performance of the
TENG.

It is also worth noting that both TENGs and PENGs are on
the basis of the dielectric materials’ polarization. The physical
theory is derived from the classical Maxwell equation,
specifically the displacement current ∂Ps/∂t, as shown in
Figure 7b.81 The PENG output is determined by the variation
of the displacement current inside the piezoelectric material,
whereas that of the TENG is determined by the variation of
the displacement current during the interface of two contacting
materials. Specifically, the output of the TENG is characterized
by a term P

t s, where Ps is mainly due to the existence of the
surface charges and the relative movement of the objects as
driven by mechanical motion. In general, the conventional
Maxwell equations are for media whose boundaries and
volumes are fixed and stationary. But, for the cases that involve
moving objects, such as the case in the TENG, the equations
have to be expanded. Starting from the integral forms of the
four physics laws, Wang derived the expanded Maxwell
equations in differential forms for slow moving objects (v ≪

c). The Maxwell equations for a mechano-driven slow-moving
media system are given by82−84

· = ·D Pf s (1a)

· =B 0 (1b)

× + × =E v B B
t

( )r (1c)

× [ × + ] = + + [ + ]H v D P J v P
t

D( )r s f f s

(1d)

The moving velocity of the unit charge inside the medium is
split into two components: the moving velocity v of the
moving reference frame and the relative moving velocity (vr) of
the point charge inside the medium with respect to the moving
reference frame. These equations are most useful for describing
the electromagnetic behavior of moving media with accel-
eration, and they are fundamental for dealing with the coupling
among mechano−electric−magnetic multifields and the
interaction. The expanded equations are the most compre-
hensive governing equations including both electromagnetic

Figure 6. Piezoelectric sensors for wearable applications. (a) Finger motion sensor. Reproduced with permission from ref 62. Copyright 2009
American Chemical Society. (b) Sonic wave sensor. Reproduced with permission from ref 63. Copyright 2015 MDPI. (c) Vibration sensor.
Reproduced with permission from ref 64. Copyright 2019 American Chemical Society. (d) Plantar pressure sensors. Reproduced with permission
from ref 65. Copyright 2022 WILEY-VCH. (e) Three-dimensional touch sensor. Reproduced with permission from ref 66. Copyright 2019
Springer Nature.
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interaction and power generation as well as their coupling for a
TENG. Of course, the applications of Maxwell’s equations for
a mechano-driven system are more general, and their
application fields are way beyond the cases for a TENG.

Another interesting research focus of TENGs is the origin of
the transferred charge. In the past, an electron transfer
mechanism dominated, and theories based on the metals’
work function were adopted to explain the variety of materials’
electrification abilities.85 Afterward, Whitesides reported an ion
transfer mechanism in cases of solid−liquid.86 Meanwhile,
there are some other opinions which point out that the contact
process will cause mass transfer and then lead to
electrification.87 Since 2018, Wang has published a series of
works on this topic. It was found that in the case of solid−solid
contact, electron transfer is dominant as the as-generated
charge recession follows the hot electron emission rule, which
are both proved at macro- and microscales88−90 (Figure 7c).
When the contact happens in water and a solid, both electron
and ion transfer exist91,92 (Figure 7d), where the ratio is
determined by the contact angle of the solid. Other works

about the charge transfer mechanism have been discussed in
detail in the references, including liquid−liquid contact,93,94

gas−solid contact,95 etc. (Figure 7e).
As for the TENG device, it has been widely investigated, and

four modes have been developed, i.e., contact-separation
mode, sliding mode, single-electrode mode, and free-standing
mode, as shown in Figure 7f.96 They are suitable for different
application scenarios. For example, the contact-separation
mode can sense pressing or triggering, while the sliding mode
is suitable for displacement sensation. A single-electrode mode
can be used in many cases for its simple structure
configuration, but the drawback is its lower interference
resistance and signal output. The free-standing mode works
similarly to the sliding mode and takes the feature of the facile
fabrication process. Many self-powered triboelectric sensors
have been designed based on the above four modes.97−99

2.2.2. Triboelectric Materials for Wearables. As for
wearable applications, materials are also required to be flexible,
stretchable, and lightweight. In this section, we recall common
materials used for wearable triboelectric sensors. Among them,

Figure 7. Mechanism of triboelectric nanogenerators. (a) First triboelectric nanogenerator. Reproduced with permission from ref 28. Copyright
2012 Elsevier Ltd. (b) Theory of the triboelectric devices. Reproduced with permission from ref 82. Copyright 2016 Elsevier Ltd. (c) Mechanism
of tribocharges’ transfer between the interface pair. Reproduced with permission from ref 88. Copyright 2018 WILEY-VCH. (d) Electron/ion
transfer both exist in the solid−water contact. Reproduced with permission from ref 91. Copyright 2020 The Authors. (e) Charge transfer during
liquid−liquid contact. Reproduced with permission from ref 94. Copyright 2022 WILEY-VCH. (f) Four working modes of TENG devices.
Reproduced with permission from ref 97. Copyright 2014 Elsevier Ltd.
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polydimethylsiloxane (PDMS) is commonly utilized at the
beginning for the mold fabrication, as shown in Figure 8a.
Researchers employed the molding process to fabricate various
PDMS films, covered by gratings, pillars, pyramids, and even
micro−nano dual structures,77,100,101 which increases the
contact area, also weakens the sticky surface to some degree,
and eventually enhances the sensors’ signal output. Bao
introduced a porous structure in PDMS (Figure 8b), serving
as a Young’s module switchable approach for contact
materials.102 Besides, paper103,104 and wood,105 which are
eco-friendly, are also utilized as triboelectrification materials.
Mao et al. proposed a paper-based triboelectric device (Figure
8c), with a maximum power density of 53 W/m2. It can
effectively convert mechanical energy from the action of
turning book pages into electricity, serving as a document
monitor.106 Luo et al. reported a wood-based triboelectric
sensor for athletic big data collecting and it applied in table
tennis.105

With the development of a human−machine interface,
devices based on materials with high flexibility, gas
permeability, and wearability have been reported. Yi et al.
showed a stretchable device by using a conductive liquid as the
induction electrode covered with rubber. It can stand 300%
strain and be able to sense arm motions.107 Similarly, Pu et al.
presented a hydrogel triboelectric sensor,108 which can stand
up to 1160% strain and delivers an output of 35 mW/m2

(Figure 8d). Another factor for wearable applications that
should be considered is breathability. It is important to adjust
the thermal−moisture balance and achieve gas exchange
between human skin and the environment, and low breath-

ability could cause skin discomfort and even induce
inflammation and itching.109 Dong et al. fabricated a
triboelectric sensor by sandwiching a silver nanowire (Ag
NW) between polylactic-co-glycolic acid (PLGA) and poly-
(vinyl alcohol) (PVA).110 With the micro-to-nano hierarchical
porous structure, the device has a high specific surface area and
numerous capillary channels for thermal−moisture transfer
(Figure 8e and 8f). Besides, researchers also developed
functional fibers to compose an inherent wearable triboelectric
sensor. For instance, Yang et al. fabricated yarn-based
stretchable triboelectric sensor arrays (Figure 8g), detecting
hand motions, which allows real-time translation of signs into
spoken words.111 Other fiber-based TENGs can be found in
the references.106,107

