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G R W N e

Abstract: Early clinical diagnosis and treatment of disease rely heavily on measuring the many
various types of medical information that are scattered throughout the body. Continuous and
accurate monitoring of the human body is required in order to identify abnormal medical signals
and to locate the factors that contribute to their occurrence in a timely manner. In order to fulfill
this requirement, a variety of battery-free and self-powered methods of information collecting have
been developed. For the purpose of a health monitoring system, this paper presents smart wearable
sensors that are based on triboelectric nanogenerators (TENG) and piezoelectric nanogenerators
(PENG), as well as hybrid nanogenerators that combine piezoelectric and triboelectric nanogenerators
(PTNG). Following the presentation of the PENG and TENG principles, a summary and discussion
of the most current developments in self-powered medical information sensors with a variety of
purposes, structural designs, and electric performances follows. Wearable sensors that generate their
own electricity are crucial not only for the proper development of children and patients with unique
conditions, but for the purpose of maintaining checks on the wellbeing of the elderly and those
who have recently recovered from illness, and for administering any necessary medical care. This
work sought to do two things at once: provide perspectives for health monitoring, and open up new
avenues for the analysis of long-distance biological movement status.

Keywords: triboelectric nanogenerators (TENG); piezoelectric nanogenerators (PENG); self-powered
wearable sensors

1. Introduction

Due to their qualities of high sensitivity [1] high resolution, and low cost [2], mul-
tifunctional flexible sensors have recently been widely used in human health detection,
intelligent robotics and other disciplines. In recent years, the gathering and analysis of
health data have been greatly aided by wearable technology [3-6]. It is a useful technique
for the early identification, diagnosis, and treatment of diseases [7-10]. As an illustration,
long-term monitoring of bodily indicators such as EKG, heartbeat, blood pressure and
pulse is considered in the analysis and diagnosis of cardiovascular illnesses [11]. However,
conventional electrochemical batteries are the major source of the electricity needed for
wearable technology [12-18]. They not only add size and discomfort to worn sensors, but
they also necessitate frequent recharging or regular replacement. Various types of these
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sensors may be employed in a variety of applications, including engineering [19,20]. Nu-
merous wearable energy harvesters have been developed using diverse concepts, including
electrostatic [21,22], electromagnetic, thermoelectric, piezoelectric [12,23] and triboelec-
tric [24-26] power. Self-powered energy harvesters may transform many forms of ambient
energy into electrical energy [21,27-35] and, to a certain extent, can replace batteries. In the
most recent research, ultrasound in vivo can be captured using capacitive triboelectric elec-
trets which can also power medical implants [30,36—43]. The advantages of self-powered
energy harvesters over batteries are low cost, compact size, light weight and environmental
friendliness, which prevent missing important abnormal medical signals when the battery
is depleted [44-53]. The energy that is harvested can come from the movements of body as
well as the surrounding environment, such as motion energy from routine motions [54],
human physiological processes [23], the energy of the sun and artificial light and the tem-
perature of the human body [55-58]. Drawing on a number of techniques, including the
triboelectric effect [59,60], piezoelectric effect, Seebeck effect, and photovoltaic effect, these
energies can be transformed into electrical energy. Figure 1a shows the purpose of this
review is to summarize various types of self-powered medical information sensors based on
the triboelectric nanogenerators (TENG), piezoelectric nanogenerators (PENG) and hybrid
piezoelectric and triboelectric nanogenerators (PTNG) [27,39,61-68]. Figure 1b illustrates
the approximate working-frequency levels of common mechanical energy sources that
the frequency levels of human activities are between 0 to 15 Hz, which is important for
wearable self-powered sensors [65-68]. With the rapid development of advanced materials
and nanotechnology, sensor technology has advanced to a very high level. However, the
majority of them still rely on external power sources, such as batteries, which can lead to
problems as they are difficult to track, recycle, and miniaturize. They also pose potential
environmental pollution and health risks. Although the researcher may use a wireless
recharging system for the replacement of a battery, this may bring serious problems if
the technician misses the track during the recharging time. Traditional sensors must be
activated by an external power source, and because they are widely dispersed and operate
intermittently, they consume a lot of energy, which makes it difficult to create applications
that are sustainable, healthy and green. However, self-powered sensors based on tribo-
electric nanogenerators (TENG) and piezoelectric nanogenerators (PENG) can generate
electrical energy for storage by themselves by harvesting energy from their surround-
ings. Additionally, sensors can be self-powered, which is essential for smart homes, smart
wearable technology, and bio-medicine.

This article provides an overview of self-powered wearable sensors based on piezo-
electric and triboelectric nanogenerators for healthcare systems. Section 2 describes the
principle of piezoelectric and triboelectric nanogenerators. Section 3 provides a brief
overview of self-powered wearable sensors based on triboelectric nanogenerators. Section 4
discusses wearable sensors based on piezoelectric nanogenerators. Section 5 describes
the self-powered sensors based on hybrid piezoelectric and triboelectric nanogenerators.
Section 6 provides a brief review of challenges, perspectives and insight for self-powered
wearable sensors.
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Figure 1. (a) Self-powered wearable sensors based on piezoelectric and triboelectric nanogenerators
(b) Frequency levels of common mechanical energy sources.

2. Principle of Piezoelectric and Triboelectric Nanogenerators

Figure 2 depicts the fundamental form of both piezoelectric and triboelectric nano-
generators. PENGs typically incorporate electrodes and piezoelectric materials [69]. After
polarization, when the PENGs are deformed, a charge with the opposite sign emerges
on both the top and bottom sides of the piezoelectric materials that correspond to those
surfaces [70,71]. Figure 2a provides a diagrammatic depiction of the process by which
the PENGs generate electricity when their buttons are pressed and then released [72-76].
Even if cations and anions are both under stress, the equivalent canters of charge for both
types of ions remain at the same location. Polarization, as well as the creation of an electric
current, are neither present nor occurring [77]. When external forces are applied to the
nanogenerator, it results in a contraction of the volume and a stretching in the opposite
direction [78]. As a direct consequence of this, the canters of charge of the cations and
anions move, electric dipoles are generated, a piezoelectric potential is developed between
the two electrodes and a new balancing state is produced [79]. There are four distinct
modes of operation for the triboelectric nanogenerators that are depicted in Figure 2b.
These include the vertical contact-separation mode, the lateral sliding mode, the single
electrode mode and the freestanding triboelectric layer mode [80].
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Figure 2. Principle of (a) piezoelectric [81] and (b) triboelectric nanogenerators [82].

3. Self-Powered Wearable Sensors Based on Triboelectric Nanogenerators

Self-powered wearable sensors based on triboelectric nanogenerators (TENG) are
described in detail in Figures 3 and 4. A sliding triboelectric sensor with magnetic array
assistance is shown in Figure 3a. When human hands and robotic hands interact in real-time
through gestures, the sensor responds with positive or negative pulse signals depending
on whether the finger is flexed or extended.

