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The need of self-powered sensors and self-sustainable micro-/nano-systems is increasing for smart home appli
cations. With the aid of the fifth-generation (5G) wireless communication and the artificial intelligence (AI)
technology, numerous sensors can form an artificial intelligence of things (AIoT) system with a cloud computing
server to collect, store, process, analyze data, and control the system. In this review, we briefly introduce the
major sensor transducing mechanisms and the corresponding representative sensors. Then we emphasize the
discussion of triboelectric sensors and their use as various types of human machine interfaces (HMIs). Regarding
integrated self-sustainable systems with energy storage function for more general application scenarios, we
present the recent advances of integration of triboelectric nanogenerator with supercapacitors, lithium-ion
batteries, and solar cells. The development of materials and configurations with novel functionalities to
improve the system performance are discussed. We present the state-of-the-art works based on the synergy be
tween wearable sensors and AI technology, highlighting the system-level function of analyzing abundant sensory
data, recognizing events, and making decisions accordingly. We wrap up the review by providing our perspec
tives of future development of self-powered sensors and self-sustainable micro-/nano-systems towards improved
wearability, multifunctionality, better self-sustainability via multi-domain energy harvesting and storage tech
nology integration, and higher-level intelligence for complex scenarios.

1. Introduction
We have witnessed the development and deployment of the fifthgeneration (5G) wireless communication in the past decade [1–3].
With the high-speed data transmission capability enabled by the 5G
wireless communication network, people have envisioned the
Internet-of-Things (IoT) system towards smart homes where numerous
interrelated electronic/optical devices are linked together in a huge and
complicated network [4–7]. The burst of artificial intelligence (AI)
builds up the other cornerstone for smart homes. The AI helps with big
data processing, assisting humans to analyze complicated systems and
make decisions [8–10]. The synergy between AI and IoT has given rise to
the artificial intelligence of things (AIoT), where IoT serves like the

nervous system to deliver information to the AI brain for decision
making. Compared with the IoT system which can collect, store, and
process data, analysis and control functions are added in the AIoT
system.
In smart homes, numerous physical and chemical/gas sensors are
deployed to collect various surrounding information at different loca
tions, e.g. temperature sensors, humidity sensors, greenhouse gas sen
sors, ultraviolet (UV) light sensors at each level of each building [11].
Due to the huge number of deployed sensors and the difficulty in
accessing some sensors, self-sustainable sensors are desired to minimize
the maintenance need and prolong their service lifetime [12–14]. Be
sides, the human is also a good carrier of sensors [15–17]. On the one
hand, a person equipped with physical and chemical sensors can collect
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environment information in-situ wherever he/she enters. On the other
hand, the on-body wearable sensors can monitor the human daily ac
tivities and physiological status, bringing about a new form of
off-hospital healthcare monitoring [18–21]. Correspondingly, wearable
sensors that are flexible, stretchable, foldable, and conformal are desired
for human wear.
Although the traditional and dominant sensors are resistive and
capacitive, piezoelectric sensors are receiving increasing research
attention towards self-powered wearable sensors [22–27]. Compared
with the traditional and dominant resistive and capacitive sensors,
piezoelectric sensors self-generate voltage upon mechanical deforma
tion, eliminating the need of external power supplies [28]. Meanwhile,
triboelectric sensors stand out as a promising candidate for self-powered
wearable sensors due to its broad material availability, easy fabrication,
and low cost [29–36]. Basically, triboelectric sensors are based on tri
boelectrification and electrostatic induction [37, 38]. Any pair of two
materials with different electron affinities can be used to construct
triboelectric sensors. Thanks to various working modes of triboelectric
sensors, they have been deployed as self-powered human machine in
terfaces (HMIs) for distinct applications, such as finger bending sensors,
interactive gloves, tactile sensors, eye blinking/body motion-triggered
interfaces, voice/breath monitors, and self-induced wireless sensors,
etc [39–48]. Besides these physical sensing applications, since the tri
boelectrification process depends on the surface states of triboelectric
materials, triboelectric sensors are also capable of chemical/gas sensing
if the surface properties can be altered by the existence of chemical
substances. In this regard, humidity, carbon dioxide (CO2), ammonia
(NH3), and lactate sensors have been demonstrated [49–52]. Besides
working as self-powered sensors, triboelectric devices in the form of
triboelectric nanogenerators (TENGs) can also serve as the power source
for traditional resistive or capacitive sensing systems to leverage their
maturity, high performance, and stability [53–62]. In such a
self-sustainable system, the self-generated power from TENG is stored in
an energy storage component such as a supercapacitor (SC) or a
lithium-ion battery (LIB) for later use with a stable voltage output [63].
When integrated with the AI technology to enable the analysis function,
such AI-assisted self-sustainable systems achieve a higher level of con
venience and intelligence for a wide range of smart home applications

including advanced identity recognition and personalized healthcare
[64–68]. A schematic presenting the overview of self-powered systems
for 5G smart home applications is shown in Fig. 1.
This review focuses on the progress of self-powered sensors towards
self-sustainable micro-/nano-systems for 5G smart homes in the AIoT
era. In Section 2, four fundamental transducing mechanisms, namely
resistive, capacitive, piezoelectric, and triboelectric mechanisms are
introduced. In Sections 3 and 4, some representative physical sensors
and chemical sensors are respectively discussed with an emphasis on
triboelectric sensors. In Section 5, self-powered HMIs are presented. In
Section 6, recent advances in self-sustainable systems featuring the
integration of energy harvester and energy storage components, as well
as the development of materials with novel functionalities for system
performance improvement are introduced. In Section 7, the synergy
between self-powered sensors with the AI technology is presented. In
Section 8, our perspective is provided.
2. Transducing mechanisms
Traditionally, the sensing capability is realized via three major
transducing mechanisms, namely resistive, capacitive, and piezoelectric
transducing mechanisms. Beyond the three transducing mechanisms,
the recently developed triboelectric transducing mechanism paves a
new approach for sensing applications. In this section, we will briefly
describe the four transducing mechanisms. More in-depth reviews on the
transducing mechanisms can be found in [69–71].
For resistive sensors, external stimuli result in the change of sensor’s
resistance. The resistance (R) of a sensing material can be expressed as
follows:
R=

ρ

L
A

(1)

where ρ is the resistivity of the sensing material, L is the length, and A is
the cross-sectional area. Thus, the change of resistance is mainly origi
nated from two aspects: one is the resistivity change, which is attributed
to the change of conduction paths in the resistor caused by external
stimuli. The other is the geometry (L/A) change due to the Poisson’s

Fig. 1. An overview of technology evolution from self-powered sensors to AIoT-assisted self-sustainable systems.
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effect when external stimuli are applied. Currently, resistive sensors are
the most intensively investigated and commercial sensors due to their
easy sensing signal collection capabilities, high signal-to-noise ratio,
simple structures, facile fabrication processes, and high pixel density
fabrication potential [72–74]. However, resistive sensors consume more
power and have undesirable hysteresis [71].
For capacitive sensors, external stimuli result in the change of the
capacitance of the sensing region. The capacitance (C) of a parallel
capacitor can be express as:
C=

ε0 εr A
d

external circuit until they are fully separated. When the two surfaces
approach again, electrons would flow in the opposite direction. Thus, an
alternating current can be generated in the cyclic contact and separation
process. The output of triboelectric devices can be expressed as follows:

(2)

Voc =

σ x(t)
ε0

(3)

Qsc =

Sσx(t)
d0 + x(t)

(4)

where σ is the surface charge density, d0 is the distance between the
electrodes, x(t) is the distance between the two triboelectric surfaces. S
is the overlapping surface area of the triboelectric materials. Thus, the
sensing signal output is determined by the changes of the four variables
which are caused by external stimuli. Triboelectric sensors exhibit great
advantages in vast material choices, simple structures, low cost, and selfpowered capability. It shows promising applications in wearable and
self-powered sensors [56,68,95,96].

where ε0 is the permittivity of free space, εr is the relative permittivity of
the materials between the plates, A is the overlapping area of the two
plates and d is the separation distance between the two plates. Changes
of the three variables (εr, A, d) determine the capacitance change, which
further leads to the sensing signal change. The geometry (A and d) can be
easily changed by the external applied force, which means capacitive
sensors are a good candidate for tactile sensing. Meanwhile, the change
of εr can be realized by embedding fillers into the sensing materials.
Capacitive sensors exhibit large dynamic range, great frequency
response, and high spatial resolution [75–77]. However, the
signal-to-noise ratio will be sacrificed due to the high spatial resolution
since C is proportional to A. Moreover, because of the field interaction
and fringing capacitance, capacitive sensors are more sensitive to noise
compared to resistive ones. Thus certain sophisticated electrical com
ponents are required for filtering in applications [69].
For piezoelectric sensors, the sensing mechanism is based on the
direct piezoelectric effect, where electric charges are generated in
response to applied mechanical stress because of the polarization change
in the piezoelectric materials in response to the external stimuli [22, 78].
The most widely used piezoelectric material since the 1960s is ferro
electric lead zirconate titanate [Pb(Zr1− xTix)O3 or PZT] due to its high
piezoelectric coefficient (e.g., d31 and d33) [79]. Another popular
piezoelectric material – zinc oxide (ZnO) in the thin film form has been
investigated
since
the
early
1990s
as
a
promising
micro-electromechanical systems (MEMS) sensor material [80]. At the
same time, the MEMS community has also investigated the use of PZT
thin film in MEMS sensors [81–86]. With the great advance in the
technology of piezoelectric ZnO nanowires by Prof. Wang, the concept of
piezoelectric nanogenerator has been proposed and received flourishing
development since 2006 [87–89]. On the other hand, aluminum nitride
(AlN) is a typical IIIA-nitride compound that has been investigated for
many MEMS applications, such as high-frequency filters, energy har
vesters, ultrasonic transducers, and resonators due to its high thermal
stability, wide bandgap, good piezoelectric and dielectric properties,
and complementary metal oxide semiconductor (CMOS) technology
compatibility [90]. Except for the inorganic piezoelectric materials,
polyvinylidene fluoride (PVDF) is a popular organic material that pro
vides the flexibility as the new dimension of device design [91]. Piezo
electric sensors exhibit fast response, high sensitivity, and even
self-power sensing capability [92–94]. Among the three traditional
transducing mechanisms, only the piezoelectric mechanism has the
potential for self-powered sensors. Nonetheless, the material choice is
relatively limited due to the requirement of intrinsic material atomic
asymmetry. Moreover, the micro-machining of many piezoelectric ma
terials is also a challenge.
Recently, the triboelectric transducing mechanism has emerged as an
alternative approach for self-powered sensors. Fundamentally, the
triboelectric transducing mechanism is dependent on the coupling effect
of triboelectrification and electrostatic induction. Charges with equal
quantity but opposite polarities are generated on the surface of the two
triboelectric materials once they are in contact due to external stimuli.
When the two surfaces separate, charges are induced on the corre
sponding back electrodes, causing the flow of electrons through the