2.2.3. Force-Sensitive Devices. Triboelectric sensors are
inherent to deliver electricity output under external mechanical
triggers. Thus, many self-powered wearable sensors have been
proposed. Among them, devices based on force-sensitive
mechanisms have been widely investigated. Figure 9a show a
schematic of the general sensing mechanism. When the
external mechanical trigger is applied, the gap between two
contact materials varies and then induces an output potential.
Figure 9b illustrates a soft pressure sensor, which is made up of
PTFE/nylon with ITO as the induction electrode. The device
works in the single-electrode mode. When an external
mechanical force is triggered, PTFE approaches nylon, causing
electron flow in the circuit, delivering a sensitivity of 51 mV/Pa
with a response time less than 6 ms. Then, it was demonstrated
to measure the dynamic pressure of human sphygmic or work
as an anti-interference throat microphone, which could be used

Figure 8. Common triboelectric materials for wearable applications. (a) PDMS with micropatterns. Reproduced with permission from ref 101.
Copyright 2015 American Chemical Society. (b) Porous PDMS for TENGs. Reproduced with permission from ref 102. Copyright 2014 American
Chemical Society. (c) Paper TENGs. Reproduced with permission from ref 103. Copyright 2015 American Chemical Society. (d) Hydrogel
TENGs. Reproduced with permission from ref 108. Copyright 2017 The Authors. (e) TENG devices based on electrospinning materials.
Reproduced with permission from ref 110. Copyright 2020 The Authors. (f) TENG devices based on a conductive liquid and rubber. Reproduced
with permission from ref 107. Copyright 2016 The Authors. (g) Fiber TENGs. Reproduced with permission from ref 111. Copyright 2020 The
Authors.
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for recovering the human throat voice even in an extremely
noisy environment.114 Figure 9b illustrates a contact-separation
mode TENG, working as an auditory sensor. It is based on a
porous structure, with the Au/FEP as the electrification pair,
and delivers a sensitivity of 110 mV/decibel. Then, it was used
to construct a hearing aid, which simplified the signal
processing and reduced the power consumption.31 In order
to enhance the comfort and air permeability, researchers
employed electrospinning to fabricate a skin-compliant strain
sensor (Figure 9c). Its high specific surface area and numerous
capillary channels assure the thermal−moisture transfer, which
was found to be 120 mm/s, compared to commercial jeans of
10 mm/s.110 Figure 9d illustrates a TENG strain sensor made
up of fibers. It offers excellent mechanical durability, high
sensitivity, and a quick response time and then was used to

construct a wearable sign-to-speech translation system. A total
of 660 sign language hand gestures based on American Sign
Language (ASL) were acquired and successfully analyzed, with
a high recognition rate of 98.63% and a short recognition time
of less than 1 s.112

2.2.4. Displacement-Sensitive Devices. A force-sensi-
tive mechanism has been widely utilized for its shape
compliance and simple structure. However, environmental
influences, the materials’ viscoelasticity, and fatigability will
inevitably affect the sensors’ output amplitude and thus lower
the precision as well as the stability. To solve this problem, a
displacement-sensitive mechanism was found to be a
promising solution. It combines the relative sliding with the
TENG’s grating electrodes, making the sensor output
alternative waveforms, according to the displacement (Figure

Figure 9. Force-sensitive triboelectric sensors. (a) Schematic of the general sensing mechanism. (b) Sphygmic monitoring. Reproduced with
permission from ref 114. Copyright 2015 WILEY-VCH. (c) Sonic sensing. Reproduced with permission from ref 31. Copyright 2018 AAAS. (d)
Human motion detecting. Reproduced with permission from ref 110. Copyright 2020 The Authors. (e) Gesture monitoring. Reproduced with
permission from ref 111. Copyright 2020 The Authors.
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10a). Thus, the signal’s phase variation indicates the
information on the external mechanical motion. Even if the
signal’s amplitude varies owing to influencing factors, its phase
variation remains stable, assuring the sensing precision.

Figure 10b shows a TENG angular sensor.115 It consists of
two rotation disks: one serves as the stator and the other as the
rotator. Under mechanical triggers, the rotator rotates relative
to the stator and continuously delivers periodic waveforms
with one waveform corresponding to one electrode unit.
According to the signal’s phase variation, the rotation degree
can be obtained. When the temperature and humidity
influence the signal amplitude, the phase will not change, so
that the sensor possesses high precision. Subsequently,
researchers demonstrated its applications in a medical
rehabilitation exoskeleton, where the angular sensor was
embedded and able to monitor the total knee arthroplasty
(TKA) patients’ postoperative knee bending motions long

term (Figure 10c). By combining data sharing and doctors’
guidance, patients achieved over 20−30% enhancement in
recovery.116 Due to the inherent high precision of displace-
ment-sensitive sensors, more sensing devices have been
developed.117−120 For instance, Lee reported a bidirectional
angular sensor, as shown in Figure 10d.117 It is embedded in an
arm exoskeleton, serving as an economic and advanced
human−machine interface for supporting the manipulation in
both real and virtual worlds. Figure 10e presents a stretchable
sensor based on a cyclic annular TENG encapsulated in a
retractable reel.118 It was demonstrated to be able to monitor
the spinal bending of the participant, delivering a displacement
resolution of 0.6 mm, which corresponds well to the traditional
inclinometer and deep camera. Furthermore, researchers also
demonstrated its high durability even after 1 million stretching
cycles due to the displacement-sensitive mechanism.119

Figure 10. Displacement-sensitive sensors. (a) Schematic of the general sensing mechanism. (b) Angle sensor. Reproduced with permission from
ref 115. Copyright 2020 WILEY-VCH. (c) Medical exoskeleton. Reproduced with permission from ref 116. Copyright 2020 The Authors. (d)
Bidirectional rotation sensor and exoskeleton. Reproduced with permission from ref 117. Copyright 2021 The Authors. (e) Stretch sensor.
Reproduced with permission from ref 118. Copyright 2021 The Authors.
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Here, we provide a table to show the general differences
between the two sensing mechanisms discussed above, Table
1.

As we can see, displacement-sensitive sensors could be inert
to the environmental factors and materials’ fatigue and then
deliver accurate sensing performance. However, the present
sensing objects are not diverse; devices with more function-
alities, e.g. sensing force, pressure, etc., need be exploited based
on this mechanism.
2.3. Piezotronics and Tribotronics

Piezotronic and tribotronic sensors are typical extensions of
piezoelectric and triboelectric sensors, which utilize the piezo-
or tribopotentials as the gate voltage to modulate various
semiconductor devices (e.g., field effect transistors, memristors,
Schottky diodes) and realize the sophisticated sensing
functions.