By monitoring the number of pulses in a given amount of time, one can get a real-time
read on the magnitude, velocity and orientation of a user’s finger motions. The measurable
pulses are produced in large part by the magnetic array. The system’s longevity, low-speed
signal amplitude and stability are all improved by the two components of the magnetic
array that were specifically built to convert sliding motion into contact separation and
restrict the sliding pathway, respectively [83]. Figure 3b shows triboelectric nanogenerators
made from flexible bromobutyl rubber (BIIR) and PET using a variety of film creation and
surface roughening processes to create arched vertical contact-separation structures. In
order to get the best power generating results, the treatment and assembly methods of the
friction materials were investigated [84]. By creating a wearable triboelectric nanogenerator
(NM-TENG) made of a nanofibrous membrane, Figure 3c shows that next-generation
wearables will require a power source that can convert human biomechanical energy into
electricity while being lightweight, adaptable and sustainable. The electro spun nanofibrous
membranes’ polarity, mechanical strength and surface hydrophobicity were improved,
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leading to improved device output performance, robustness and operability even in high
environmental humidity [85]. Highly-flexible 2D fabrics are shown in Figure 3d acting
as a wearable triboelectric nanogenerator to power wearable electronic devices. In the
beginning, fibers were made, primarily from Al wires and PDMS tubes with a high-
aspect-ratio nanotextured surface and vertically aligned nanowires. With this design,
the nanogenerator produced a steady output performance even when it was severely
strained. The FTENG was also used in applications for elbow-mounted power apparel and
footstep-driven large-scale power mats for walking. This method is thought to offer a good
contender for a high-performance and reliable nanogenerator that will eventually power
wearable devices on its own [86].
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Figure 3. Self-powered wearable sensors based on TENG: (a) Multilayer structure of the Ma-s-TS [83].
(b) A schematic representation of a triboelectric nanogenerator that was built using bromobutyl rubber
(BIIR) and PET [84]. (c) Fabricating an NM-TENG for use in wearable electronics [85]. (d) Depicting
the stages of the FTENG's manufacturing process [86].
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Figure 4a depicts how to create a porous nanocomposite fabric (PNF) with a high
capacity for charge accumulation using a simple dry-casting technique, and how to use it as
a tribopositive material to create stylish wearable triboelectric nanogenerators (abbreviated
as TENGs). This gadget is an effective and dependable green wearable power source as it
can power commercial wristwatches, light LED arrays, and charge a variety of capacitors.
Additionally, a grip ball and an elbow supporter based on PNF-TENG are presented as self-
powered sensors to provide real-time detection of human activities during sports exercises.
This research suggests a green wearable triboelectric nanogenerator fabric as an efficient
tribopositive material, confirms the viability of creating green wearable power sources and
sensors and offers fresh insights into their design [87]. A freeze-tolerant ionic hydrogel
and a dielectric elastomer are used as the electrode and electrification layer, respectively, in
the low-cost, highly stretchy and antifreezing ionic triboelectric nanogenerator (iTENG)
shown in Figure 4b. The iTENG design delivers a special blend of benefits, including
strong hydrogel-elastomer bonding, great stretchability (300%), and excellent tolerance
to extremely low temperatures. The iTENG in this setup was able to withstand cyclic
compression (2000 cycles) without experiencing any electrical degradation [88]. This
occurred because of the hydrogel and elastomer’s impressive interfacial adhesion.
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Figure 4. Self-powered wearable sensors based on TENG: (a) The PNF-TENG is a self-powered
sensor that can also function as a wearable power source [87]. (b) The interfacial bonding structure of
antifreeze-stretchable iTENG [88].

Figure 5a depicts the proposal, development, characterization and validation of a novel,
self-powered, MXene-based, 3D-printed, flexible and integrated wearable system for continu-
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ous, real-time physiological biosignal monitoring. This structure is a fully self-powered RAP
monitoring structure that demonstrates wireless data and power transmission via near-field
communication. This is the first report of a wearable system for continuous and real-time
physiological biosignal monitoring powered entirely by human motion, indicating a promis-
ing future in the field [89]. Figure 5b depicts a waterproof and high-performance triboelectric
nanogenerator (TENG)-based insole designed to capture human motion energy for the long-
term operation of portable devices. To collect mechanical energy, an airtight-cavity-airbag
structural insole based on a TENG was designed in the protocol. The contact and separation
of triboelectric layers were driven by an elastic airbag through their corresponding expansion
and contraction. The findings point to a wide range of potential applications, from powering
personal sensing devices to the Internet of Things [90].

a MXene TENG

3D printable MXene K

(Ti,C,T,) ink /

'
MXene pressure sensor

“\Q

s
W

Self-charging by
biomechanical energy

-a

@ rovver @ Copper ([ Latex (@ Conductive electode

©

Elastic airbag

o | |
£ /
@ |
o {
ﬂ)
) / |
> \
= i
g -
0 w_ 4
- =
@) Ruvver (@ Corper [ Latex (@ Conductve electode
-,
T—tem
T —
B -l
—

&
°
3

Figure 5. Self—powered wearable sensors based on TENG: (a) the design principal of MXene—based TENG
(M—TENG) [89]. (b) Structural design of the TENG-based system for gathering biomedical energy [90].
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Figure 6a shows a TENG made from coffee grounds that has the advantages of being
inexpensive and environmentally friendly, and having excellent stretchability, deforma-
bility and durability. It is also useful for mechanical energy harvesting and self-sufficient
pressure sensing, which includes motion monitoring, emulation and acting as a smart
human-machine interface. These findings offer a promising framework for the creation of
eco-friendly wearable technology and intelligent user interface systems [91]. Figure 6b illus-
trates a stretchable and transparent TENG based on a Mxene-AgNWs-Mxene-polyurethane
nanofibers (MAMP) electrode that exhibits excellent optoelectronic properties with low
sheet resistance. Because it combines a motion sensor and a sustainable power source, its
potential for use in wearable technology and human-machine systems is high [92].
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Figure 6. Self—powered wearable sensors based on TENG: (a) The design principal of CG—TENG
sensor [91]. (b) Structural design and output voltage of MAMP—TENG [92].
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4. Self-Powered Wearable Sensors Based on Piezoelectric Nanogenerators