3. From power-consuming to self-powered physical sensors
Based on the abovementioned four transducing mechanisms, i.e.,
resistive, capacitive, piezoelectric, and triboelectric, various physical
sensors in flexible and wearable forms have been developed towards the
applications of activity monitoring, e-skin, robotics, and healthcare [20,
97–101]. Resistive sensors, due to the capability of continuous stat
ic/dynamic sensing and the straightforward detection mechanism, are
widely adopted in physical sensing scenarios especially in pressur
e/force [73, 102–105], and strain monitoring [74, 106–108]. To over
come the trade-off between a good linear range and high sensitivity in
traditional pressure sensors, a resistive pressure sensor based on a
self-assembled graphene film is proposed, as shown in Fig. 2(a) for ac
curate pulse monitoring [109]. According to the simulation and mech
anism analyses, it is concluded that a thinner structure and higher
conductivity nature of the resistive sensing layer contribute to a larger
linear range and higher sensitivity, respectively. Due to the advantages
of ultrathin thickness and high conductivity compared to other resistive
sensing materials, graphene is adopted as the sensing layer in the pres
sure sensor device. Consequently, the pressure sensor can achieve both a
large linear range (0–40 kPa) and a high sensitivity (1875.53 kPa− 1)

0)
simultaneously. The sensitivity is defined as S = ∂(∆I/I
∂P , where S, ∆I, I0
and P are the device sensitivity, the current change, the initial current
and the applied pressure, respectively. Benefiting from the excellent
sensing performances, a wearable pulse monitoring system is con
structed with high accuracy and wireless transmission capability,
providing real-time pulse information even under strenuous body
movements. As for another common type of physical sensing, i.e., strain
sensing, a wearable strain sensor using graphene textile is illustrated in
Fig. 2(b) [110]. With the graphene oxide reduced at a high temperature
on the polyester fabric, the wearable strain sensor shows a distinctive
negative resistance change with the increasing strain. Meanwhile, the
wearable strain sensor also exhibits excellent sensing characteristics,
with a maximum gauge factor of − 26 in the sensing range of 8% along
the y-direction strain and − 1.7 in the sensing range of 15% along the
x-direction strain. Due to the great performance and wearing comfort,
the wearable strain sensor can be knitted on different portions of
clothing to monitor the respective body motions, indicating promising
potentials in wearable applications.
Capacitive sensors are also commonly used to detect physical pa
rameters in both static and dynamic states, e.g., pressure/force
[111–115], and strain [116–119]. Fig. 2(c) presents an engineering
strategy using intra-fillable microstructures to simultaneously boost the
pressure sensitivity and broaden the sensing range [120]. The intra-
fillable microstructures with the featured deformable undercuts and
grooves can effectively improve the structural compressibility as well as
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Fig. 2. Physical sensors based on the resistive/capacitive/piezoelectric mechanism. (a) A resistive pressure sensor based on a self-assembled graphene film for
accurate pulse monitoring. Reproduced with Permission. [109] Copyright 2019 ELSEVIER. (b) A wearable strain sensor using graphene textiles. Reproduced with
Permission. [110] Copyright 2018 American Chemical Society. (c) An intrafillable microstructure based capacitive pressure sensor to boost pressure sensitivity and
broaden sensing range. Reproduced with Permission. [120] Copyright 2020 Springer. (d) A capacitive strain sensor in the form of a soft microfiber. Reproduced with
Permission. [121] Copyright 2019 American Chemical Society. (e) A plantar pressure sensing array using piezoelectric sensors for self-powered foot pressure
mapping. Reproduced with Permission. [125] Copyright 2018 WILEY-VCH. (f) A flexible piezoelectric strain sensor based on 2D materials of PbI2 nanosheet.
Reproduced with Permission. [129] Copyright 2018 ELSEVIER.

the corresponding pressure sensing range. As a result, the pressure
sensor achieves an ultrahigh sensitivity greater than 220 kPa− 1 over a
wide sensing range (0.08 Pa–360 kPa), and an outstanding pressure
resolution of 18 Pa over the full sensing range. Here the sensitivity is

microfiber is developed as shown in Fig. 2(d) [121]. The microfiber
sensor consists of a dual-lumen elastomeric microtube and the
intra-filled liquid metal as electrodes (i.e., eutectic gallium-indium,
eGaIn), which is highly stretchable with the characteristics of large
linearity, high sensitivity, rapid response, and negligible hysteresis.
Furthermore, the microfiber sensor can still preserve excellent electrical
stability even under drastic environmental changes like relative hu
midity and temperature. After integrating imperceptibly with textiles,
the microfiber can be used to monitor hand gestures, limb motions, and
respiration rate, showing great potentials in unobtrusive and continuous

0)
defined as Scap = ∂(∆C/C
∂P , where Scap, ∆C, C0 and P are the capacitive
pressure sensing sensitivity, the capacitance change, the initial capaci
tance and the applied pressure, respectively. Thus, the intra-fillable
structure can be applied as a general design in various sensors to realize
both a high sensitivity and a broad sensing range. Next, to be compatible
with wearable textiles, a capacitive strain sensor in the form of soft
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health monitoring.
Although resistive and capacitive sensors can provide continuous
sensing capability, their functionalities heavily depend on the supplied
power sources, which limits their adaptabilities in self-sustainable and
battery-less applications. To achieve self-powered physical sensing,
piezoelectric sensors appear as a good candidate due to the selfgenerated electrical charges in response to applied stimuli, based on
the piezoelectric effect [122–124]. With proper electrode design, the
generated electrical charges can be measured in terms of external cur
rent or voltage, acting as the indicator of the applied physical parame
ters. As depicted in Fig. 2(e), a plantar pressure sensing array using
piezoelectric sensors is developed with a wide detection range for
self-powered foot pressure mapping [125]. A total of 32 pieces of PVDF
based piezoelectric pressure sensors are fabricated on a flexible printed
circuit board (FPCB) by the low-cost large-quantity manufacturing.
Besides, a data acquisition circuit is also designed to process the
measured pressure signals and wirelessly transmit them to a mobile
phone terminal, achieving real-time foot pressure mapping and display.
Flexible piezoelectric devices are regarded as promising components in
the applications of wearable electronics and self-powered sensing
including strain sensing [126–128]. A flexible piezoelectric strain sensor
is shown in Fig. 2(f), which is based on two-dimensional (2D) material of
lead (II) iodide (PbI2) nanosheet [129]. It is demonstrated that the
piezoelectric performance of the PbI2 nanosheet is not influenced by the
number of layers. Typically, a fabricated device with 3 PbI2 layers can
generate an open-circuit voltage of 29.4 mV, a short-circuit current of
20 pA, and a loading power of 0.12 pW, under a periodic tensile strain.
For the strain sensing, the device exhibits good sensitivity and high
stability, with the strain sensing range up to 0.339% and the stable
operation period over 4500 cycles.
In addition to the three kinds of sensors above, triboelectric sensors
show great advantages in wearable and IoT applications due to their vast
material choices, easy fabrications, simple structures, low cost as well as
the self-powered capability [130,131]. Physical sensors based on the
triboelectric transducing mechanism are extensively investigated as
wearable self-powered sensors for monitoring human activities. Zhang
et al. demonstrated a self-powered waist-wearable respiration sensor to
monitor the breathing status by sensing the variation of the abdomen
circumference (Fig. 3(a)) [132]. A wireless module is used in this work
to transmit the sensing signal from the triboelectric sensor to the mobile
phone. The wearable respiration monitoring system is constructed in a
belt, containing an inextensible band in the middle and two deformable
bands in the ends with the triboelectric sensor connected via two
Z-shaped connectors. With the help of the inextensible band and two
deformable bands, the expansion of the abdomen can be efficiently
transferred to the Z-shaped connectors, enabling the operation of the
triboelectric sensor to generate electrical signals. Exhaling and inhaling
behaviors can be easily distinguished in the obtained sensing spectrum.
Meanwhile, breathing in various daily activities and breathing rhythms
from different people can be monitored with high accuracy and sensi
tivity via the triboelectric sensor. Another triboelectric-based self-
powered belt is developed for monitoring driving status to ensure safety
and prevent traffic accidents (Fig. 3(b)) [133]. Two kinds of triboelectric
sensors are included in the smart belt: one is the auxetic Polyurethane
(APU)-TENG which is integrated with the horizontal strip of the belt for
forward position monitoring with a high strain measurement sensitivity
of 0.89 V/cm2 in a large strain domain, enabling a forward displacement
of up to 100 mm. And the other is two arrays of arch-shaped (AS)-TENGs
attached to the shoulder and waist location of the diagonal stripe of the
belt respectively to monitor turning directions and angles of the driver,
indicated by the output voltages and their relative magnitudes of the six
triboelectric sensors in each sensor array.
Self-powered triboelectric sensors are also developed for human
healthcare monitoring. Fig. 3(c) illustrates a triboelectric-based smart
insole for multifunctional gait monitoring [134]. A triboelectric sensor
and an elastic air chamber (EAC) part are packaged together and