2.3.1. Piezotronic Mechanism and Typical Wearable
Sensors. Piezotronic devices (i.e., piezotronics) utilize the
piezoelectric potential to specifically adjust the carrier
transport properties at the metal−semiconductor contact
interface (M−S contact) or p−n junctions through tuning
the Schottky barrier height (SBH).121−125 As is known, the
piezopotential is a locally induced electrical field in a
noncentrosymmetric crystal by external strain, which originates
from the nonannihilative and nonmobile ionic charges. As
illustrated in Figure 11a and 11b, when a semiconductor device
(in asymmetric structure) is subjected to an applied tensile
strain, a negative piezopotential will be induced, repel electrons
away from the p−n junction or M−S contact interface, and
lead the local SBH to increase under the influence of negative
polarization charges. On the contrary, externally applied
compressive strain will induce a positive piezoelectric potential,
attract electrons toward the M−S interface/p−n junction, and
cause the local SBH to decrease under the influence of positive
piezoelectric polarization charges.

In addition to the strain-gated two-terminal devices,
piezotronics can be extended to a more general definition,
e.g., the piezopotential/strain-gated transistors which can be
functionalized under the piezopotential induced by externals
strain. The rational design of PENG-gated three-terminal
devices is exhibited in Figure 11b. The integrated PENG
component is composed of the active piezoelectric material
sandwiched between two electrodes. The induced piezopoten-
tial in a piezoelectric polymer is an intrinsic inner crystal field
according to the enhanced/weakened electric dipole moments
in the piezoelectric materials under external stress.126 The
applied stress can lead to the rearrangement of electric dipoles
along different directions. Applying tensile or compressive
stress can induce a negative or positive gate voltage (−qVPENG
and +qVPENG) to the FET and lead to energy band bending
and carrier depletion/accumulation in the semiconductor
channel.

Based on the interfacial modulation of charge carriers, the
piezotronic effect mainly describes the coupling effect between
piezoelectricity and charge carrier transport in piezoelectric
semiconductors.123,124,127,128 A typical flexible strain sensor
relying on the piezotronic effect is exhibited in Figure 12a,129

which is composed of a horizontal single-crystal ZnO nanowire
bonded to a plastic substrate. Its volt−ampere characteristics
(I−V curves) indicate the strain sensor is highly sensitive due
to the fact that the induced remnant piezoelectric charges can
have a significant influence on the SBH and dramatically T
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change the output current. Notably, the piezotronic effect
should be distinguished from the piezoresistive effect
(commonly existing in conventional semiconductor materials)

according to the typical asymmetric effect on the two contacts,
nonlinear and asymmetric rectifying I−V curve, strong
polarity/interface effect/switch function, etc. The measured

Figure 11. Piezotronic effect and piezo/triboelectric potential modulation. Schematic energy diagrams of the piezotronic effect at the metal−
semiconductor contact (a) and p−n junction (b) under tensile and compressive strains. Reproduced with permission from ref 126. Copyright 2010
Springer Nature. (c) Piezoelectric and triboelectric potential modulation in FET.

Figure 12. Piezotronic wearable sensors. (a) Piezotronic strain sensors. Reproduced with permission from ref 124. Copyright 2010 WILEY-VCH.
(b) Self-powered piezoelectric sensors based on a multilayer α-In2Se3 flake for real-time monitoring of breath signals. Reproduced with permission
from ref 130. Copyright 2019 American Chemical Society. (c) Array integration of vertical ZnO nanowire piezotronic transistors for tactile
imaging. Reproduced with permission from ref 131. Copyright 2013 AAAS.
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gauge factor for the ZnO piezotronic strain sensor, defined as
the curve slope of the normalized current vs strain, is evaluated
to be 1250 with a fast response time of 10 ms. The ZnO
piezotronic strain sensor is also readily modulated by solid-
state electrolyte to achieve tunable piezotronic strain sensors in
a low-power-consuming way.125 In addition to 1D materials,
the piezotronic effect has also been observed in 2D materials,
e.g., single-layer MoS2, MoSe2, and multilayer α-In2Se3 flake.130

For instance, a piezotronic sensor based on an α-In2Se3 flake
has been prepared for breath monitoring in a self-powered
fashion (Figure 12b), which can effectively record three
different breath states. The prepared In2Se3 piezotronic sensor
can operate in an active and direct coupling means, exhibiting
significant advantages in breath state detection according to
the synchronization between breath frequency and output
signals.

In addition to single piezotronic devices, the integration of
multiple piezotronic nanodevices into an active matrix/array
plays a critical role in realizing a functional system for high-
resolution sensation. Wu et al. tried to demonstrate an
integrated piezotronic transistor array with vertically aligned
ZnO nanowires by combining the bottom-up and top-down
microfabrication techniques. The piezotronic transistor array
can be utilized as a taxel-addressable active matrix for imaging
the external tactile information even by removing the gate
electrodes (Figure 12c).131 The demonstrated piezotronic
active matrix enables tactile pressure imaging in a self-powered
means by only applying external mechanical stimuli. The
simplified fabrication and integration process for the active
matrix also offers a significant route to developing more
diversified smart wearable sensors with multifunctionalities.

2.3.2. Tribotronic Mechanism and Typical Wearable
Sensors. Similar to piezotronics, tribotronics133−135 is an
emerging field utilizing the triboelectric potential to modulate
the charge carrier transport in semiconductor devices instead
of the applied gate voltage (bottom panel in Figure 11b).
According to the material diversity and excellent function-
ality,77,96,136 tribotronic devices have been widely investigated
in a variety of wearable sensing applications, including
tribotronic logic gates,137,138 tactile controlled light emitting
diodes (OLEDs),139 memory devices,140 smart tactile
sensors,141−143 and wearable/flexible displacement sen-
sors.144,145 Wang’s group has reported the first tribotronic
device by combining a TENG with a metal−oxide−semi-
conductor FET (MOSFET), also known as contact elec-
trification FET (CE-FET) (Figure 13a).133 The contact-
separation-induced triboelectric potential can fully replace
the external gate voltage and reduce corresponding energy
consumption. An equivalent circuit diagram of the tribotronic
transistor and the basic output characteristics under different
vertical displacements (D) are presented in Figure 13b and
13c, respectively. Different from the traditional electrical
behaviors of a transistor under sweeping gate voltage, the
drain current (ID) of the CE-FET increases with increasing
displacement D from 0 to 80 μm. The corresponding working
mechanism and energy band diagram are shown in Figure
13d.146 At an initial state of D = D0, no charge transfer occurs
between the integrated TENG and the transistor device. When
D is controlled to increase or decrease, the induced positive/
negative charges in the TENG are transferred to the gate and
couple the positive/negative potential (σ+/σ−) to the
transistor, resulting in the carrier accumulation/depletion and