In Figure 7a, a novel flexible piezoelectric nanogenerator (PENG) based on two-
dimensional (2D) semiconductor MoS2 flake was used to power a room temperature
Au-MoSe2 composite ammonia (NH3) sensor for the first time. Additionally, this design
illustrated a MoS2-based PENG device attached to a person’s body for the purpose of
harvesting a variety of body motion energy, showcasing its strong potential for use in
wearable technology [93]. For imperceptible sensing and energy harvesting systems,
ferroelectric polymer transducers and organic diodes are shown in Figure 7b. They are
integrated on ultrathin (1-m) substrates, giving them excellent flexibility. Simulations
demonstrate that the use of an ultrathin substrate, which enables mounting on 3D-shaped
objects and stacking in multiple layers, significantly improves the sensitivity of ultraflexible
ferroelectric polymer transducers. In fact, ultraflexible ferroelectric polymer transducers
form invisible wireless e-health patches for accurate pulse and blood pressure monitoring
due to their improved sensitivity to strain and pressure, quick response and excellent
mechanical stability [94].
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Figure 7. Self—powered wearable sensors based on PENG: (a) The design principal of self—power
sensor based on flexible piezoelectric nanogenerator [93]. (b) Structure of biomedical sensor based on
ultraflexible piezoelectric energy harvesting and sensing device [94].
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A high-performance, flexible, biocompatible, lead-free piezoelectric nanogenerator
based on bismuth tungstate (Bi2WO6) is shown in Figure 8a. It is simple and inexpensive to
create biconcave-shaped Bi2WO6 nanoparticles through hydrothermal means. The robust
nanogenerator’s adaptability is shown by recording acoustic signals, harvesting energy
from human body motion, using it as a quick-response smart sensor door and harvesting
energy from rainwater. The platform created here demonstrates its suitability for a wide
range of wearable, self-powered and biocompatible electronic applications [60]. An environ-
mentally friendly and flexible piezoelectric nanogenerator based on electrospun nanofiber
is proposed in Figure 8b. The generator can be used as a self-powered sensor to track
the movement of various body parts and measure tensile and compressive deformation.
This newly developed nanogenerator has excellent potential for wearable and implantable
devices due to its benefits of flexibility and environmental friendliness [95,96].

a 06 —— Wrist Motion
0.4
So2
200
Z02
04
o.s

40 60 80 100
Time (sec)

;HM

—— Elbow Sensor

AW

Hyderabad

0 40 80 120 160200240200 4 6 8
Time(sec)
2 1.0
0.
electrode ?ﬂn 051
o -1.04
nanofiber mat >
P Tlme (s)
Z« 1.0
0.54
£ 004
8 -05
S -1.04
>
210
?t 0.5
@ 00
05
= -1.0
P

5
Time (s)

Figure 8. Self-powered wearable sensors based on PENG: (a) Illustrating the output performance of
the highly flexible and fully autonomous wearable sensor based on piezoelectric nanogenerators [95].
(b) The principal design and output performance of wearable sensors on the finger joint, wrist joint
and elbow joint based on piezoelectric nanogenerators [96].

A novel wearable piezoelectric sensor for measuring arterial pulse is shown in
Figure 9a and is based on a poly (vinylidene fluoride) (PVDF) nanofibrous membrane
that contains microporous MOFs made of zirconium. It is demonstrated that adding 5 wt%
MOF significantly increases the polymer fiber mat’s piezoelectric constant by 3.4 times with-
out significantly reducing its flexibility. The findings of this work open up new avenues for
the development of flexible piezoelectric nanofibrous sensors based on MOFs for wearable
healthcare monitoring systems and ecologically sustainable energy generation [97].
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Figure 9. Self-powered wearable sensors based on PENG: (a) A unique piezoelectric sensor that
may be worn and is based on a polymer (PVDF) [97]. (b) The mechanism of piezoelectric printed
touchscreens [98]. (c) The polyvinylidene fluoride (PVDF)/LiCl nanogenerator device’s structural
composition [99]. (d) The highly effective piezoelectric pressure sensor for textiles (T-PEPS) [100].

The structure of a printed piezoelectric touchscreen is shown in Figure 9b. Electric
films of poly (vinylidene fluoride-co-trifluoro ethylene), PVDF-TrFE, were created for
touch screen application using several additive manufacturing techniques, such as doctor-
blading, spray printing and screen-printing [98]. Figure 9c depicts a nanofibrous power
generator in which aluminum foil was employed as the collector plate and electrospinning
was performed on this substrate. Due to their high conductivity, two copper strips were
adhered to both sides of the aluminum foils using silver paste, and wire was soldered
onto them to link to the data acquisition board. The complete nanogenerator device was
encased in silicone resin to increase its mechanical durability and shield it from dust and
moisture [99]. Figure 9d depicts the creation of a ZnO nanorod-based T-PEPS. The T-PEPS
has three layers: a PVDF membrane, conductive PET textiles with ZnO nanorods and a
PVDF membrane. Thus, the fabricated T-PEPS features a high output voltage of 11.47 V,
a low detection limit of up to 8.71 Pa and remarkable mechanical stability. The T-PEPS is
employed for the detection of motions [100], including the bending and straightening of
human digits and the flexing and extension of human wrists.

As shown in Figure 10a, a two-dimensional fabric nanogenerator based on a flexi-
ble hybrid piezoelectric fiber has the potential to be easily integrated into clothing and
convert the mechanical energy of human body motion into electrical energy. Aligned
BaTiO3; nanowires and PVC polymer made up the hybrid piezoelectric fiber. Aligned
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BaTiO3 nanowires enhanced the fiber’s piezoelectric characteristics, while the pliability
of the PVC polymer made the fiber suitable for weaving. The nanogenerator with the
interdigitated electrodes was created by weaving copper wires and cotton threads together.
Fabric nanogenerators can produce 1.9 V output voltage and 24 nA output current when
attached to a human-bent elbow pad [101]. Integration of zinc oxide nanorods (ZnO NRs)
into polyacrylonitrile (PAN) nanofiber, as shown in Figure 10b, resulted in a ZnO/PAN
nanofabric with approximately 2.7-times more pressure sensitivity and vibrational energy
harvesting ability than that of pure PAN nanofiber. In particular, the ZnO/PAN Nano
fabric produced nearly twice as much power as the ZnO and polyvinylidene fluoride fabric.
The results showed that the planar zigzag conformation of PAN nanofiber microstructures
was greatly enhanced by the addition of ZnO NRs [102]. Superflexible BTS-GFF/PVDF
composite films and highly sensitive sensors are shown being made in Figure 10c. Medical
rehabilitation, human motion tracking and intelligent robotics are just a few of the fields
that stand to benefit from this structure’s novel approach to fabricating superflexible, very
sensitive and wearable self-powered piezoelectric sensors [103].
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Figure 10. Self-powered wearable sensors based on PENG: (a) Illustration showing how FNG may
extract usable energy from the motion of human bodies [101]. (b) Diagrammatic representation
of the manufacturing process for the ZnO/PAN-based nano fabric that is used in the PENG [102].
(c) Super-flexible, lead-free piezoelectric nanogenerator for use in extremely sensitive self-powered
sensors [103].
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5. Self-Powered Wearable Sensors Based on Hybrid Piezoelectric and Triboelectric
Nanogenerators