encapsulated completely by an elastomer to form the self-powered
sensor. Interestingly, the contact of the triboelectric layers is
controlled by external forces while the separation is due to the air
pressure within the sealed device. Such a device can effectively prevent
water permeation from the environment or sweat. By integrating this
kind of sensors in the conventional insole, mechanical energy from
human motions can be converted to electrical output. With the help of
the multichannel data acquisition system and the designed data moni
toring and analyzing software, various gait patterns, such as stepping,
walking, and running, can be recognized and distinguished from the
self-generated electrical signals. The smart insole can also be used to
monitor the abnormality of gait for rehabilitation assessment and in
healthcare applications like the fall-down alert system for elder people
or patients. On top of the insole, Zhu et al. demonstrated smart tribo
electric socks for gait analysis toward the preliminary diagnosis of
Parkinson’s disease [135]. Concluding from the signal comparison ex
periments between the bare and functionalized socks, the original sock
hardly shows any response to mechanical motions while the PEDOT: PSS
coating helps to enhance and maintain a certain quality of output that is
the basis of following phase determination of gait sensing. With daily
worn socks, the time-sequence phase signals are recorded and labeled, as
shown in Fig. 3(d). Each phase of the walking generates one corre
sponding triboelectric peak, in which the amplitude of peaks for phases
indicates the contact force exerted from heel and forefoot and the time
interval between phases reveals the contact angle of the foot against the
ground. These distinctive characteristics of gait patterns can help
differentiate individuals. Meanwhile, with the aid of PZT tiny chips
distributed on the bottom of the foot, the foot pressure mapping can be
obtained, which is supplementary to the gait information and PZT also
calibrates the sweat effect on triboelectric output. Besides, physical
sensors for eye motions are investigated to monitor conscious and un
conscious eye blinks. Yuce’s group explored a new configuration called
the non-attached electrode-dielectric triboelectric sensor as shown in
Fig. 3(e) [95]. The arch-shaped sensor fabricated from PEDOT: PSS and
Eco-flex without the need of attaching any electrode is pasted on the
orbicularis oculi muscle. Instead, the electrode is positioned near the
sensor. The sensing signal caused by eye motions can be wirelessly
transmitted via the electrostatic induction. Apart from physical param
eter monitoring, physiological signals are considered as important in
dexes that indicate the health conditions of humans. The work provided
in Fig. 3(f) shows a flexible triboelectric sensor used for pulse detection,
in which the triboelectric layers are composed of nanostructured copper
(Cu) and Kapton. The thin device is attached to different positions of the
human body to record subtle signals from the cardiovascular system. By
interfacing with a Bluetooth chip, a mobile diagnosis system is devel
oped, brightening the perspective of remote medical monitoring system
[136].
To precisely characterize the strain in stretching or bending motions,
a digitalized self-powered strain gauge (DSSG) is proposed based on the
triboelectric mechanism, as depicted in Fig. 3(g) [137]. Unlike tradi
tional triboelectric sensors that use the output voltage/current value for
strain evaluation, the DSSG exploits the number of the output signal
cycles as the strain indicator, when the stretchable elastomer has a
relative motion with respect to the grating electrode. With this design, a
more reliable detection can be achieved compared to the output value
detection, since the pulse number is only determined by the applied
strain but not the environmental parameters. The grating electrode is
fabricated by the micro-manufacturing technique, enabling a remark
able gauge factor of 130 for the DSSG. Here the gauge factor is defined as
GF = N/ε, where GF, N, and ε are the gauge factor, the number of output
cycles, and the strain during elongation, respectively. The DSSG is then
demonstrated for real-time detection of elbow joint motion as well as
body posture, showing its great potentials for prosthetic, biomechanical,
and HMI applications. Due to its highly symmetrical structure, the
ball-shape device shows great potentials for multi-functional motion
monitoring. As illustrated in Fig. 3(h), a triboelectric ball (T-ball) is
5
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Fig. 3. Wearable physical sensors based on the triboelectric mechanism. (a) A waist-wearable wireless respiration sensor. Reproduced with Permission. [132]
Copyright 2019 ELSEVIER. (b) A self-powered smart safety belt for driving status monitoring. Reproduced with Permission. [133] Copyright 2019 ELSEVIER. (c) A
smart insole for multifunctional gait monitoring. Reproduced with Permission. [134] Copyright 2019 WILEY-VCH. (d) Triboelectric and piezoelectric hybrid smart
socks for gait sensing. Reproduced with Permission. [135] Copyright 2019 American Chemical Society. (e) An eye motion sensor enabled near-field wireless control.
Reproduced with Permission [95] Copyright 2020 ELSEVIER. (f) An ultrasensitive pulse sensor. Reproduced with Permission. [136] Copyright 2017 WILEY-VCH. (g)
A digitalized self-powered strain gauge (DSSG) using grating electrodes. Reproduced with Permission. [137] Copyright 2017 ELSEVIER. (h) A multi-functional
triboelectric ball that can be used for vibration, rotation, and acceleration measurement. Reproduced with Permission. [138] Copyright 2017 WILEY-VCH.
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developed with multiple functionalities, including energy harvesting,
multi-axis acceleration sensing, and rotation sensing [138]. With the
quarter-segmented inner and outer electrode design, the T-ball can
scavenge energy from diverse human activities, such as tapping, random
directional vibration, spinning and rolling motion, etc. In terms of ac
celeration sensing, the T-ball can function as a three-dimensional (3D)
accelerometer with the detection sensitivity of 6.08, 5.87, and 3.62 V/g
along the x-, y-, and z-axis, respectively. Furthermore, the T-ball can also
be adopted for rotation measurement with an angular velocity sensi
tivity of 3.5 mV/(◦ /s). Based on the acquired sensing signals, the T-ball
is then demonstrated for human activity monitoring (e.g., slow walking,
fast walking, and running) and hand motion recognition (e.g., moving
forward, backward, left, and right), showing its promising potential in
multi-functional health monitoring and human-machine interactions.
Briefly speaking, we have reviewed and highlighted the recent
development of various physical sensors that are based on the resistive,
capacitive, piezoelectric, and triboelectric mechanism in this section. It
can be seen from the trend that the physical sensors are developing
rapidly for wearable applications in the new 5G and AIoT era. On the
one hand, resistive and capacitive sensors can be used for continuous
static/dynamic sensing, but their operation requires external power
supplies to achieve certain functionality. On the other hand, piezoelec
tric and triboelectric sensors can produce self-generated transient pulses
on the external circuit under applied stimuli, showing promising po
tentials in self-sustainable and dynamic sensing applications. Therefore,
according to different applications and usage requirements, physical
sensors based on these transducing mechanisms or even hybridized
mechanisms can be adopted for the effective monitoring of physical
parameters.

sponge will affect the triboelectric charges while the applied force does
not affect the output. Similarly, the triboelectric charges will only be
determined by external force when the top electrode fully contacts the
full-of-water sponge. Hence, the effect of humidity and force can be
separately decoupled during CO2 sensing [50]. Another work from
Kim’s group (Fig. 4(c)) also demonstrates a willow-like triboelectric
sensor for respiration tracking based on CO2 capture. The
PEI-functionalized fluorinated ethylene propylene (FEP) film vibrates
with the pace of inhale and exhale, inducing contact with two-side
electrodes. Since the presence of CO2 increases triboelectric output,
inhale and exhale can be distinguished according to output variations
[141]. Owing to the material evolution and novel structure design,
flexible or soft gas sensors with enhanced softness and improved com
fortability are developed for wearable electronics [142]. As shown in
Fig. 4(d), an arch-shaped textile sensor is demonstrated to perform CO2
detection based on the triboelectric effect [143]. The textile is func
tionalized by the conductive polymer PEDOT:PSS for electrode fabri
cation and then coated by the active element PEI for CO2 capture. The
soft and stretchable gas sensor offers good feasibility for smart sensor
incorporation into real clothes [144–147]. Besides CO2 monitoring, NH3
tracking plays a critical role in the gas sensing domain as an important
indicator for both industrial monitoring and healthcare management.
Thus, in Fig. 4(e), polyaniline (PANI) nanofibers are grown on the
flexible Kapton substrate as the NH3 absorption element. By contacting
the PANI with PVDF, the TENG shows a high output voltage (Voc: ~
1186 V) and current (Isc: ~ 45.7 μA). Furthermore, the PANI-based
triboelectric sensor shows good selectivity with a limit of detection
(500 ppm) when exposed to the NH3 atmosphere [51]. However, NH3
content in human breath is extremely low. Thereby, ultrasensitive gas
sensors are needed for monitoring subtle NH3 concentration variations
toward the preliminary diagnosis of kidney-related disease. As shown in
Fig. 4(f), combining PANI with Ce-doped ZnO, the gas-sensitive layer
can expeditiously capture NH3 biomarker in human respiration,
inducing varied triboelectric output when contact with nanostructured
PDMS. Furthermore, the as-designed triboelectric sensor shows good
linearity in the low NH3 concentration range (0.1–25 ppm), implying a
promising potential in real-time respiration analysis for healthcare ap
plications [148]. Besides, it is well-known that TENGs not only can serve
as self-powered sensors, but also power source to support active
power-consuming gas sensors. Thus, as shown in Fig. 4(g), Wang et al.
developed a polyaniline-multiwalled carbon nanotubes (PAN
I-MWCNTs) composite thin film based resistive sensor for NH3 detec
tion. By parallelly connecting the sensor with a TENG, since the
resistance of the active sensor is much lower than the internal resistance
of the TENG, the final resistance will be determined by the smaller
resistor (i.e., the resistive-type sensor). Owing to the special output
characteristics of the TENG adjusted by the resistance of the resistive
NH3 sensor which is called the ‘impedance matching effect’ [149–155],
a linear relationship of TENG voltage output and NH3 concentration can
be observed. The self-powered system shows a response of 10% [(VNH3 −
Vair) / Vair × 100%] under an ultralow NH3 concentration (0.01 ppm).
Furthermore, a preliminary measurement for trace-level NH3 is con
ducted for respiration analysis. Interestingly, the PANI-MWCNT based
interdigitated electrode (IDE) that is in parallel connection with the
TENG responds to NH3 molecules, regulating the intrinsic resistance of
TENG and hence generating varied output under different NH3 con
centrations [156]. In the meantime, non-gas chemicals monitoring can
also be enabled by the triboelectric mechanism. As shown in Fig. 4(h),
Lin’s group demonstrated a self-powered lactate sensor, in which the
electrochemical lactate sensor is composed of conductive carbon fibers
decorated by lactate oxidase (LOx) and is powered by TENG. It shows the
great opportunity for self-powered chemical sensing for applications in
more comprehensive health assessments compared with sole physical
parameters mapping [52]. Similarly, as shown in Fig. 4(i), Khandelwal
et al. introduced a novel material, i.e. metal-organic framework (MOF),
to conduct antibiotic monitoring by leveraging the triboelectric effect