Figure 13. Tribotronic transistor and working mechanism. (a) Schematic illustration of a typical tribotronic transistor. Reproduced with permission
from ref 133. Copyright 2014 American Chemical Society. (b) Equivalent circuit diagram of the tribotronic transistor. Reproduced with permission
from ref 147. Copyright 2017 American Chemical Society. (c) Output characteristics of a tribotronic transistor under at different TENG
displacements. Reproduced with permission from ref 133. Copyright 2014 American Chemical Society. (d) Working principle (top) and energy
band (bottom) diagrams of the tribotronic transistor at three modes: accumulation mode, flat-band mode, and depletion mode. Reproduced with
permission from ref 148. Copyright 2019 WILEY-VCH.
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energy band bending in the semiconductor channel. In analogy
with the important parameters of traditional transistors, e.g.,
the threshold voltage (Vth) and subthreshold swing (SS), the
tribotronic transistor can also be evaluated by analogous
parameters, e.g., the tribotronic threshold value (Dt) and the
tribotronic subthreshold swing (SSt). Dt indicates the
minimum TENG displacement required to establish a
conductive path between the source and the drain electrodes.
SSt, defined as SSt = ∂(D)/∂(log 10(ID)), describes the
minimum change of the TENG displacement (ΔD) required
to contribute to 1 order of magnitude variation in ID.

Tribotronic devices are potentially applicable for flexible and
wearable touch sensors, human−machine interfaces, and
artificial robotics. For instance, a tribotronic MoS2 transistor
has been developed by integrating a MoS2 FET with a single-
electrode mode TENG and applied as a smart tactile switch
(Figure 14a).141 The triboelectric potential induced by the
TENG displacement is available as the gate voltage to
modulate the charge carrier transport in the MoS2 channel,
achieving an on/off ratio of ∼16 to realize a direct tactile
switch using fingers to light up double LEDs and indicate the
tactile information. Notably, Wei et al. tried to demonstrate a
high-performance tribotronic transistor array with record high
current on/off ratios (>108) by combing an integrated TENG
with a large-area organic transistor array,149 which further
offers an effective wearable interactive intelligent system,

artificial robotic skin, and wearable mechano-driven electronic
terminals.

Relying on ion-gel gating, a tribotronic graphene tactile
sensor is prepared on a flexible substrate based on a single-
electrode mode TENG and a coplanar gate graphene transistor
(Figure 14b).142 The tribotronic transistor shows excellent
performance in wearable tactile sensing and spatial mapping,
including high sensitivity (2% kPa−1), a superior detection
limit (1 kPa), a fast response time (30 ms), and excellent
stability. In order to extend the functionality of material
recognition and approaching sensation, a mechanosensation-
active matrix is prepared based on a direct-contact tribotronic
transistor array (Figure 14c).144 A typical ion gel is utilized as
both the dielectric layer of the graphene transistor and the
friction layer of the TENG component to realize the direct-
contact sensing process with high sensitivity (0.16 mm−1), fast
response time (15 ms), and excellent durability (>1000
cycles). When the tribotronic device contacts with different
materials, different output sensing performance can be
successfully characterized according to the triboelectric series.
Accordingly, the direct-contact tribotronic graphene transistor
can enable the wearable sensing of the contact distance and the
identification of different friction materials, exhibiting the
following advantages: (i) realizing noninvasive sensing based
on triboelectrification and charge transfer, (ii) greatly
simplifying the fabrication process of the tribotronic transistor,

Figure 14. Tribotronic transistor for a smart touch sensor. (a) Tribotronic MoS2 transistor for tactile switch. Reproduced with permission from ref
150. Copyright 2016 WILEY-VCH. (b) Tribotronic graphene transistor for touch screen applications. Reproduced with permission from ref 151.
Copyright 2016 WILEY-VCH. (c) Mechanosensation-active matrix based on a tribotronic coplanar graphene transistor array. Reproduced with
permission from ref 144. Copyright 2018 American Chemical Society.
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and (iii) effectively reducing the power consumption through
electrical double-layer gating (i.e., triboiontronics). The
demonstrated applications of the simplification and low-
power consumption in triboiontronic transistors promise
more opportunities for flexible multifunctional electronics,
intelligent interactive sensing systems, and diversified neuro-
morphic applications.

2.3.3. Advanced Artificial Synapse Applications. The
integration of different types of sensors with synaptic devices in
a synergistic fashion has pushed forward the development of
interactive neuromorphic devices, which can not only sense/
store/process external stimuli information in a direct means
but also implement the biomimetic functions (e.g., perception,
learning, memory, and even computation).152 The cooperation
of receptors/neurons/synapses in the somatosensory system
allows for effective recognition/processing on complex external
tactile information.153 As shown in Figure 15a, the tactile
stimuli signals are physiologically detected by mechanorecep-

tors on the skin and transmitted along the axons to
postsynaptic neurons for further recognizing/processing and
the tactile information.154,155 Generally, human skin is covered
with different types of mechanoreceptors to record specific
types of tactile stimuli and implement pressure/touch/tactile
recognition. For instance, pressure receptors are commonly
fast adaptive receptors made of Pacinian corpuscles to perceive
pressure, while the touch receptors are usually slowly adaptive
receptors made of Meisner bodies/Rufini bodies/Merkel discs
to perceive touch information.156 Among the reported different
types of mechanosensors, the resistive/capacitive mechanor-
eceptors can capture continuous static forces, while the
piezoelectric/triboelectric mechanoreceptors can capture in-
stantaneous dynamic pressures.157 Accordingly, to construct an
interactive neuromorphic system, an artificial afferent nerve has
been proposed to simulate the function of the human sensory
system by integrating a TENG mechanoreceptor and an
electrolyte-gated neuromorphic transistor (Figure 15b). Based

Figure 15. Tribotronics for an artificial synapse. (a) Schematic diagram of a biological tactile afferent nerve. (b) Bioinspired contact-electrification-
activated artificial afferent. Reproduced with permission from ref 132. Copyright 2021 Springer Nature. (c) Bioinspired mechano−photonic
artificial synapse. Reproduced with permission from ref 165. Copyright 2021 The Authors.