In Figure 11, an example of a nanogenerator that combines piezoelectric and triboelec-
tric technologies is presented. The PTNG’s fundamental copper-mode design principle is
depicted in Figure 11a. The copper PTNG is made up of the copper framework, magnets
on both sides and PVDF strips. The parts were 3D printed using PLA. At each end of the
frames, a pair of magnets with the same magnetic polarity are fixed (M1 and M2). The
length of the PVDF strip in the PTNG is also represented. Magnets of sizes M5, M6, M7
and M8 are used to hold the PVDF strips in place. PVDF strips are installed into the copper
frame using the preexisting screw holes. Hybrid piezoelectric and triboelectric nanogen-
erators (PTNG) are shown being developed in Figure 11a for use in energy generation
and monitoring. Polyimide film and copper/aluminum layers make up the triboelectric
component and polyvinylidene fluoride strips in the PTNG, and magnetic force is used to
apply the opposing force in the sliding mode. The maximum open-circuit voltage is found
in the copper-containing triboelectric component of PTNG mode 2 (capsule with electrode
layer). To better understand how people behave when exercising on a treadmill, this con-
cept proposes a self-sufficient walking sensor system driven by PTNG. For this experiment,
the design has been tested with the treadmill at different speeds [104]. Figure 11b shows an
origami-based triangulated cylinder piezoelectric/triboelectric hybrid generator (TCO-HG)
that can efficiently harvest energy from mechanical motion. The proposed construction has
a PENG on the inner hinge, a TENG on the top substrate that rotates, and a TENG on the
surface of the triangular cylinder that separates contacts vertically to harvest mechanical
energy from each motion. Each generator may provide a different electrical output from
the same input [105]. By combining PEDOT, a PSS-coated fabric triboelectric nanogenerator
(TENG) with lead zirconate titanate (PZT) piezoelectric chips, the sock in Figure 11c is
able to harvest energy and sense a variety of physiological data, such as gait, contact force,
perspiration level, etc. The outputs of TENG and PZT sensors are efficiently fused together
during exercise, using the concept of sensor fusion to quickly identify sweat levels [106].
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Figure 11. Self-powered wearable sensors based on PTNG: (a) Structure of the design for the hybrid
PTNG that is used for walking sensing [104]. (b) TC piezoelectric/triboelectric hybrid generator
diagram (TCO-HG) [105]. (c) Creating a self-powered cotton sock with piezoelectric and triboelectric
nanogenerators [106].

Table 1 shows a summary of various piezoelectric and triboelectric nanogenerator
techniques for biomedical sensors. In this table, we provided the different applications
with details that we used in this review paper.
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Table 1. Summary of various piezoelectric and triboelectric nanogenerators techniques for biomedical sensors.

Max-Open-

Power

Structure Year Authors Applications Circuit .Ma?(-Short- Surface I.’ower Density and Advantages/ Dimensions
Voltage (V) Circuit Current Density Power Disadvantages
2021 Qin etal. [83] Sensor for real-time gesture 2V - - - 20x12 mm?
interaction
2021 Zhang et al. [84] Wearable sensor ~50V - - - 210 mm x297 mm
Wearable TENG for high
. . . _ _ 2
2017 Lietal. [85] performance blomedlcal energy 540V 110 pA Simple structure, 16 cm
harvesting high power
2015 Kim [86] Wearable TENG under harsh 40V 210 pA - 4mwW density and low- 0.5cm x 0.5 cm
. . environments
Triboelectric Efficient enerev harvesting and frequency/lower
nanogenerators 2020 Bai et al. [87] T8y harvesting ~158 V 15 nA 2.5 mW/m? - durability, limited -
motion sensing short circuit
2022 Ying et al. [88] Wearable sensor and blomedlcal ~200V - 5.7 mW/m? - output current, 3x3 cm?
energy harvesting structural changes
2022 Yi et al. [89] Wearable sensing system for ~450 V ~25 pA ~816.6 mW m ™2 - 4em x 4em
real-time vital signs monitoring
2019 Lin et al. [90] Biomechanical sensor ~550 V ~80 LA - 5.47 mW -
2021 Lietal. [91] Wearable electronics sensor ~140V ~2 uA - - 45cm X 5cm X 2 mm
2020 Liu et al. [92] Stretchable motion sensor 38V - - - -
2019 Zhang et al. [93] Sensing ~25mV - - - -
2021 Petritz etal. [94] Imperceptible energy harvesting ~35V - 3mW-cm - 3cm x 2.5 cm
device and biomedical sensor
Wearable electronic sensors and
2022  Veeralingam et al. [95] energy harvesting through 50V 0.6 uA /cm? - - -
rainwater
2020 Liu et al. [96] Human motion sensing 13.01V - - 1.44 uyW -
. . 2020 Moghadam et al. [97] Arterial pulse monitoring ~568 mV - - - Low internal resis- 3x3 cm?
Piezoelectric . 2
nanogenerators 2019 Gongalves et al. [98] Touch screen technologies 5V - - - tance/complex 20%30 cm
2020 Mokhtari et al. [99] Self-powered wearable 3V 05 LA 0.3 LW /m? - structure 3cm x 15em
technologies
2021 Tan et al. [100] for wearableapplication 1147V - - - -
2015 Zhang et al. [101] For wearable sensors 19V 24 nA - 10.02 nW -
2020 Sunetal. [102] Energy harvesting for motion - - 10.8 mW/m? - 20cm x 9 em
sensing
2021 Yu etal. [103] Self-powered sensor for human ~25V ~0.5 A - - 2x3 cm?
motion monitoring
Hybrid 2022 Matin Nazar et al. [104] Walking sensing 219V - - 70 uW High output 100 mm x 38 mmXx 22 mm
Piezoelectric 2021 Chung et al. [105] Sensing applications 120V 90 LA - - perfor- 20 cm x 25 cm
and Triboelectric Healthcare and sports 2 mance/limitation
Nanogenerators 2019 Zhu et al. [106] monitoring 200V ~6 LA 128 mW/m 1.71 mW of applications 5mm x 5 mm
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6. Challenges, Perspective and Insight for Self-Powered Wearable Sensors

Figure 12 shows challenges for self-powered wearable sensors based on piezoelectric

nanogenerators (PENG) and triboelectric nanogenerators (TENG), including:

Electrical performance (sensing responsiveness and accuracy are the primary require-
ments for the sensor, with mechanical stimuli varying in intensity. Surface functionaliza-
tion on the material surface and physical surface modification are favoured for superior
detecting capabilities at a low detection limit, high sensitivity and rapid reaction.
Structure and stability (to protect the functionality of active substances, harvester struc-
tures must be completely wrapped and shielded from exposure to air and sunlight).
Fabrication process (the majority of TENGs are manually built in the laboratory in
order to promote a prototype and test the viability of applications).