4. Self-powered chemical sensors
Extensive investigations on self-powered physical sensors have led to
the dominance of nonchemical monitoring [139]. However, the
increasing need of environmental monitoring and personalized health
care brings the requirement of chemical sensing in a self-sustainable
manner. In general, resistive and electrochemical sensors have been
extensively investigated for gas and other chemical detections (e.g.,
metabolites), respectively. For resistive gas sensors, the gas absorption
on the active material could adjust the path of electron transfer,
inducing resistance variations. Regarding electrochemical sensors, by
immobilizing enzymes on the working electrode, the electrochemical
sensor generates varied signals when the working area captures analytes
by voltammetric or amperometric measurements. However, the external
power source requirement limits their further practical applications.
Benefiting from the self-powered capability, simple fabrication, and low
cost, triboelectric sensors show significant advantages in chemical
monitoring where gas molecules or other analytes will change the
electron affinity of triboelectric layers, inducing the signal variation
[140].
Accordingly, as presented in Fig. 4(a), Sun et al. described a multi
functional monitoring system that consists of a TENG for energy har
vesting, a polyethylenimine (PEI) coated triboelectric sensor for CO2
sensing, and a piezoelectric micromachined ultrasonic transducer
(pMUT) sensor array for humidity and temperature monitoring. The
effect of humidity on the PEI-TENG CO2 sensor is calibrated by the
pMUT sensor array that is powered by the TENG. In this way, the wide
CO2 measurement range up to 12,000 ppm can be precisely conducted
[49]. Similarly, a work from the same group (Fig. 4(b)) demonstrates a
water-air PEI-TENG for CO2 sensing applications. In general, the TENG
output is extremely susceptible to the surrounding environment (e.g.,
humidity and external force). The proposed suspended structure is
involved in two independent processes during operation to eliminate
these two major interferences, which provides new inspirations for
stable triboelectric gas sensor design. In detail, when the top electrode
approaches the suspended frame, the water vapor released from the
7
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Fig. 4. Self-powered chemical/gas sensors driven by TENGs. (a) A hybrid sensing platform with a TENG and a pMUT for multifunctional monitoring. Reproduced
with Permission. [49] Copyright 2019 ELSEVIER. (b) A water-air triboelectric CO2 sensor that eliminates humidity and external force interferences. Reproduced with
Permission. [50] Copyright 2017 American Chemical Society. (c) A respiration driven willow-like CO2 sensor. Reproduced with Permission. [141] Copyright 2019
ELSEVIER. (d) An arch-shaped textile sensor for CO2 capture. Reproduced with Permission [143] Copyright 2019 ELSEVIER. (e) A flexible PANI-based TENG for NH3
tracking. Reproduced with Permission. [51] Copyright 2018 ELSEVIER. (f) A PANI and Ce-doped ZnO functionalized TENG for trace-level NH3 monitoring in human
breath. Reproduced with Permission. [148] Copyright 2019 ELSEVIER. (g) A PANI coated IDE powered by TENG for self-powered NH3 sensing. Reproduced with
Permission. [156] Copyright 2018 ELSEVIER. (h) An electrochemical lactate sensor powered by a TENG. Reproduced with Permission. [52] Copyright 2017
ELSEVIER. (i) A triboelectric antibiotic sensor. Reproduced with Permission. [157] Copyright 2019 WILEY-VCH.

8

B. Dong et al.

Nano Energy 79 (2021) 105414

driven chemical sensors could complement the conventional means (e.
g., resistive and capacitive transducers). First, upon emerging applica
tions in the AIoT era, the self-powered chemical sensors offer significant
advantages over existing approaches by reducing the power consump
tion of massive sensor nodes in the network. Moving forward, the
battery-less feature also reduces the maintenance cost by eliminating the

because the benzene ring of MOF can interact with tetracycline. The
resulting maximum response of 96.4% ((V0 − Vantibotic) / Vantibotic
* 100%) is obtained at the antibiotic concentration of 80 µM. Mean
while, the as-prepared sensor shows a high sensitivity of 3.12 V/µM in
the range of 0–80 µM [157].
Overall, benefiting from the self-sustainable capability, the TENG-

Fig. 5. Finger gesture-based HMIs. (a) A contact-separation based arch-shaped triboelectric finger bending sensor. Reproduced with Permission. [179] Copyright
2020 ELSEVIER. (b) A stretchable interface with multiple triboelectric units on an elastic rubber substrate. Reproduced with Permission. [180] Copyright 2018
WILEY-VCH. (c) A yarn-based triboelectric sensor with a coaxial core-sheath structure. Reproduced with Permission. [181] Copyright 2018 WILEY-VCH. (d) A
lateral-sliding based triboelectric sensor for robotic hand manipulation. Reproduced with Permission. [182] Copyright 2018 ELSEVIER. (e) A flexible pressure sensor
based on the triboelectrification between liquid and microfluidic channels. Reproduced with Permission. [41] Copyright 2016 ELSEVIER. (f) An interactive glove
based on spacer-free interlocked triboelectric sensors. Reproduced with Permission. [183] Copyright 2018 American Chemical Society. (g) A glove interface with four
assembled textile-based triboelectric sensors. Reproduced with Permission. [42] Copyright 2019 ELSEVIER. (h) An all-textile glove interface with knitted func
tionalized fibers. Reproduced with Permission. [184] Copyright 2019 Royal Society of Chemistry. (i) Wearable triboelectric sensors with robust nanophotonic
readout. Reproduced with Permission. [185] Copyright 2020 American Chemical Society.
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periodic replacement of power supplies. Second, considering environ
ment monitoring and personalized healthcare in potential smart home
applications, the self-powered chemical sensors show acceptable per
formance in terms of sensing range and selectivity and could expedi
tiously detect the analytes in a portable manner. The chemical
information is complementary to extensively reported physical moni
toring, which provides a comprehensive mapping of humans and sur
roundings for smart home applications.