Table 2. Typical Self-Powered Sensors’ Performance and Characteristics

characteristics

devices
working
principle performance active materials positives negatives refs

strain
sensor

piezoelectric 25 mV, under finger bending with a
strain about 0.2%

ZnO nanowire self-powered, simple structure specific material 62

triboelectric 1 V, under finger bending with a
strain about 0.2%

PDMS/PE high output, diverse material
choices

external interference,
specific structure

111

piezotronic 0.6 μA@1 V, under a strain about
0.31%

ZnO nanowire high integration specific material 130

tribotronic
pressure

sensor
piezoelectric 6 mV/Pa PVDF with 3D

structure
self-powered, simple structure specific material 66

triboelectric 51 mV/Pa PTFE/Nylon high output, diverse material
choices, self-powered

external interference,
specific structure

114

piezotronic 0.5 μA/kPa@1 V ZnO nanowire
array

high integration external power, specific
material

131

tribotronic 3.45 μA/kPa@0.5 V PDMS/Al high integration, high output external power, specific
structure

151
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on the working mechanism of the triboelectric−neuromorphic
tactile system, the artificial afferent nerve can be activated by
the induced triboelectric potential, utilized to monitor different
types of stimulus information (e.g., mechanical displacement,
tactile signal, lateral-sliding motion, and pressure), and
conducted to identify the frequency/amplitude of external
motions for simulating the behavior of a virtual stimulus in the
cerebral cortex.132 Notably, the electrolyte-gated transistors
reported in this work are generally classified into the
electrostatically controlled electric double-layer transistors
and electrochemical transistors according to whether the ions
react with the semiconductor materials.158 The ion migration
in the electrolyte can readily imitate the process and function
of the neurotransmitters, which has been extensively
investigated and contributed to the emerging neuromorphic
devices.159−162 For instance, a versatile triboiontronic MoS2
transistor via a proton conductor has been demonstrated to
utilize the triboelectric potential gating to modulate the
transistor performance via proton migration/accumulation. It
has been demonstrated as a mechanical behavior-controlled
logic device and a neuromorphic sensory system, representing
reliable and effective triboelectric potential modulation
through protonic dielectrics.163

Besides, another mechanoplastic triboelectric neuromorphic
tactile system has been constructed based on a floating gate
FET (the terminology of “mechanoplastic” indicates the
utilization of mechanical behavior to tune synaptic plasticity
or update synaptic weight).130 The applied mechanical
displacement can readily induce triboelectric potential to
gate the transistor, trigger the PSC signal, and adjust the
synaptic weight so as to realize the mechanical behavior
modulated synaptic plasticity (i.e., mechanoplasticity). In this
device, the system can implement both short-term and long-
term plasticity according to the charge trapping in floating gate,
realizing by mechanical displacement modulation in an active
and interactive way. The triboelectric potential derived from
TENGs can also be readily utilized to integrate with dual-gate
transistor and implement multiple sensing applications. By
integrating a triboelectric potential-powered dual-gate IGZO
transistor with a common bottom gate and an air−dielectric
top gate, a device-level versatile sensory platform is constructed
to implement multifunctional sensations (including pressure/
distance/optical sensors and artificial photonic synapse).164

Furthermore, Sun’s group165 has tried to introduce a
bioinspired mechano−photonic artificial synapse with syner-
gistic mechanical and optical plasticity (i.e., multimode/mixed-
mode synaptic plasticity) (Figure 15c). Based on the
integration of a graphene/MoS2 heterostructure-based photo-
transistor and an integrated TENG component, a mechanical
displacement-tuned photoresponse is fulfilled based on the
charge transfer/exchange in the heterostructure by the
triboelectric potential. The reported mechano−photonic

Figure 16. Schematic of self-powered sensing systems consisting of energy harvesting units, energy management units, energy storage units, and
functional circuits (sensing units). Reproduced with permission from ref 167. Copyright 2022 The Royal Society of Chemistry.

Figure 17. Piezoelectric nanogenerators as power sources. (a) Driving
an electronic watch. Reproduced with permission from ref 27.
Copyright 2011 WILEY-VCH. (b) Stretchable energy harvesting
device. Reproduced with permission from ref 173. Copyright 2015
WILEY-VCH. (c) Driving a UV sensor. Reproduced with permission
from ref 174. Copyright 2012 American Chemical Society.
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artificial synapses have provided an efficient route in
implementing mixed mode interactions, simulating more
complex biological neural systems and facilitating the develop-
ment of interactive artificial intelligence.

At the end of this section, we selected two typical sensor
devices, i.e., a strain sensor and a pressure sensor, and provide
a comparative table to show the performance and character-
istics based on various working principles, as shown in Table 2.

3. SELF-POWERED WEARABLE SYSTEMS
Unlike self-powered sensors, self-powered systems consist of
functional circuits (sensor units), energy harvesting units, and
energy management and storage units, as shown in Figure 16.
The system’s power consumption is totally supplied by the
energy harvesting units. In this section, we will review several
of the main harvesting principles, including piezoelectric,
triboelectric, thermoelectric, and photoelectric, biofuel cells,
and hybrid generators. In addition, energy storage units are
also discussed. At the end, we give a table summarizing the
power levels of these devices.
3.1. Wearable Power Sources

3.1.1. Piezoelectric Nanogenerator. The first nano-
generator is proposed on the basis of the piezoelectric principle
and then widely used as a power source for some self-powered
applications, including environmental monitoring sys-
tems166−168 and security systems.169,170 Meanwhile, self-
powered wearable systems have been developed.171,172 Figure
17a shows an electronic watch, for the first time, powered by a
one-layer ZnO nanowire generator. Specifically, the nano-
generator delivers a voltage of 20 V and a current of 6 μA.
After regulation by a LTC3588 power management chip, the
device successfully drives a commercial electrical watch for
more than 1 min under mechanical triggering for 1000 times.27

Figure 17b illustrates a high-performance and hyper-stretch-
able elastic-composite piezoelectric nanogenerator by using Ag
nanowire (Ag NW) stretchable electrodes.173 It delivers an
output of 4 V and 500 nA and can convert biomechanical
stretching energy to electricity. Figure 17c shows a wearable
UV sensor powered by a PENG, where the generator is made
up of dense lead zirconate titanate (PZT) parallel nanowires,
fabricated via electrospinning. Its output voltage and current
are about 6 V and 45 nA.174 Besides, You also presented a self-
powered wearable system via embedding PVDF films into
shoes.175

3.1.2. Triboelectric Nanogenerator. Compared to a
PENG, a TENG shows high output performance. Therefore,
more wearable electronics driven by TENGs have been
proposed. For instance, Zhong et al. reported a self-powered
wearable temperature monitoring system.176 The TENG was
fabricated by using commodity cotton threads, a polytetra-
fluoroethylene aqueous suspension, and carbon nanotubes. It
can convert human motion/vibration energy into electricity
with an average output power density of 0.1 μW/cm2. Then, it
was demonstrated as an effective power shirt to drive a wireless
body temperature sensor system (Figure 18a). Song et al.
proposed a TENG by using a flexible printed circuit board
(FPCB), which achieved a high power output of ∼416 mW/
m2.177 And, it can be used in a battery-free sweat monitoring
system with multiplexed biosensors and wirelessly transmit
data through Bluetooth during on-body human trials (Figure
18b). Li reported a symbiotic cardiac pacemaker that is fully
driven by the large animal’s cardiac pacing via a TENG (Figure