In order to build a high-performance hybrid PENG-TENG, complicated composites
with fillers in varying circumstances are chosen, and the charge boosting circuit is
sometimes used to improve the charge density result, standard and marketing (export-
ing nanogenerator products necessitates client criteria and satisfaction aspects). The
evaluation of standards for PENG and TENG development, such as electrical outputs,
conversion, stability, and other performance parameters is unfortunately difficult to
accomplish due to varying experimental and testing settings among research.
Additionally, one of the main challenges for self-powered wearable sensors based
on piezoelectric nanogenerators (PENG) & triboelectric nanogenerators (TENG) is
power output. In fact, researchers are trying to increase the current for this concept
through magnetic induction. This method will play a key role in the future of smart
sensors based on the triboelectric and piezoelectric technology. Another challenge
that researchers are attempting to overcome is the development of a new form of
effective self-powered mechanical sensor, based on hybrid nanogenerators based on
the flexoelectric effect for wearable sensors. The flexoelectric effect can be regarded as
a novel approach to the development of high-performance self-powered mechanical
sensors. The flexoelectric effect is caused by interactions between electrical polarization
and a strain-stress gradient, and it fundamentally entails the development of an
electric polarization response or a mechanical reaction under a mechanical strain—
stress gradient. Furthermore, unlike the piezoelectric effect, which is exhibited in
particular materials with structurally asymmetric crystal structures, the flexoelectric
effect can occur even in dielectric materials with symmetric crystal structures due to
induction by mechanical gradients. As a result, unlike the piezoelectric effect, the
flexoelectric effect’s electric polarization can be improved by maximizing the strain—
stress gradient through the control of various nano or microscale materials and devices,
which can be applied to all-dielectric materials to effectively generate electrical signals
from mechanical stimuli.

Challenges for Self-powered Wearable Sensors
Based on PENG & TENG .

Electrical
Performances

Fabrication
Process

Standard &
Marketing

Structure &
Stability

Figure 12. Challenges for self-powered wearable sensors based on piezoelectric nanogenerators
(PENG) & triboelectric nanogenerators (TENG).
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7. Conclusions

In summary, a self-powered wearable sensor based on piezoelectric and triboelectric
nanogenerators is demonstrated for health care systems. Smart sensors are advantageous
because they can be produced quickly and cheaply, worn conveniently, have a long lifespan,
respond quickly, are resistant to water and other elements and may be used at any time
and in any location. The development of PENGs and TENGs has been a significant break-
through in the study of self-sufficient sensor technology for wearable devices. In the last few
years, tremendous progress has been made with regard to self-powered wearable sensors
in the application sectors of medicine and healthcare. Self-powered flexible sensors have
the potential to successfully overcome the drawbacks of a battery that has a limited lifetime,
in comparison with conventional self-powered wearable sensors which are powered by an
external battery. In addition, TENGs and PENGs have the potential to eliminate the uncer-
tainty associated with energy conversion in particular places. In this review, smart wearable
sensors for a health monitoring system based on triboelectric nanogenerators (TENG), piezo-
electric nanogenerators (PENG) and hybrid piezoelectric and triboelectric nanogenerators
were discussed. We first introduced the PENG and TENG principles, and then we summa-
rized and discussed the most recent developments in self-powered medical information
sensors with various functionalities, structural designs and electric performances.

Author Contributions: Conceptualization, A.R., M.S. (Mohammadmohsen Saberian) and A.M.N,;
methodology, A.R., M.S. (Muhammad Sadiq) and A.M.N.; software, A.R,; validation, A.R. and AM.N.;
formal analysis, A.R. and A.M.N; investigation, A.R., AM.N. and Z.D.; resources, A.R. and AM.N.;
data curation, A.R. and A.M.N.; writing—original draft preparation, A.R., AM.N., S AHM., M. AK.
and Z.D.; writing—review and editing, A.R., AM.N.,, S.AHM., M. AK. and Z.D,; visualization, A.R.,
AM.N,; supervision, M.S. (Mohammadmohsen Saberian) and J.L.; project administration, A.R., M.S.
(Mohammadmohsen Saberian), M.S. (Muhammad Sadiq) and A.M.N.; funding acquisition, J.L. and M.S.
(Muhammad Sadiq). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the funding of the Guangdong Provincial Research Platform
and Project under No. 2022KQNCX233, the Foundation of State Key Laboratory of Public Big Data
under No. PBD2022-14, the Science and Technology Ph.D. Research Startup Project under Grant No.
SZI1T2022KJ001, and the Shenzhen University Stability Support Program under No. 20220820003203001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Matin Nazar, A.; Idala Egbe, K.-J.; Abdollahi, A.; Hariri-Ardebili, M.A. Triboelectric nanogenerators for energy harvesting in
ocean: A review on application and hybridization. Energies 2021, 14, 5600. [CrossRef]

2. Nazar, A.M,; Jiao, P; Zhang, Q.; Egbe, K.-].I.; Alavi, A.H. A new structural health monitoring approach based on smartphone
measurements of magnetic field intensity. IEEE Instrum. Meas. Mag. 2021, 24, 49-58. [CrossRef]

3.  Egbe, K.-J.I; Nazar, AM,; Jiao, P; Yang, Y.; Ye, X.; Wang, H. Vibrational turbine piezoelectric nanogenerators for energy harvesting
in multiphase flow fields. Energy Rep. 2021, 7, 6384-6393. [CrossRef]

4. Varmaghani, A.; Matin Nazar, A.; Ahmadi, M.; Sharifi, A.; Jafarzadeh Ghoushchi, S.; Pourasad, Y. DMTC: Optimize energy
consumption in dynamic wireless sensor network based on fog computing and fuzzy multiple attribute decision-making.
Wirel. Commun. Mob. Comput. 2021, 2021, 9953416. [CrossRef]

5. Wang, Y.; Matin Nazar, A.; Wang, J.; Xia, K.; Wang, D.; Ji, X; Jiao, P. Rolling Spherical Triboelectric Nanogenerators (RS-TENG)
under Low-Frequency Ocean Wave Action. J. Mar. Sci. Eng. 2021, 10, 5. [CrossRef]

6.  Jiao, P; Egbe, K.-].I; Nazar, AM,; Yang, Y.; Wang, H. Oscillatory magnetic piezoelectric nanogenerators under low-frequency and
low-amplitude excitations. Sustain. Energy Technol. Assess. 2022, 52, 102022. [CrossRef]

7. Ayegba, B.O.; Egbe, K.-].I; Matin Nazar, A.; Huang, M.; Hariri-Ardebili, M.A. Resource Efficiency and Thermal Comfort of 3D

Printable Concrete Building Envelopes Optimized by Performance Enhancing Insulation: A Numerical Study. Energies 2022, 15, 1069.
[CrossRef]


http://doi.org/10.3390/en14185600
http://doi.org/10.1109/MIM.2021.9448251
http://doi.org/10.1016/j.egyr.2021.09.085
http://doi.org/10.1155/2021/9953416
http://doi.org/10.3390/jmse10010005
http://doi.org/10.1016/j.seta.2022.102022
http://doi.org/10.3390/en15031069

Biosensors 2023, 13, 37 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jiao, P; Egbe, K.-].I; Xie, Y.; Matin Nazar, A.; Alavi, A.H. Piezoelectric sensing techniques in structural health monitoring: A
state-of-the-art review. Sensors 2020, 20, 3730. [CrossRef]

Gandomi, A.H.; Alavi, A.H.; Asghari, A.; Niroomand, H.; Nazar, A.M. An innovative approach for modeling of hysteretic energy
demand in steel moment resisting frames. Neural Comput. Appl. 2014, 24, 1285-1291. [CrossRef]

Nazar, A.M.; Egbe, K.-].1; Jiao, P; Alavi, A.H. A novel multi-mode magnetic triboelectric nanogenerator energy harvesting system.
In Behavior and Mechanics of Multifunctional Materials XV; SPIE: Bellingham, DC, USA, 2021; pp. 49-56.