higher reliability and robustness in the varying ambient environment (e.
g., different humidity levels) and operation manner (e.g., various
bending speeds). Besides, the detection resolution of bending degrees
can be further improved by using finer grating electrodes, i.e., a greater
number of grating electrodes. Fig. 5(d) shows a lateral-sliding tribo
electric sensor as the control interface for robotic hand manipulation
[182]. The control interface is fabricated with particularly designed
grating electrodes to achieve the quantitative detection of both finger
bending directions and angles, through the polarity and number of the
generated signal peaks, respectively. Then two sensors are assembled on
the index finger and the middle finger as control interfaces to manipu
late the motions of a robotic hand. With the excellent monitoring
capability on finger motions, different hand gestures such as victory
V-sign and object-grasping movements can perfectly be replicated by the
robotic hand. Similarly, as depicted in Fig. 5(e), a flexible microfluidic
pressure sensor is also developed with grating electrodes, based on the
lateral-sliding triboelectrification of liquid with microfluidic channel
[41]. The flexible sensor can be conformally attached on finger joint for
the monitoring of finger bending degree and bending speed, according
to the generated peak number and time interval, showing great poten
tials for wearable, reliable, and robust finger motion monitoring.
To achieve a higher level of wearing comfort and operation conve
nience, finger bending sensors can be assembled onto textile gloves,
forming the integrated glove interfaces. Fig. 5(f) illustrates an interac
tive glove with eleven integrated triboelectric sensors based on spacerfree interlocked polymer interfaces [183]. Among them, ten sensors
are assembled on the ten different finger joints and the last sensor is
assembled on the wrist joint for bending angle monitoring. To demon
strate the sensing capability of the interactive glove, it is used for sign
language detection (‘I am happy to meet you’ as an example), according
to the generated signal mapping (sign and amplitude) of the eleven
sensors. Likewise, another interactive glove is developed with four
textile-based triboelectric sensors assembled on a textile glove, as indi
cated in Fig. 5(g) [42]. All the 4 sensors consist of silicone rubbers as the
negative sides and conductive polymer coated textile as the positive
sides as well as electrodes. The textile-based structure shows good
compatibility in terms of integration with textile gloves.
Multi-functionalities are successfully realized by using the glove as an
interactive interface, including wireless car/drone control, minigame
control (as indicated), VR gaming, and cursor manipulation for online
shopping as well as alphabet writing, showing its versatile application
areas. In addition to sensor integration on the existing glove, using the
glove itself as an interactive interface by direct functionalization is of
higher completeness and convenience. As depicted in Fig. 5(h), an
all-textile triboelectric sensor-based interactive glove is developed
through knitting the functionalized fibers into the textile glove [184].
The triboelectric sensor is found to have a high pressure sensitivity of
1.1 V/kPa and a large sensing range from 100 Pa to 400 kPa. With such
good sensing capability, the interactive glove can capture various finger
gestures for remote gesture demonstration in the VR environment and
robotic gripper manipulation, such as various gesture reproduction and
delicate object handling with a broad range of sizes, shapes, and me
chanical properties. While TENGs provide a promising platform to
enable self-powered HMIs, their pulse-like signals might lead to the
unstable and lossy transfer of interaction information. To address this
issue, a wearable triboelectric-HMI (THMI) using robust nanophotonic
readout was proposed recently (Fig. 5(i)) [185]. The high output voltage
from the TENG is applied to an aluminum nitride (AlN) modulator. Due
to the electrically capacitive nature of AlN modulators, the THMI can
work in the open-circuit condition with negligible charge flow so that
the voltage information can be maintained. Meanwhile, despite the
negligible current flow, the interaction information can be carried by the
traveling light in the modulator whose output transmission is deter
mined by the TENG. Leveraging the stable, information-lossless, and
real-time THMIs, a smart glove is developed for continuous robotic hand
control as shown in Fig. 5(i). The movement speed and the number of

5. Self-powered human machine interface
With the rapidly developed IoT devices and wearable electronics
under the scope of smart home/building/factory/city and AI, the
connection between humans and machines is becoming increasing
intimate and inevitable, ranging amongst broad application areas, such
as entertainment/gaming [158], virtual reality/augmented reality
(VR/AR) [159,160], disabled aids [161], healthcare [162–164], and
robotics [165, 166], etc. Recently, to enable self-sustainability and
battery-less applications, numerous self-powered HMIs capable of pro
ducing electrical signals upon external stimuli have been extensively
investigated, according to the triboelectric transducing mechanism [40,
55, 167–170]. Based on different human motion-induced interactions,
the presented HMIs in this review are summarized into the conventional
finger gesture-based interfaces (e.g., finger bending sensors and sensing
gloves), and novel interfaces based on other types of interactions such as
finger contact (e.g., tapping and sliding), body motion, voice, and
breath, etc.
Human fingers are extremely dexterous and able to perform many
complicated gestures containing abundant embedded information,
which are ideally suitable to express human intentions. To decode the
embedded information within finger gestures, the developed sensing
interfaces can be divided into two common categories, i.e., individual
finger bending sensors [171–176], and integrated gesture-sensing gloves
[175–178]. In terms of finger bending sensors, they are normally
developed based on the contact-separation triboelectric mode (Fig. 5
(a–c)) or the lateral-sliding triboelectric mode (Fig. 5(d and e)). As
depicted in Fig. 5(a), an arch-shaped triboelectric finger bending sensor
is developed based on the contact and separation of interfacing silicone
rubber and aluminum, for the detection of large bending angles with
good stability [179]. Interestingly, the sensor can be further assembled
with more arch-shaped structures like a matryoshka, which greatly
improves the device extensibility for optimized output performance in
wearable applications. Besides, another contact-separation mode based
triboelectric finger sensor is presented in Fig. 5(b), which exhibits a
ladder structure with multiple connected triboelectric units on an elastic
rubber substrate [180]. This specifically designed structure can greatly
improve the mechanical flexibility and stretch-ability of the device
under small applied forces. On the other hand, it can also work well
under a large elongation of 120% and a curvature of 90º. It is demon
strated that the sensitivity of the device under tensile displacement is
0.0412 V/mm, showing good potentials in finger bending monitoring.
Besides the arch and plane structures, yarn-based coaxial core-sheath
configuration is also another common structure in finger gesture
detection. As illustrated in Fig. 5(c), a highly stretchable yarn-based
triboelectric sensor with a coaxial core-sheath structure is proposed
for human-interactive sensing [181]. With the designed structure and
spiral conductive electrodes, the device can respond rapidly to various
external stimuli including compressing, stretching, bending, and
twisting. After attaching the sensors along different finger joints, the
detection of individual finger bending motions as well as combined
gestures can be achieved.
Unlike the contact-separation triboelectric mode that generally uses
the amplitude of output signals as the bending motion indicator, the
lateral-sliding triboelectric mode can be designed with grating elec
trodes to monitor the finger bending based on the number of generated
signal peaks. This peak number based detection mechanism possesses
10
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fingers can be controlled precisely in a real-time manner. On the other
hand, the integrated TENG-nanophotonics system offers a
self-sustainable photonic modulation function [186]. The TENG can
modulate the nanophotonic modulators efficiently thanks to their
impedance match. This feature could potentially serve for tuning
wearable photonics in future.
Except for the conventional finger gesture-based interfaces, in
terfaces based on other types of interactions and with advanced designs
have also received great research interest in the past few years. For
instance, tactile sensing (e.g., contact, pressing, sliding, etc.) interfaces
are normally designed in the structures of sensing arrays, with a large
number of sensing pixels and readout electrodes [187]. This high
structural complication brings extra difficulty in the process of layout
design, signal readout, transmission, and analysis. Thus to address this
issue, several minimalist designs aiming at using less sensing electrodes
to achieve similar functions have been developed recently [188–195].
To reduce the number of sensing electrodes for finger contact (tapping

and sliding) detection, a two-dimensional self-powered flexible tribo
electric sensor (2D-SFTS) is configured with four edge electrodes, sur
rounding a middle sensing area with a grid structure on top, as indicated
in Fig. 6(a) [196]. The grid structure is used to define the 25 virtual
sensing pixels, as well as to convert the continuous sliding motion into
periodic contacts and separations along the sliding trace, thus facili
tating the detection of continuous sliding motion. The detection of the
contact position is based on the output ratios from the two pairs of
opposite electrodes, determining the x-axis position and y-axis position
in a 2D plane. Combining with another one-dimensional (1D)-SFTS with
two end electrodes for the out-of-plane control, 3D spatial manipulation
of a robotic arm can be achieved in real-time, including controlling its
velocity, motion, and trajectory, etc. To further reduce the electrode
number in multi-directional sensing, a bioinspired spider-net-coding
(BISNC) design is introduced to achieve the differentiation of different
sliding directions using only one electrode [96]. As depicted in Fig. 6(b),
all the grating electrodes are connected as a single-electrode output,

Fig. 6. HMIs based on other types of interactions and with advanced designs. (a) Minimalist 2D-SFTS and 1D-SFTS for robotic arm manipulation. Reproduced with
Permission. [196] Copyright 2018 American Chemical Society. (b) A single-electrode BISNC interface for multi-directional detection. Reproduced with Permission.
[96] Copyright 2019 WILEY-VCH. (c) An eye blinking based interactive interface. Reproduced with Permission. [44] Copyright 2017 AAAS. (d) A muscle triggered
band interface for motion monitoring and gait pattern recognition. Reproduced with Permission. [45] Copyright 2019 ELSEVIER. (e) A TAS interface proposed for an
external hearing aid system. Reproduced with Permission. [46] Copyright 2018 AAAS. (f) A breath-driven triboelectric interface for intentional controls through
human breathing motions. Reproduced with Permission. [47] Copyright 2019 ELSEVIER. (g) A short-range wireless sensing interface for direct transmission of
sensory information. Reproduced with Permission. [48] Copyright 2020 ELSEVIER.
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while the electrode widths or electrode positions along each direction
are designed with encoded binary information. Hence, when the finger
slides across different electrode patterns, the output signals with enco
ded information can be used to determine the sliding direction correctly.
Besides, the interface also shows great reliability in practical usage
scenarios, not affected by the ambient humidity level and sliding
speed/force, indicating its great potential in various human machine
interactions like drone control and security code.
Likewise, body motions from different body parts can also be adop
ted to construct HMIs for various interactive applications [95,197,198].
As shown in Fig. 6(c), an eye motion-based interface is reported to
capture the eye blinking motions with a high output performance (~
750 mV) [44]. After being fixed on a pair of glasses, the interface can be
utilized for smart home appliance control (e.g., table lamp, electric fan,
bell, etc.) and hands-free typing. Controlled by the voluntary eye
blinking, wireless typing of ’T-E-N-G’ is successfully realized. Besides, a
muscle triggered band is developed for gait pattern recognition through
monitoring the walking associated muscle activities, as presented in
Fig. 6(d) [45]. The band interface is soft and stretchable, and thus can be
looped around body parts with signal generation in response to body
motions induced muscle activities. On this account, the band interface
can quantitatively monitor the walking status, e.g., step, speed, and
distance. Moreover, the unique motion pattern associated with each
individual allows us to use the band interface for identity authentication
in applications like employee clock in, security access, and computer
login by the gait signal analysis.
In addition to interfaces that require physical contact, non-contact
interfaces using voice or breath as interactive stimuli have been devel
oped as well, especially for the disabled aids [141,148,199–202]. A
self-powered triboelectric auditory sensor (TAS) is proposed as the
interface for an external hearing aid system, as illustrated in Fig. 6(e)
[46]. With the proper optimization of boundary architecture, the TAS
interface can achieve high sensitivity of 110 mV/dB, and a broad
response range from 100 to 5000 Hz. The typical output voltage of the
TAS is around 1.2 V at the excitation by 100-dB sound pressure level.
Consequently, it exhibits the characteristic capability of high-quality
sound recording and precise voice recognition, indicating its great
medical applicability in the hearing aid scenarios. Next, a breath-driven
triboelectric interface is presented in Fig. 6(f), which can deliver
intentional controls through human breathing motions [47]. The inter
face is based on an airflow sensor that can generate electrical signals
corresponding to different voluntary human breath. At an airflow rate of
115 L/min, the average peak output voltage and current can reach about
1000 V and 4.3 μA, respectively. The maximum peak power density of
the device is measured to be 15 W/m2 at the resistance of 220 MΩ. After
further integration with backend circuits, a wireless breath-driven
interactive system is developed for the control of various electrical ap
pliances. This breath-driven interface significantly reduces the using
barrier of various electronic devices for disabled people, making the
interactive experience more convenient.
Recently, another type of novel interfaces with wireless sensing
capability has also been widely investigated to achieve sensing and
wireless communication simultaneously, without any external power
supply in the interface end [203–206]. As shown in Fig. 6(g), a
short-range wireless sensing interface is proposed for the direct trans
mission of sensory information [48]. By leveraging the on-off function of
a switch, the enhanced triboelectric output can be realized by the
instantaneous switch-on discharging right after the sensing operation.
Then the large discharging signal induces the electrical oscillation in the
constructed RLC circuit, where the triboelectric sensor acts as both the
sensing interface and the capacitor. This electrical oscillation can be
wirelessly picked up by another coil in the signal analysis and control
end, achieving self-powered direct signal transmission in the interface
end. Furthermore, the sensing mechanism of interaction is based on the
resonant frequency shift, which possesses a high force sensitivity
(434.7 Hz/N) and great robustness. Through the integration of