Figure 18. Self-powered systems employing TENGs as power
sources. (a) Wireless temperature sensing system. Reproduced with
permission from ref 176. Copyright 2014 American Chemical Society.
(b) Wireless sweat sensing system. Reproduced with permission from
ref 177. Copyright 2020 The Authors. (c) Symbiotic cardiac
pacemaker. Reproduced with permission from ref 129. Copyright
2019 The Authors. (d) Electric stimulation system. Reproduced with
permission from ref 190. Copyright 2016 American Chemical Society.
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18c). The system consisted of a pacemaker, a power
management circuit, and a TENG device, which delivers a
voltage of up to 65 V and an energy generation of 0.495 μJ
with the energy consumption of a traditional pacemaker of
around 0.377 μJ. Figure 18d shows a self-powered electric
stimulation system for neural differentiation. It is found that
the neural differentiation is dramatically improved by the as-
generated electric pulse via a TENG triggered by human
normal walking (Figure 18d). Besides, various self-powered
wearable electronics have been disclosed by employing a
TENG as the power source.76,112,178−184 It is worth noting that
the PENG/TENG possesses pulse outputs, and therefore,
related power management circuits for voltage regulation and
energy storage are required. Since the PENG’s output voltage
is several to tens of volts, a LTC3588 commercial chip is
normally utilized,144 whereas the TENG’s output voltage
ranges from tens to hundreds of volts, so custom-designed
power management circuits have been reported.185−189 In
brief, a high-impedance circuit element is utilized to obtain the
as-generated high-voltage electricity, and then, the energy will

be converted into low-voltage electricity by switchable
capacitor arrays185 or bulk circuits.186

3.1.3. Thermoelectric Generator. Generally, thermo-
electric devices (TEDs) can realize the conversion of heat
energy into electricity through the Seebeck/Soret effect. When
there is a temperature gradient between two electrically
connected conductors/semiconductors, the diffusion of charge
carriers/ions can be induced to move away from the hot side
which leads to a thermopotential and a consequent direct
current (dc) flowing through the external circuit. Commonly,
the maximum efficiency of the energy conversion process for
power generation at a given temperature point is determined
by the thermoelectric materials figure of merit ZT, given by ZT
= σS2T/κ, where σ is the material’s electrical conductivity, κ is
thermal conductivity, and S is the Seebeck coefficient, which
changes with temperature T. General state-of-the-art thermo-
electric materials have ZT values of 2−3 with power densities
reaching several tens of microwatts per square centimeter. For
instance, Jin et al. reported a flexible thermoelectric material
composed of Bi2Te3 nanocrystals in highly ordered crystalline
alignment anchored on a carbon nanotube network (Figure

Figure 19. Thermal electric energy sources. (a) Ionic thermoelectric material using synergistic thermodiffusion and thermogalvanic effects.
Reproduced with permission from ref 192. Copyright AAAS. (b) Illustration of the fabrication and structure of a free-standing highly ordered
Bi2Te3−SWCNT hybrid thermoelectric material. Reproduced with permission from ref 191. Copyright 2018 Spring Nature. (c) Schematic
illustration of cooling garments with wearable TEDs. Internal structure of the wearable TED with TE pillars connected by flexible copper electrodes
and sandwiched between two stretchable sheets (right). Reproduced with permission from ref 193. Copyright AAAS. (d) Photographs of the
compliant TEGs showing excellent conformability under various deformations. Scale bars 1 cm. Reproduced with permission from ref 194.
Copyright Spring Nature. (e) Schematic illustration of the key design concept of the TES for rapid bidirectional conversion between a rigid hand-
held electronic device and a soft wearable sensor. Reproduced with permission from ref 195. Copyright 2021 WILEY-VCH.
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19a) The achieved maximum thermoelectric figure of merit
(ZT) was evaluated to be ∼0.89 at room temperature due to
the strong phonon scattering effect.191 According to the
synergistic thermodiffusion and thermogalvanic effects, Han et
al. demonstrated a giant positive thermopower (∼17.0 mV/K)
in a flexible ionic thermoelectric material (Figure 19b).192

Hong et al. demonstrated a wearable TED with a high
coefficient of performance (COP > 1.5), which can deliver
more than a 10 °C cooling effect. The reported wearable TED
with high flexibility is available to achieve long-term active
cooling according to the novel design, which may inspire
sophisticated personalized cooling with lower power con-
sumption and improved comfort (Figure 19c).193 Lee et al.
reported a compliant TED with stretchable interconnects and
flexible conductors (silver-nanowire-based soft interconnects
and metal particle magnetically self-assembled conductors) to
realize high thermoelectric performance combined with
excellent conformability (Figure 19d).194 Byun et al. prepared
a flexible TED constructed on a gallium platform (Figure 19e),
which can realize active temperature control to advance the
solid−liquid phase transition of gallium based on the compact
design and fast mechanical mode switching function. The
flexible TED system provides new chances for personalized
electronics, artificial robotics, and intelligent biomedical
devices.195

3.1.4. Photovoltaic Cell. Solar cells, generally containing
active layers, carrier-selective layers, and electrodes, can readily
convert photonic energy into electrical energy based on the
photovoltaic effects. Generally, the incident light is absorbed
by the active layers and induces the generation of electron−
hole pairs/excitons, which can be separated by the built-in
potential and collected by the electrodes to produce an output
current. As the thickness of the active layers in a solar cell may
range from a few hundred nanometers to a few micrometers,
how to reduce the thickness of the flexible substrate is of
significant importance to increase the device flexibility/power
density and reduce its weight (Figure 20a and 20b).196−199

Until now, the power conversion efficiencies (PCEs) of flexible
organic solar cells and single-junction flexible perovskite solar
cells under AM 1.5 G standard conditions have reached
16.61% and 21.73%, respectively.200,201 The PCE of flexible
perovskite solar cells can be further increased to 23.33% at 400
lx and 28.63% at 5000 lx under the exposure of a weak light
condition by a white light-emitting diode (Figure 20c).202 The
PCT of a flexible organic solar cell has also been reported with
an improvement to 20.5% under an indoor light illumination of
1500 lx (Figure 20d).203

3.1.5. Biofuel Cell. Biofuel cells can readily convert
biochemical energy into electricity, which generally relies on
the redox reactions of various biofluids. Biofuel cells are