Dong, L.; Closson, A.B.; Jin, C.; Nie, Y.; Cabe, A.; Escobedo, D.; Huang, S.; Trase, I.; Xu, Z.; Chen, Z. Cardiac Energy Harvesting:
Multifunctional Pacemaker Lead for Cardiac Energy Harvesting and Pressure Sensing (Adv. Healthcare Mater. 11/2020).
Adv. Healthc. Mater. 2020, 9, 2070031. [CrossRef]

Egbe, K.-J.I; Nazar, A.M,; Jiao, P; Alavi, A.H. Harnessing postbuckling instability of piezoelectric cylinders with corrugation for
energy harvesting. In Active and Passive Smart Structures and Integrated Systems XV; SPIE: Bellingham, DC, USA, 2021; pp. 277-284.
Egbe, K.-J.I; Nazar, A.M,; Jiao, P. Piezoelectric-triboelectric-electromagnetic Hybrid Rotational Energy Harvesters (H-REH). Int. J.
Mech. Sci. 2022, 235, 107722. [CrossRef]

Nazar, A.M.; Egbe, K.-].L; Jiao, P; Wang, Y.; Yang, Y. Magnetic lifting triboelectric nanogenerators (ml-TENG) for energy
harvesting and active sensing. APL Mater. 2021, 9, 091111. [CrossRef]

Liu, H.; Egbe, K.-].I,; Wang, H.; Matin Nazar, A.; Jiao, P.; Zhu, R. A Numerical Study on 3D Printed Cementitious Composites
Mixes Subjected to Axial Compression. Materials 2021, 14, 6882. [CrossRef] [PubMed]

Nazar, A.M.; Egbe, K.J.; Jiao, P.C. Magnetic Structured Triboelectric Nanogenerators for Energy Harvesting. In Applied Mechanics
and Materials; Trans Tech Publications: Zurich, Switzerland, 2022; pp. 81-88.

Egbe, K.J.; Nazar, A.M.; Jiao, P.C. Magnet-Actuated Piezoelectric Harvester for Energy Harvesting from Fluids. In Applied
Mechanics and Materials; Trans Tech Publications: Zurich, Switzerland, 2022; pp. 89-98.

Pengcheng, ].I.; Nazar, A.M.; Yang, Y.; Zhejiang University Z]JU. Ocean Wave Energy Collector Based on Magnetic Force and
Triboelectric Effect. U.S. Patent 17/611,906, 29 September 2022.

Rayegani, A.; Nouri, G. Application of Smart Dampers for Prevention of Seismic Pounding in Isolated Structures Subjected to
Near-fault Earthquakes. J. Earthq. Eng. 2020, 26, 1-16. [CrossRef]

Rayegani, A.; Nouri, G. Seismic collapse probability and life cycle cost assessment of isolated structures subjected to pounding
with smart hybrid isolation system using a modified fuzzy based controller. Structures 2022, 44, 30-41. [CrossRef]

Ding, W.; Zhou, J.; Cheng, J.; Wang, Z.; Guo, H.; Wu, C.; Xu, S.; Wu, Z,; Xie, X.; Wang, Z.L. TriboPump: A low-cost, hand-powered
water disinfection system. Adv. Energy Mater. 2019, 9, 1901320. [CrossRef]

Sardo, FR.; Rayegani, A.; Matin Nazar, A.; Balaghiinaloo, M.; Saberian, M.; Mohsan, S.A.H.; Alsharif, M.H.; Cho, H.-S. Recent
Progress of Triboelectric Nanogenerators for Biomedical Sensors: From Design to Application. Biosensors 2022, 12, 697. [CrossRef]
Zhang, Z.; Cai, ]. High output triboelectric nanogenerator based on PTFE and cotton for energy harvester and human motion
sensor. Curr. Appl. Phys. 2021, 22, 1-5. [CrossRef]

Jiao, P,; Matin Nazar, A.; Egbe, K.-].I; Rayegani, A. Magnetically circular layers triboelectric nanogenerators (MCL-TENG) for
velocity sensing and damage detection. Sustain. Energy Technol. Assess. 2022, 53, 102644. [CrossRef]

Jiao, P; Matin Nazar, A.; Egbe, K.-].L; Barri, K.; Alavi, A.H. Magnetic capsulate triboelectric nanogenerators. Sci. Rep. 2022, 12, 89.
[CrossRef]

Dudem, B.; Kim, D.H.; Yu, J.S. Triboelectric nanogenerators with gold-thin-film-coated conductive textile as floating electrode for
scavenging wind energy. Nano Res. 2018, 11, 101-113. [CrossRef]

Tian, J.; Shi, R.; Liu, Z.; Ouyang, H.; Yu, M.; Zhao, C.; Zou, Y.; Jiang, D.; Zhang, J.; Li, Z. Self-powered implantable electrical
stimulator for osteoblasts” proliferation and differentiation. Nano Energy 2019, 59, 705-714. [CrossRef]

Cheng, X.; Tang, W.; Song, Y.; Chen, H.; Zhang, H.; Wang, Z.L. Power management and effective energy storage of pulsed output
from triboelectric nanogenerator. Nano Energy 2019, 61, 517-532. [CrossRef]

Zhang, W.; Zhang, L.; Gao, H.; Yang, W.; Wang, S.; Xing, L.; Xue, X. Self-powered implantable skin-like glucometer for real-time
detection of blood glucose level in vivo. Nano-Micro Lett. 2018, 10, 1-11. [CrossRef] [PubMed]

Zheng, Q.; Zou, Y.; Zhang, Y.; Liu, Z.; Shi, B.; Wang, X.; Jin, Y.; Ouyang, H.; Li, Z.; Wang, Z.L. Biodegradable triboelectric
nanogenerator as a life-time designed implantable power source. Sci. Adv. 2016, 2, e1501478. [CrossRef]

Lee, H.; Song, C.; Hong, Y.S.; Kim, M.; Cho, H.R.; Kang, T.; Shin, K.; Choi, S.H.; Hyeon, T.; Kim, D.-H. Wearable/disposable
sweat-based glucose monitoring device with multistage transdermal drug delivery module. Sci. Adv. 2017, 3, e1601314. [CrossRef]
Yu, Y,; Sun, H.; Orbay, H.; Chen, F; England, C.G.; Cai, W.; Wang, X. Biocompatibility and in vivo operation of implantable
mesoporous PVDF-based nanogenerators. Nano Energy 2016, 27, 275-281. [CrossRef]