triboelectric sensors with external capacitors for distinguishable reso
nant frequencies, wireless and real-time control of a VR drone is suc
cessfully demonstrated using only a single coil. In short summary, with
the aid of diversified wearable and self-powered HMIs, the interaction
convenience and user experience between humans and machines can be
greatly enhanced. Moreover, the self-powered capability in HMIs can
benefit the eventual realization of fully self-sustainable and wireless
functional systems in a broad range of smart home applications.
6. Self-sustainable micro-/nano-systems
As mentioned above, triboelectric technology shows great advan
tages in self-powered sensor applications because of the self-generated
electrical signals. However, for the commonly used sensors such as
resistive sensors and capacitive sensors, power sources are still highly
required as a crucial component. Although TENGs can effectively
convert mechanical energy into electrical energy [207,208], the alter
nating and pulse-like output is unable to drive the sensors directly. Thus,
researchers propose a self-powered system by integrating TENG with
energy storage devices, meaning that electrical energy generated by
TENG can be stored in the storage devices for powering electronic sen
sors with stable output. In this section, self-power systems consisting of
TENGs and various energy storage devices are introduced. We have
divided the systems into three categories, namely TENG integrated with
capacitors, TENG integrated with batteries, and hybrid integrated
system.
The commercial capacitors are chosen as the energy storage unit due
to their low price, mature fabrication technique, and easy availability.
The alternating current generated by TENG can be stored in the com
mercial capacitor after being rectified into direct current. As shown in
Fig. 7(a), He et al. proposed a self-powered system by connecting a
commercial capacitor with a TENG [56]. The commercial 27 μF capac
itor is charged from 0 to 8 V in 120 s with the TENG on foot, and then it
can be used to drive a Bluetooth module for 1 s. Similarly, the integrated
system can effectively power wearable sensors once the commercial
capacitor is charged to the required voltage by TENG. Although the
commercial capacitors are in small size, they are fabricated from rigid
materials, limiting the development of wearable electronics. Super
capacitors (SCs) show great advantages in flexibility, fast charging rate,
long life cycles, and high reliability. Plenty of efforts have been put into
the development of self-powered systems consisting of TENGs and SCs.
Various platforms, such as bulk-shaped, fiber-shaped flexible, and
wearable TENG/SC systems have been demonstrated recently. Wang
et al. developed a bulk-shaped TENG-SC system by integrating four
parallel-connected TENGs and four series-connected supercapacitors
[209]. The four TENGs are stacked together while the four SCs are
assembled over the top TENG in the same plane. It takes about 678 s for
the proposed system to charge the supercapacitor from 0 to 1.5 V, and
the supercapacitor discharges to 0 V in 376 s to sustainably drive a
digital temperature-humidity measure. By applying the same packaging
strategy, Sun et al. proposed a light-weight bulk-shaped TENG-SC sys
tem by utilizing the electrospun technique, which shows great potentials
for wearable electronics [210]. To bring stretch-ability into the inte
grated flexible self-powered system, Zhou et al. developed a partially
stretchable system by using the paper-folding methods to fabricate the
stretchable TENG which is then integrated with flexible SCs [211].
Moreover, Guo et al. developed a fully stretchable self-powered system
as shown in Fig. 7(b) [212]. The stretch-ability of the SC is enabled by
the kirigami architecture, while the stretchable TENG is fabricated with
sliver nanowires embedded in the silicone rubber. By sealing the two
devices with silicone rubber, an all-in-one stretchable self-powered
package can be obtained to power wearable sensors. After the
self-powered package is charged to 1.4 V in 800 s, it can power a digital
watch with a 2 μA discharging rate. Besides, self-powered fabrics are
also proposed in many works for wearable applications. Pu et al. pro
posed self-powered fabrics by fabricating all-solid-state flexible
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Fig. 7. Integrated self-powered systems consisting of energy harvesters and energy storages. (a) Integration of a triboelectric nanogenerator (TENG) with a capacitor.
Reproduced with Permission. [56] Copyright 2019 WILEY-VCH. (b) A wearable and stretchable self-powered system consisting of a TENG and a supercapacitor (SC).
Reproduced with Permission. [212] Copyright 2016 American Chemical Society. (c) A self-power fabric consisting of a coaxial fiber with TENG inside and SC outside.
Reproduced with Permission. [215] Copyright 2018 American Chemical Society. (d) A self-power system containing a TENG and a sodium-ion battery (SIB).
Reproduced with Permission. [216] Copyright 2017 WILEY-VCH. (e) A flexible self-power system containing a TENG and a lithium-ion battery (LIB). Reproduced
with Permission. [217] Copyright 2013 American Chemical Society. (f) A self-power fabric containing a TENG cloth and a LIB belt. Reproduced with Permission.
[218] Copyright 2015 WILEY-VCH. (g) A wearable self-power system containing TENG fabrics, fiber-shaped dye-Sensitized solar cells (FDSSC), and a LIB. Repro
duced with Permission. [219] Copyright 2016 WILEY-VCH. (h) A self-power fabric containing TENG, solar cell, and SC fabrics. Reproduced with Permission. [63]
Copyright 2016 AAAS.
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supercapacitor yarns into TENG textiles [213]. Dong et al. reported a
stretchable self-powered fabric by knitting TENG yarns together with SC
yarns, where the stretch-ability is enabled through a specific knitting
method to construct the loop structures [214]. As shown in Fig. 7(c),
Yang et al. proposed a self-powered fabric using coaxial fibers with a
TENG inside and an SC outside to simplify the fabrication process [215].
A digital watch can be powered after the inside supercapacitor is
charged to 2 V in ~ 160 s by continuously tapping the outside TENG
fabric.
Batteries such as sodium-ion batteries (SIB) and LIB are also exten
sively investigated energy storage devices that have a higher energy
density compared with SCs. Fig. 7(d) shows a self-powered system
consisting of a TENG and a SIB [216]. In this self-powered system, the
electrical energy generated by the radial-arrayed rotary TENG is effec
tively stored in the safe and durable all-solid-state SIB. In 2013, Wang
et al. demonstrated the first flexible self-powered unit by integrating a
flexible LIB on the arch-shaped TENG structure (Fig. 7(e)) [217]. The
proposed system can provide a constant direct current of 2 μA at a stable
voltage as long as the TENG is operating, and it can continuously power
a UV sensor at a constant voltage. Pu et al. proposed a wearable
self-powered system based on a textile TENG cloth and a flexible LIB belt
(Fig. 7(f)) [218]. The TENG cloth can be worn on any position of the
human body to harvest human motion energy. And the LIB belt shows
great flexibility and stable performance even after folded at 180◦ for 30
times. The proposed system can power a heartbeat meter that can
remotely communicate with a smartphone.
Hybrid integrated self-power systems that combine multiple energy
harvesting units with energy storage units are also demonstrated by
researchers. As illustrated in Fig. 7(g), a wearable self-powered fabric is
proposed by integrating a TENG cloth, a fiber-shaped solar cell as energy
harvesting units, and a LIB as the energy storage unit [219]. The solar
cell can generate a stable output current which is then connected with a
rectified TENG in parallel so that the LIB can be charged with an
increasing current. In Fig. 7(h), Wen et al. developed a self-powered
fabric consisting of a TENG fabric (as mechanical energy harvester), a
solar cell fabric (as solar energy harvester), and an SC fabric (as elec
trical energy storage unit) [63]. For the SC fibers (bottom), Cu and
PDMS layers are coated outside in sequence to form the electrode and
the negative triboelectric layer of the TENG respectively. For the solar
cell fiber (top), only the Cu layer was coated on the surface, serving as
the electrode as well as the positive triboelectric layer for the TENG.
Thus, the TENG is constructed between the SC fiber and the solar cell
fiber. The all-fiber-based shapes of each device enable the self-powered
system to be fabricated to electric textiles for wearable applications.
Investigations about new functionalities and new materials are
explored to endow energy harvesting units, energy storage units, or even
the integrated self-powered systems with novel functionalities that are
more compatible with wearable applications. Here, we will review novel
functionalities of TENG, SC, and LIB. Moreover, new materials such as
black phosphorus and MXene applied in self-powered systems will be
introduced as well.
Great efforts have been put for wearable devices to be functionally
stable under various deformations to adapt to various human motions,
such as bending, twisting, and stretching. Flexible materials such as
silicone rubber and PDMS are extensively utilized as the triboelectric
materials in the fabrication of stretchable TENGs because of their great
stretch-ability and structure designability as well as the high triboelec
tric negativity. To construct stretchable TENGs, geometrical design is a
feasible strategy, like paper-folding, [211] chain-link fence-shaped
structure [220], kirigami approach [221], and pre-strain and release
[222]. Also, mixing the liquid silicone rubber with conductive powders
like carbon black [223], and silver nanowires [224] are all effectively
demonstrated for stretchable TENG fabrications. However, the
stretch-ability of TENGs in these approaches are highly dependent on
the stretch-ability of the electrodes and pre-strain level. To make full use
of the stretch-ability of silicone rubber, conductive liquids with