Figure 20. Photovoltaic cell. (a) Schematic of the ultralight and flexible organic solar cell. Layer thicknesses are drawn to scale. Extreme bending
flexibility demonstrated by wrapping a solar cell around a 35 μm radius human hair. Scale bar 2 mm. Reproduced with permission from ref 199.
Copyright 2012 Springer Nature. (b) Snapshot of the model plane during solar-powered outdoor flight. Scale bar 10 cm. Close-up photograph of
the horizontal stabilizer with an integrated solar panel. Scale bar 2 cm. Photograph of the washing process for the devices conforming to a dress
shirt. Scale bar 1 cm. Photograph of the dipping process. OPVs are submerged in deionized water. Scale bar 1 cm. Reproduced with permission
from ref 196. Copyright Springer Nature. (c) J−V curves of the flat and bent devices (r = 10 mm) measured under illumination with a white LED
(1000 lx). Reproduced with permission from ref 202. Copyright 2020 American Chemical Society. (d) Schematic diagram for surface-textured
PDMS substrate fabrication and corresponding device structure. PCE/PCE enhancement of devices based on glass/ITO and 6k-PEDOT:PSS
under AM 1.5G and 1000 lx of LED 2700 K. Reproduced with permission from ref 203. Copyright 2021 WILEY-VCH.
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commonly based on oxidizing biocatalysts, which can promote
an oxidation reaction of fuels at the bioanode and a reduction
reaction to water at the biocathode. The induced electrons
flowing through an external electric circuit can help to generate
output current and output power (Figure 21). The output
current is determined by the concentration of the biofluids and
the efficacy of the electron transfer process between the
biocatalyst and the electrode. The power density is also
improved to 3.5 mW/cm2 in the first developed milliwatt-level
flexible sweat biofuel cell.33,204−206

3.1.6. Hybrid Cell. As various and different forms of
ambient energy are available as the energy sources in their
related working environment, an effective strategy has been
proposed to enhance the power density and sustainability by
utilizing hybrid energy harvesters to power mobile/portable
electronic devices. The first hybrid energy harvester was
reported in 2009, combining a solar cell and a PENG to
harvest both photonic and ultrasonic energy207 (Figure 22a).
Other hybrid energy harvesters or energy harvesting strategies
range from integrated TENGs and biofuel cells, integrated
TENGs and solar cells, hybridized TENGs/PENGs (Figure
22b and 22c), and hybridized TENGs/TEDs (Figure
22d).30,208,209 The proposed integration of different/multiple
energy harvesting devices on the same platform can be used to
harvest two or multiple kinds of energy simultaneously, which
is highly demanded to compensate for the intermittent
drawbacks from one single energy source and significantly
enhance the output power.

3.2. Wearable Energy Storage Units

Since the power generation is discontinuous or sometimes
higher than the power consumption, power storage is required.
In this section, we briefly show two typical wearable power
storage technologies, i.e., supercapacitors and batteries.

3.2.1. Supercapacitors. Basically, a supercapacitor con-
sists of two electrodes with current collectors, an electrolyte
and a separator.210,211 Researchers have devoted great efforts
on developing soft materials, high-density structures, as well as
a facile fabrication process. Figure 23a shows a coaxial fiber
supercapacitor consisting of carbon microfibers coated with
carbon nanotubes. The capacitance reached 6.3 mF/cm.212

Figure 23b presents a paper-based supercapacitor based on
PPy soak and polymerization processing. It exhibits a
capacitance of 0.42 F/cm2 with a high energy density of 1
mWh/cm3 at a power density of 0.27 W/cm3.213 Cui presented
a cotton-fabric-based wearable supercapacitor with carbon
nanotubes coated on, leading to an electrically conductive
interconnecting network. Aqueous lithium sulfate is employed
as the electrolyte. The device shows a high specific capacitance
(∼70−80 F/g at 0.1 A/g) and cycling stability (negligible
decay after 35 000 cycles).214 Figure 23c shows an example of
a facile fabrication. Luo et al. utilized direct laser writing to
modify the surface of the polyimide. The as-generated
graphene serves as the electrode of the capacitor. Then, the
electrolyte and PDMS were successively deposited.123 More
research on wearable supercapacitors can be found in the
literature.147,215−217

3.2.2. Lithium Batteries. For now, lithium batteries are
indispensable for almost all kinds of electronics, especially Li-
ion batteries (LIB). Hence, wearable battery technologies have

Figure 21. Battery-free, skin-interfaced microfluidic/electronic systems for simultaneous electrochemical, colorimetric, and volumetric analysis of
sweat. Reproduced with permission from ref 205. Copyright 2019 AAAS.
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been continuously developing.218,219 For instance, a cable-type
battery with hollow-spiral, multiple-helix electrodes has been
fabricated,220 showing a softening method for portable and
wearable LIBs (Figure 24a). Textile-shaped batteries have also
been presented,221 as shown in Figure 24b, where the

conductive Ni-coated polyester textile is utilized as the current
collector with coated active slurries of LiFePO4 and Li4Ti5O12,
with a Celgard separator between. After 30 times folding, the

Figure 22. Hybrid energy harvesting for flexible wearable sensing. (a) Design and structure of a hybrid cell (HC) composed of a serially integrated
solar cell (SC) and nanogenerator (NG) for raising the output voltage. Reproduced with permission from ref 207. Copyright 2009 American
Chemical Society. (b) Schematic illustration of the hybrid power textile, which is a mixture of two textile-based all-solid energy harvesters: fabric
TENG and photovoltaic textile. Reproduced with permission from ref 30. Copyright 2016 Springer Nature. (c) Schematic illustration of the H−P/
TENGs mounted in the custom frame. (Inset) Enlarged structure of a single H−P/TENG. Reproduced with permission from ref 208. Copyright
2018 Elsevier Ltd. (d) Schematic representation of the working principle of a hybrid thermotriboelectric generator (HThTG). Reproduced with
permission from ref 209. Copyright 2019 American Chemical Society.

Figure 23. Wearable supercapacitors. (a) Fiber-based supercapacitor.
Reproduced with permission from ref 212. Copyright 2013 American
Chemical Society. (b) Film-based supercapacitor. Reproduced with
permission from ref 213. Copyright 2014 The Authors. (c) Laser-
direct-writing carbon-based supercapacitor. Reproduced with permis-
sion from ref 123. Copyright 2015 Tsinghua University Press and
Springer-VBH.

Figure 24. Wearable Li-ion batteries. (a) Fiber-based Li-ion battery.
Reproduced with permission from ref 220. Copyright 2012 WILEY-
VCH. (b) Textile-based Li-ion battery. Reproduced with permission
from ref 221. Copyright 2015 WILEY-VCH. (c) Large-scale LIB
clothes. Reproduced with permission from ref 222. Copyright 2021
The Authors.
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LIB exhibits 84.5% capacity retention. In recent research, He et
al.222 showed a landmark in wearable LIBs (Figure 24c). They
produced meters of fiber LIB via a scalable process.
Additionally, the fiber LIB shows an energy density of 85.69
Wh/kg and maintains over 80% capacity after being bent for
100 000 cycles. More research on wearable LIBs can be found
in the literature.193,223−226

We give a summarized table to show the output levels of
various energy harvesting devices as well as the energy density
of the storage devices in Table 3.