Feng, H.; Zhao, C.; Tan, P; Liu, R.; Chen, X,; Li, Z. Nanogenerator for biomedical applications. Adv. Healthc. Mater. 2018, 7, 1701298.
[CrossRef]

You, M.-H.; Wang, X.-X,; Yan, X.; Zhang, ].; Song, W.-Z.; Yu, M,; Fan, Z.-Y.; Ramakrishna, S.; Long, Y.-Z. A self-powered flexible
hybrid piezoelectric-pyroelectric nanogenerator based on non-woven nanofiber membranes. J. Mater. Chem. A 2018, 6, 3500-3509.
[CrossRef]

Jebelli, H.; Habibnezhad, M.; Shayesteh, S.; Asadi, S. Automation and Robotics in the Architecture, Engineering, and Construction
Industry; Springer: Berlin/Heidelberg, Germany, 2022.


http://doi.org/10.3390/s20133730
http://doi.org/10.1007/s00521-013-1342-x
http://doi.org/10.1002/adhm.202070031
http://doi.org/10.1016/j.ijmecsci.2022.107722
http://doi.org/10.1063/5.0064300
http://doi.org/10.3390/ma14226882
http://www.ncbi.nlm.nih.gov/pubmed/34832288
http://doi.org/10.1080/13632469.2020.1822230
http://doi.org/10.1016/j.istruc.2022.07.085
http://doi.org/10.1002/aenm.201901320
http://doi.org/10.3390/bios12090697
http://doi.org/10.1016/j.cap.2020.11.001
http://doi.org/10.1016/j.seta.2022.102644
http://doi.org/10.1038/s41598-021-04100-2
http://doi.org/10.1007/s12274-017-1609-0
http://doi.org/10.1016/j.nanoen.2019.02.073
http://doi.org/10.1016/j.nanoen.2019.04.096
http://doi.org/10.1007/s40820-017-0185-x
http://www.ncbi.nlm.nih.gov/pubmed/30393681
http://doi.org/10.1126/sciadv.1501478
http://doi.org/10.1126/sciadv.1601314
http://doi.org/10.1016/j.nanoen.2016.07.015
http://doi.org/10.1002/adhm.201701298
http://doi.org/10.1039/C7TA10175A

Biosensors 2023, 13, 37 18 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ning, C.; Tian, L.; Zhao, X.; Xiang, S.; Tang, Y.; Liang, E.; Mao, Y. Washable textile-structured single-electrode triboelectric
nanogenerator for self-powered wearable electronics. . Mater. Chem. A 2018, 6, 19143-19150. [CrossRef]

He, F; You, X.; Gong, H.; Yang, Y.; Bai, T.; Wang, W.; Guo, W.; Liu, X.; Ye, M. Stretchable, biocompatible, and multifunctional silk
fibroin-based hydrogels toward wearable strain/pressure sensors and triboelectric nanogenerators. ACS Appl. Mater. Interfaces
2020, 12, 6442-6450. [CrossRef] [PubMed]

Jiang, C.; Wu, C.; Li, X;; Yao, Y.; Lan, L.; Zhao, E; Ye, Z.; Ying, Y.; Ping, J. All-electrospun flexible triboelectric nanogenerator based
on metallic MXene nanosheets. Nano Energy 2019, 59, 268-276. [CrossRef]

Wang, J.; Wang, H.; Thakor, N.V.; Lee, C. Self-powered direct muscle stimulation using a triboelectric nanogenerator (TENG)
integrated with a flexible multiple-channel intramuscular electrode. ACS Nano 2019, 13, 3589-3599. [CrossRef] [PubMed]

Qiu, H.-J.; Song, W.-Z.; Wang, X.-X; Zhang, J.; Fan, Z.; Yu, M.; Ramakrishna, S.; Long, Y.-Z. A calibration-free self-powered sensor
for vital sign monitoring and finger tap communication based on wearable triboelectric nanogenerator. Narno Energy 2019, 58,
536-542. [CrossRef]

Zhao, D.; Zhuo, J.; Chen, Z.; Wu, J.; Ma, R.; Zhang, X.; Zhang, Y.; Wang, X.; Wei, X; Liu, L. Eco-friendly in-situ gap generation of
no-spacer triboelectric nanogenerator for monitoring cardiovascular activities. Nano Energy 2021, 90, 106580. [CrossRef]

Liu, Y.; Habibnezhad, M.; Jebelli, H. Worker-Aware Task Planning for Construction Robots: A Physiologically Based Com-
munication Channel Interface. In Automation and Robotics in the Architecture, Engineering, and Construction Industry; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 181-200.

Liu, Y.; Habibnezhad, M.; Jebelli, H. Brainwave-driven human-robot collaboration in construction. Autom. Constr. 2021, 124, 103556.
[CrossRef]

Liu, Z.; Zhao, Z.; Zeng, X.; Fu, X.; Hu, Y. Expandable microsphere-based triboelectric nanogenerators as ultrasensitive pressure
sensors for respiratory and pulse monitoring. Nano Energy 2019, 59, 295-301. [CrossRef]

Liang, H.; Hao, G.; Olszewski, O.Z.; Pakrashi, V. Ultra-low wide bandwidth vibrational energy harvesting using a statically
balanced compliant mechanism. Int. J. Mech. Sci. 2022, 219, 107130. [CrossRef]

Gong, S.; Sheng, X.; Li, X.; Sheng, M.; Wu, H.; Lu, X.; Qu, J. A Multifunctional Flexible Composite Film with Excellent Multi-Source
Driven Thermal Management, Electromagnetic Interference Shielding, and Fire Safety Performance, Inspired by a “Brick-Mortar”
Sandwich Structure. Adv. Funct. Mater. 2022, 32, 2200570. [CrossRef]

Luo, G; Xie, J.; Liu, J.; Zhang, Q.; Luo, Y.; Li, M.; Zhou, W.; Chen, K; Li, Z.; Yang, P. Highly conductive, stretchable, durable,
breathable electrodes based on electrospun polyurethane mats superficially decorated with carbon nanotubes for multifunctional
wearable electronics. Chem. Eng. J. 2023, 451, 138549. [CrossRef]

Liu, Y,; Tian, J.; Hu, R;; Yang, B.; Liu, S.; Yin, L.; Zheng, W. Improved feature point pair purification algorithm based on SIFT
during endoscope image stitching. Front. Neurorobot. 2022, 16, 840594. [CrossRef] [PubMed]

Cao, Z.; Wang, Y.; Zheng, W.; Yin, L.; Tang, Y.; Miao, W,; Liu, S.; Yang, B. The algorithm of stereo vision and shape from shading
based on endoscope imaging. Biomed. Signal Process. Control 2022, 76, 103658. [CrossRef]

Liu, S.; Yang, B.; Wang, Y.; Tian, J.; Yin, L.; Zheng, W. 2D /3D multimode medical image registration based on normalized
cross-correlation. Appl. Sci. 2022, 12, 2828. [CrossRef]