extremely low Young’s modulus, such as sodium chloride solution
[225], PEDOT:PSS solution [226], and liquid metal [227], are sealed in
the silicone rubber cavities. Fig. 8(a) shows the super-stretchable TENG
using liquid metal [227]. Such a device exhibits a stretch-ability of 300%
which is limited by the silicone rubber. Other triboelectric materials,
such as VHB, show higher stretch-ability than silicone rubber and PDMS,
which have a maximum stretch-ability of over 2000% while they are not
as available as silicone rubber [187]. Self-healing ability can be another
helpful property for wearable applications since the damage of devices is
unavoidable in daily life. The self-healing ability of the TENG can be
realized by leveraging the dynamic disulfide bonds or the hydrogen
bond. Guan et al. demonstrated a self-healing TENG by leveraging the
dynamic disulfide exchange reaction in the vitrimer elastomer when
heated (Fig. 8(b)) [228]. In this device, PDMS is utilized as the tribo
electric layer, and carbon nanotube (CNT) embedded epoxy resin-based
polysulfide vitrimer as the self-healing electrode. Parida et al. demon
strated a super-stretchable, self-healing TENG by utilizing polyurethane
acrylate (PUA), liquid metal, and silver flakes (Fig. 8(c)) [229]. Elec
trodes are fabricated by mixing the three components. High
stretch-ability of 2500% and self-healing ability are enabled by the
hydrogen bond of PUA. Also, the liquid metal provides effective
anchoring between silver flakes and PUA when stretched, ensuring the
stable output performance.
Research about stretchable and self-healing SCs and LIBs is also in
progress. Fig. 8(d) shows an ultra-stretchable and self-healing SC based
on a double cross-linked hydrogel electrolyte [230]. The hydrogel is
composed of copolymer cross-linked by Laponite and graphene oxide.
Once the device is damaged, the diffusion of polymer chains and the
re-crosslinking reaction happen in the hydrogel when infrared light or
heat is applied. And the stretchable SC is realized by introducing
pre-strain to the hydrogel (electrolyte) before attaching two CNT films
on both sides as electrodes. After release, the pre-strain leads to a
wrinkled structure in CNT films to enable the stretch-ability of the de
vice, which is up to 900%. For self-healing LIBs, one approach is to coat
the Li-active material with a self-healing polymer as a binder. And
another approach aims at the active electrode. Wu et al. proposed a
self-healing anode based on room-temperature liquid metal (Fig. 8(e))
[231]. The Ga‒Sn liquid metal alloy is stabilized in a reduced graphene
oxide/CNT skeleton. Bumps and ravines appear at the full lithiation
state while the surface becomes smooth again during the subsequent
delithiation process due to the fluidity and surface tension of the liquid
metal. The lifetime of the LIB is greatly enhanced with nearly 100%
capacity remained within 4000 cycles. As shown in Fig. 8(f), Mackanic
et al. reported a stretchable LIB based on supramolecular lithium ion
conductor (SLIC) electrolyte [232]. A thin layer of gold is evaporated
onto the SLIC substrate, serving as the current collector. With the
encapsulation of PDMS, such a flexible device can have a stretch-ability
of about 70%.
New materials such as black phosphorus and MXene are also been
investigated in the application of TENG and energy storage units. Xiong
et al. demonstrated a skin-touch-actuated TENG textile using black
phosphorus as the triboelectric electron-acceptor layer (Fig. 8(g)) [233].
This layer is fabricated from the successive coating of black phosphorous
and hydrophobic cellulose oleoyl ester nanoparticles (HCOENPs) on
PET. The encapsulation of BP with HCOENPs helps prevent the fast
degradation of BP on exposure to the ambient environment, rendering
the long-term durability and high triboelectricity as well as the
wash-ability. MXene, a type of 2D transition metal carbides, shows
excellent electricity storage and transfer capability due to their metallic
conductivity, high density, and redox-active, negatively charged sur
faces. Yang et al. reported an MXene based current-collector-free
supercapacitor with the 3D printing technique, as shown in Fig. 8(h)
[234]. The aqueous inks with 2D MXene are applied directly to print
interdigitated symmetric micro-SC with a solid electrolyte using MXene
as both the electrode materials and the current collector. The 3D-printed
SC has an areal capacitance as high as 8.5 mg/cm2. Moreover, Jiang
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Fig. 8. Novel materials and functionalities for self-powered systems. (a) A super-stretchable TENG. Reproduced with Permission. [227] Copyright 2018 American
Chemical Society. (b) A self-healing TENG. Reproduced with Permission. [228] Copyright 2018 ELSEVIER. (c) A stretchable and self-healing TENG. Reproduced with
Permission. [229] Copyright 2019 Springer. (d) A stretchable and self-healing SC. Reproduced with Permission. [230] Copyright 2019 Springer. (e) A self-healing
LIB. Reproduced with Permission. [231] Copyright 2017 Royal Society of Chemistry. (f) A stretchable LIB. Reproduced with Permission. [232] Copyright 2019
Springer. (g) A textile TENG with black phosphorus. Reproduced with Permission. [233] Copyright 2018 Springer. (h) 3D printing of freestanding MXene archi
tectures for supercapacitors. Reproduced with Permission. [234] Copyright 2019 WILEY-VCH. (i) A self-powered system containing an MXene based micro-SC in
tegrated with a TENG. Reproduced with Permission. [235] Copyright 2018 ELSEVIER.
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between 12 fabrics’ surface textures with an accuracy of 99.1%.
Additionally, significant progress has been witnessed in tactile sen
sors for HMIs, related embodiments including smart keyboards [65,68,
191], voice recognition systems [161,242,243], robotics control [96,
196,244], and smart home control systems [56,195,245]. Wearable
glove-based HMIs possess the unique advantages in high precision and
multiple degrees of freedom (DOFs) control, which can be an important
complementary solution to vision and voice recognition as well. More
over, subtle, emotional, and detailed interaction between humans and
humans, and humans and machines could be realized with the aid of
gestures and hand motions. Benefiting from these advantages, a low-cost
(about 10 USD), scalable tactile glove (STAG) is developed [244]. By
analogizing the fundamental perception primitives between the visual
and tactile domains, the STAG is assembled with a minimal sensor count
as that for image processing (32 × 32 pixels) with 584 piezoresistive
sensor array distributed on the palm for interacting with 26 different
objects [246]. After identifying the tactile map of a 32 × 32 array in the
sensor coordinates, the STAG uses a ResNet-18-based architecture and
reaches the maximal classification accuracy in seven random input
frames [247]. The above methods reveal that a much larger volume of
information is accessible for studying interaction processes at a deeper
level with the improvement of flexible electronic elements and the
assistance of AI techniques, thereby aiding the future design and
development of the next-generation wearable electronics and systems.
Besides, a haptic-feedback smart glove with triboelectric and piezo
electric sensors using a convolution neural network (CNN) expands the
capabilities of realizing advanced human machine interaction, as shown
in Fig. 9(c) [248]. To evaluate the mapping of the static pressure during
the grabbing activities of different objects, the proposed glove is
focusing on the investigation of the dynamic changes along with the
complete cycle of grabbing signal waveforms. Finally, using the trained
CNN model with three convolution layers, the object recognition ach
ieves an accuracy of 96%. Moreover, Wen et al. designed a facile
CNTs/thermoplastic elastomer (TPE) coating approach, which is inves
tigated in detail to achieve super-hydrophobicity of the triboelectric
textile for performance improvement [249]. By leveraging machine
learning, a minimalist design with each finger only distributed one
triboelectric sensor can perform recognition of complex and similar
gestures by using glove-based HMI (Fig. 9(d)). Benefiting from the
super-hydrophobic characteristic, the negative effect of sweat is mini
mized, leading to an improved recognition accuracy (96.7%) compared
to that without super-hydrophobicity (92.1%).
Speaker recognition is under the spotlight as one next big corner
stone of HMI for applications including personalized voice-controlled
assistant, smart home appliance, biometric authentication based on AI,
and IoT framework. Owing to the recent advances in soft materials and
micro-electromechanical system (MEMS) fabrication, the emerging field
of wearable flexible electronic devices offers a technological solution to
realize voice recognition systems. As shown in Fig. 9(e), the design of an
imperceptible, flexible epidermal surface electromyography (sEMG)
tattoo-like patch can be used as a new HMI for patients with a loss of
voice [161]. When a tester speaks silently, the patch shows excellent
performance in recording the sEMG signals from three muscle channels
and recognizing those frequently used instructions with high accuracy
by using the wavelet decomposition and pattern recognition. With the
help of the linear discriminant analysis (LDA) model, the average ac
curacy of action instructions can reach up to 89.04%, and the average
accuracy of emotion instructions is as high as 92.33%. Ji et al. used
copper mesh and NaCl molded PDMS as the triboelectric layers [243].
Three words’ pronunciation has been recorded; and the short time en
ergy (STE) and the wavelet transform (WT) are calculated and processed
as the machine learning model for the voice signal recognition with a
recognition accuracy of 93.3%. To further demonstrate the possibility of
applying a machine learning algorithm for automatic analysis and
recognition, a larger database is analyzed. Twenty-six letters’ hand
writing signals with a total of 520 samples are collected; and a letter