4. OTHER POWER TECHNOLOGIES FOR WEARABLE
SYSTEMS

Although researchers have attempted to find techniques to
power wearable sensors, work is still required to further
improve the power output for the increasing monitoring
demands. Therefore, some recent novel powering technologies
from outside are disclosed. Figure 25a shows a power
technology via near-field communication (NFC),33 which has
been widely utilized in power supply for wearable or
implantable electronics in recent years.228−230 Specifically,
there are two components: the soft pressure sensor is attached
on human skin, while the power components are located on
the prosthetic. Two components utilized NFC coils for power
and sensing data transmission. This approach ensures skin
compliance and the sustainable power supply. A similar
methodology has been extended to radio frequency (rf)
powering,231 as shown in Figure 25b. It aims to monitor
wound healing, where the suture is engineered with an
electrode, serving as a rf antenna, and equipped with a variable
resistor. When the wound changes, the resistor will change.
Therefore, we can use rf transmission to transmit electricity to
the suture and then obtain the resistor changing from the
reflected signal. Figure 25c shows an example that employs
infrared radiation to transmit energy to the chip implanted in
the living creature, which can generate an electric signal for
nerve stimulation.232 Figure 25d illustrates a system that use
surface acoustic wave to get energy and sensing data
transmission.233 Specifically, they present a chipless wireless
patch made of freestanding single-crystalline piezoelectric
gallium nitride membranes, forming a surface acoustic wave
(SAW) device. And, wireless strain sensing can be done by
calibrating the resonant peak shifts in the SAW device in
response to strain induced by bending the patch.

We show these examples using wireless energy transmission
to solve the wearable electronics’ power consumption problem,
which could be an alternative approach where self-powered
technology is not applicable.

5. CHALLENGES AND PERSPECTIVES
This review highlights the significant advancements made in
wearable power generation technology in recent years. The
self-powered approach is particularly appealing, yet it presents

Table 3. Output Performance of Energy Harvesting Devices and Storage Devices Commonly Used in Wearables227

category devices energy source mechanism output/capacity

wearable power
sources

PENG mechanical energy: vibration,
wind, body motion

piezoelectric effect ac, μW to a few mW cm−2 (peak), μW to a few
mW g−2 (peak), up to 100 V

TENG mechanical energy: vibration,
ocean wave, body motion

triboelectrification and
electrostatic induction

ac, μW to mW cm−2 (peak), μW to mW g−1

(peak), p to kV (peak)
TEG heat: body, instrument, facility,

the sun
ZnO nanowire dc, ∼μW cm−2 ≈ mV K−1

PV light: the sun, indoor/outdoor
light

photovoltaic effect dc, a few tens of mW cm−2, a few tens of W g−1 (at
a light intensity of 100 mW cm−2), ∼1 V

biofuel cell electrochemical energy: body
fluid, sweat, blood

electrochemical reaction dc, a few mW cm−2), ∼1 V

hybrid cell mechanical/optical;
mechanical/thermal;
mechanical/humidity

hybrid working mechanism hybrid ac/dc; μW to a few tens of mW cm−2

wearable energy
storage devices/
systems

supercapacitors chemical redox energy: electricity
or chemicals

electric double-layer
capacitance or
pseudocapacitance

dc, up to 10 000 mW g−1 1−4 V

batteries chemical redox energy: electricity
or chemicals

electrochemical redox
reactions

dc, hundreds of mW g−1, 2−5 V

Figure 25. Other powering technologies in wearable applications. (a)
NFC powering. Reproduced with permission from ref 33. Copyright
2020 AAAS. (b) LC-oscillation powering. Reproduced with
permission from ref 231. Copyright 2021 The Authors. (c) IR
powering. Reproduced with permission from ref 232. Copyright 2021
The Authors. (d) Chipless SAW-based e-skin. Reproduced with
permission from ref 233. Copyright 2022 AAAS.
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its own set of challenges. Currently, two primary strategies
have been employed: self-powered sensors and self-powered
systems. A variety of self-powered devices have been
developed; however, the current power output remains
somewhat insufficient. As the demand for wearable monitoring
continues to grow, the need for increased power generation
becomes more pressing. Consequently, innovative technologies
must be explored, addressing key research aspects such as
mechanisms, materials, devices, and systems in order to
overcome specific issues and limitations (Figure 26).

Mechanisms: One of the primary challenges in self-powered
wearable sensing systems is efficiently harvesting energy from
the environment or the user’s movements. Various energy
sources are discussed above, including piezoelectric, tribo-
electric, thermoelectric, and photovoltaic, among others.
Developing innovative materials and mechanisms to optimize
energy harvesting or sensing approaches will be crucial.

Materials: A key consideration involves the development of
soft materials for high-power harvesting devices. For example,
PVDF is widely utilized now in PENGs due to its high
piezoelectric coefficient and flexibility. Researchers should
determine methods to further enhance these properties while
maintaining softness and stability. In terms of triboelectric
materials, although numerous options exist, high electrification
density materials are in demand, and meanwhile, the
fabrication complexity must be taken into account. Addition-
ally, there is also a demand for developing high-performance
soft thermoelectric and photovoltaic materials. Besides,
compliance between the materials and the human body should
be considered, including stretchability, softness, as well as
breathability. In our opinion, it is anticipated that more bionic
materials might be investigated and exploited.

Devices: Since these devices are based on new materials,
standardized and scalable fabrication processes should be
developed in order to ensure the devices’ consistency and
stability in practical applications. Besides, more investigations

on device structure design, for high-efficiency coupling with
human motions, heat, biochemical energy, etc., are required. As
for self-powered sensors, the precision is always affected by
factors such as the material’s viscoelasticity, fatigue, and
environmental variations.222 Techniques are required to
diminish that influence, for instance, via encapsulation or
circuit compensation. Although displacement-sensitive sensors
provide high precision and stability, there is a need for
prototypes with extended functionality to accommodate
diverse applications, such as force or pressure sensing.

Systems: Circuitry plays a crucial role in compensating for
sensor drift and managing power. Given that the energy pulses
generated are typically discontinuous and exhibit varying
voltage ranges, power management circuits are vital for
adjusting the output, storing energy in conventional storage
mediums, and providing power to the entire system. Moreover,
signal processing and transmission circuits are also in demand.
Finally, proper integration and packaging methods should be
investigated. Furthermore, exploring novel monitoring princi-
ples, such as surface acoustic wave (SAW)-based sensing
systems that eliminate the need for chips and batteries, may
offer solutions for particular applications.

In summary, it is always a goal for enhancing the output of
various power generation devices, from mechanisms, materials,
design optimizations to system integrations, so as to ensure the
sustainable operation of emerging wearable devices. With the
advancement of micro/nanoelectronics and power technolo-
gies, we anticipate the development of multifunctional
wearable devices and systems that will provide more
comfortable and reliable health monitoring for individuals.
Concurrently, the gap between system consumption and power
supply is expected to narrow, ultimately leading to a paradigm
shift toward self-powered wearable sensing and systems.

Figure 26. Perspectives on self-powered wearables’ future development. Reproduced with permission from ref 235. Copyright 2018 The Authors.
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