et al. proposed a self-powered system by integrating an MXene based
micro-SC with a TENG (Fig. 8(i)) [235]. The MXene is spray-coated on
the pre-patterned PET substrate to form the active material, followed by
the painting of the cross-linked gel electrolyte over the entire device to
construct the micro-SC. The TENG is fabricated with a carbon
fiber-based textile as the electrode and silicone rubber as the tribo
electric layer. The TENG and micro-SC are packaged together with sil
icone rubber to form a flexible self-powered system for wearable
applications. A digital watch and a commercial temperature-humidity
meter can be successfully powered by this self-powered system.
Briefly speaking, in this section, we have reviewed the selfsustainable systems from the integration of energy harvesters and en
ergy storages, and their novel functionalities enabled by functional
materials. In the integration part, it can be seen that TENG can be
effectively combined with the energy storages (such as capacitors,
supercapacitors, batteries, etc.), and hybrid systems including multiple
energy harvesters and energy storages can be achieved for higher
charging efficiency. The wearability of the self-sustainable system is also
being well developed in the form of flexible packages and textile
structures, showing promising applications for wearable devices and
wearable power sources in smart homes applications in the AIoT era.
Moreover, with the development of novel materials, TENGs, energy
storages, and their integrated self-sustainable systems are endowed with
higher output performance as well as novel functionalities such as superstretchability, self-healing capability, and waterproof capability,
enabling higher compatibility of the devices for wearable applications.
7. Towards AIoT-assisted self-sustainable micro-/nano-systems
Recently, the rapid development of AI technologies has significantly
promoted enormous advances combined with diversified sensors to form
a whole intelligent system in technologies related to the process of data
acquisition, analysis, and transmission [64,236,237]. By matching the
proper learning models with specific sensing applications, more
comprehensive information can be extracted from these diversely
designed sensors, leading to a progressive revolution of wearable elec
tronics [69,238]. Here, representative examples from traditional sensors
to self-power sensors are highlighted, focusing on the combination of
sensors and AIoT systems. One of the new trends is to incorporate E-skin
with intelligent modules to achieve smart applications to meet the
real-world needs of healthcare, industrial, and household applications,
etc. For instance, a wearable and flexible strain sensor that is capable of
detecting swallowing activity is proposed for the dysphagia monitoring
and the potential identification of the degradation in the swallowing
function of head and neck cancer patients [239]. A machine-learning
algorithm based on the L1-distance is adopted to identify the process
of bolus being swallowed, i.e., to distinguish the signals of a healthy
subject (86.4% accuracy) and a dysphagic patient (94.7% accuracy)
when swallowing the same bolus. These results may lead to non-invasive
and home-based systems for the monitor of swallowing function and the
clinical use of such wearable electronics. Then, a sandwich-structure
piezoelectret with high equivalent piezoelectricity constructs an active
pulse sensing system that can detect the weak vibration patterns of the
human radial artery based on machine learning analysis, as shown in
Fig. 9(a) [240]. For each pair of pulse waves, through comparing the
similarity between two pulse waves with a dynamic time warping
(DTW) algorithm, a DTW distance is calculated to reflect the similarity.
As a result, the true positive rate (TPR) is 77.0%, which means a
volunteer will be identified successfully in 770 out of 1000 trials.
Moreover, a self-powered neural finger skin that consists of a tribo
electric layer and graphene sensor array is developed for mimicking the
fast adaptive (FA) mechanoreceptors and the slow adaptive (SA)
mechanoreceptors in human skin to continuously monitor applied
pressure, as shown in Fig. 9(b) [241]. Benefiting from the advantages of
AI analysis technology, the proposed method of neural network pattern
recognition can help the device distinguish enough delicate difference
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Fig. 9. Examples of AIoT-assisted based on self-sustainable micro-/nano-system. (a) An active pulse sensing system based on sandwich-structure piezoelectret.
Reproduced with Permission. [240] Copyright 2018 WILEY-VCH. (b) A self-powered tactile sensors-based neural finger skin with learning technique. Reproduced
with Permission. [241] Copyright 2018 American Chemical Society. (c) A haptic-feedback smart glove as a creative human-machine interface (HMI). Reproduced
with Permission. [248] Copyright 2020 AAAS. (d) A superhydrophobic triboelectric textile glove for gesture recognition. Reproduced with Permission. [249]
Copyright 2020 WILEY-VCH. (e) An epidermal sEMG tattoo-like patch for patients with loss of voice. Reproduced with Permission. [161] Copyright 2020 Springer. (f)
A flexible piezoelectric acoustic sensor (f-PAS) for machine learning-based speaker recognition. Reproduced with Permission. [242] Copyright 2018 ELSEVIER.
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decisions accordingly. To wrap up this review, beyond their current
satisfactory advances, the self-powered sensors and self-sustainable
micro-/nano-systems will be continuously flourished towards
improved wash-ability and reuse-ability, multifunctionality, better selfsustainability via multi-domain energy harvesting and storage technol
ogy integration, and higher-level intelligence for complex scenarios.

fingerprint library is established for further analysis. Hierarchical clus
tering and similarity matrix are used to study the intrinsic relationship
between letters. “Medium Gaussian support vector machine” is used as
the machine learning model for the 26-letter fingerprint identification
with a recognition accuracy of 93.5%. Moreover, a speaker recognition
system is reported using a flexible piezoelectric acoustic sensor (f-PAS)
based on the Gaussian Mixture Model (GMM) algorithm as indicated in
Fig. 9(f), which can reach up to an excellent speaker recognition accu
racy of 97.5% [242]. The intrinsic voice information obtained from the
highly sensitive multi-channel membrane is beneficial for identifying
speakers. Finally, the 75% reduction of the error rate compared to the
commercialized MEMS sensors indicates that the f-PAS platform can be
further applied to voice-based biometric authentication and highly ac
curate speech recognition. In short summary, with the aids of AI tech
nologies, the self-sustainable micro-/nano-systems can be equipped with
the decision making capability for complicated applications without the
need of human intervention. The main application on E-skin can benefit
healthcare monitoring which is a crucial part of smart homes. Besides,
significant progress in HMIs integrated with AI shows the advantages in
high precision and multiple control for applications including interac
tive glove-based HMI, voice-controlled assistant towards a fully inte
grated smart home.
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8. Perspectives
The recent advances of self-powered sensors and self-sustainable
micro-/nano-systems for smart home applications in the era of 5G and
AIoT have shown clear developments of flexibility and wear-ability, new
functionalities, improved self-sustainability, and higher intelligence.
Moving forwards, on top of the continuous effort to push the boundary
of the existing developments, some bottlenecks highlighted below
should be tackled from our perspective. First, besides flexibility and
stretch-ability, breath-ability and wash-ability are also key properties
for wearable electronics. Fiber, textile, and nanofiber membrane-based
materials which enable relatively good air permeability, are ideal can
didates for breathable electronics. Meanwhile, methods such as selfhealing technology, super-hydrophobic treatment, and better pack
aging are expected to meet the washable requirement. On the other
hand, bringing down the manufacturing cost and using ‘green’ materials
could be another direction to enable the one-time-use of wearable de
vices to bypass the washing problem. Second, while individual devices
with distinct functionalities have been achieved, multi-functional sys
tems are desired to simultaneously monitor different physical/chemical
quantities with minimal signal interference. Since the multi-functional
systems involve numerous sensors and produce abundant data, the
development of wearable photonics to complement wearable electronics
is expected. Because the wearable photonics can potentially provide
radio frequency interference (RFI)-free sensing functions and high-speed
data transmission channels. Third, the sustainability of micro-/nanosystems should be further improved. Combining different energy har
vesting and storage technologies into one system is one direction. For
example, the combination of solar cells, electromagnetic energy har
vesters, and TENGs can enable effective energy harvesting regardless of
weather conditions and from both low and high mechanical motions.
The integration of SCs and LIBs can serve for both applications that
require high power and high energy. On the other hand, performance
enhancement for both TENG and energy storage units can be another
direction to improve the sustainability of the system. For example,
materials with higher triboelectricity and electron trapping capabilities
can be investigated to improve the performance of TENG. And the
performance of SCs or LIBs can be enhanced by developing electrodes
with larger surface areas. Last but not least, the system-level integration
of sensor technology and AI technology is foreseen. While the current
development has shown successful implementation of the AI technology
for individual event recognition, more interconnected and complicated
systems are envisioned for recognizing complex events and making
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