Zhang, M.; Chen, Y,; Lin, J. A privacy-preserving optimization of neighborhood-based recommendation for medical-aided
diagnosis and treatment. IEEE Internet Things J. 2021, 8, 10830-10842. [CrossRef]

Li, C; Dong, M.; Li, ].; Xu, G.; Chen, X.-B.; Liu, W,; Ota, K. Efficient Medical Big Data Management With Keyword-Searchable
Encryption in Healthchain. IEEE Syst. ]. 2022, 16, 5521-5532. [CrossRef]

Yang, L.; Huang, H.; Xi, Z.; Zheng, L.; Xu, S.; Tian, G.; Zhai, Y.; Guo, F; Kong, L.; Wang, Y.; et al. Simultaneously achieving
giant piezoelectricity and record coercive field enhancement in relaxor-based ferroelectric crystals. Nat. Commun. 2022, 13, 2444.
[CrossRef] [PubMed]

Li, S.; Wang, ].; Peng, W.; Lin, L.; Zi, Y.; Wang, S.; Zhang, G.; Wang, Z.L. Sustainable energy source for wearable electronics based
on multilayer elastomeric triboelectric nanogenerators. Adv. Energy Mater. 2017, 7, 1602832. [CrossRef]

Gogurla, N.; Roy, B.; Park, J.-Y.; Kim, S. Skin-contact actuated single-electrode protein triboelectric nanogenerator and strain
sensor for biomechanical energy harvesting and motion sensing. Nano Energy 2019, 62, 674—681. [CrossRef]

He, W.; Sohn, M.; Ma, R.; Kang, D.]. Flexible single-electrode triboelectric nanogenerators with MXene/PDMS composite film for
biomechanical motion sensors. Nano Energy 2020, 78, 105383. [CrossRef]

Zhou, K,; Zhao, Y;; Sun, X,; Yuan, Z.; Zheng, G.; Dai, K,; Mi, L.; Pan, C.; Liu, C.; Shen, C. Ultra-stretchable triboelectric nanogenerator
as high-sensitive and self-powered electronic skins for energy harvesting and tactile sensing. Nano Energy 2020, 70, 104546. [CrossRef]
Zhao, G.; Zhang, Y,; Shi, N; Liu, Z.; Zhang, X.; Wu, M.; Pan, C; Liu, H,; Li, L.; Wang, Z.L. Transparent and stretchable triboelectric
nanogenerator for self-powered tactile sensing. Nano Energy 2019, 59, 302-310. [CrossRef]

Wang, X.; Zhang, H.; Dong, L.; Han, X.; Du, W.; Zhai, J.; Pan, C.; Wang, Z.L. Self-powered high-resolution and pressure-sensitive
triboelectric sensor matrix for real-time tactile mapping. Adv. Mater. 2016, 28, 2896-2903. [CrossRef] [PubMed]

Nazar, A.M.; Narazaki, Y.; Rayegani, A.; Sardo, ER. Recent progress of triboelectric nanogenerators as self-powered sensors in
transportation engineering. Measurement 2022, 203, 112010. [CrossRef]

Wu, M.; Gao, Z; Yao, K,; Hou, S;; Liu, Y,; Li, D.; He, J.; Huang, X,; Song, E.; Yu, J. Thin, soft, skin-integrated foam-based
triboelectric nanogenerators for tactile sensing and energy harvesting. Mater. Today Energy 2021, 20, 100657. [CrossRef]


http://doi.org/10.1039/C8TA07784C
http://doi.org/10.1021/acsami.9b19721
http://www.ncbi.nlm.nih.gov/pubmed/31935061
http://doi.org/10.1016/j.nanoen.2019.02.052
http://doi.org/10.1021/acsnano.9b00140
http://www.ncbi.nlm.nih.gov/pubmed/30875191
http://doi.org/10.1016/j.nanoen.2019.01.069
http://doi.org/10.1016/j.nanoen.2021.106580
http://doi.org/10.1016/j.autcon.2021.103556
http://doi.org/10.1016/j.nanoen.2019.02.057
http://doi.org/10.1016/j.ijmecsci.2022.107130
http://doi.org/10.1002/adfm.202200570
http://doi.org/10.1016/j.cej.2022.138549
http://doi.org/10.3389/fnbot.2022.840594
http://www.ncbi.nlm.nih.gov/pubmed/35242022
http://doi.org/10.1016/j.bspc.2022.103658
http://doi.org/10.3390/app12062828
http://doi.org/10.1109/JIOT.2021.3051060
http://doi.org/10.1109/JSYST.2022.3173538
http://doi.org/10.1038/s41467-022-29962-6
http://www.ncbi.nlm.nih.gov/pubmed/35508534
http://doi.org/10.1002/aenm.201602832
http://doi.org/10.1016/j.nanoen.2019.05.082
http://doi.org/10.1016/j.nanoen.2020.105383
http://doi.org/10.1016/j.nanoen.2020.104546
http://doi.org/10.1016/j.nanoen.2019.02.054
http://doi.org/10.1002/adma.201503407
http://www.ncbi.nlm.nih.gov/pubmed/26879844
http://doi.org/10.1016/j.measurement.2022.112010
http://doi.org/10.1016/j.mtener.2021.100657

Biosensors 2023, 13, 37 19 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Yao, G.; Xu, L.; Cheng, X; Li, Y;; Huang, X.; Guo, W,; Liu, S.; Wang, Z.L.; Wu, H. Bioinspired triboelectric nanogenerators as
self-powered electronic skin for robotic tactile sensing. Adv. Funct. Mater. 2020, 30, 1907312. [CrossRef]

Li, T.; Zou, J.; Xing, E; Zhang, M.; Cao, X.; Wang, N.; Wang, Z.L. From dual-mode triboelectric nanogenerator to smart tactile
sensor: A multiplexing design. ACS Nano 2017, 11, 3950-3956. [CrossRef]

Wang, L.; Bian, Y.; Lim, C.K,; Niu, Z; Lee, PK,; Chen, C.; Zhang, L.; Daoud, W.A.; Zi, Y. Tribo-charge enhanced hybrid air filter
masks for efficient particulate matter capture with greatly extended service life. Nano Energy 2021, 85, 106015. [CrossRef]

Lu, Q.; Chen, H.; Zeng, Y.; Xue, J.; Cao, X.; Wang, N.; Wang, Z. Intelligent facemask based on triboelectric nanogenerator for
respiratory monitoring. Nano Energy 2022, 91, 106612. [CrossRef]

Ghatak, B.; Banerjee, S.; Ali, S.B.; Bandyopadhyay, R.; Das, N.; Mandal, D.; Tudu, B. Design of a self-powered triboelectric face
mask. Nano Energy 2021, 79, 105387. [CrossRef]

Ding, X.; Cao, H.; Zhang, X.; Li, M.; Liu, Y. Large scale triboelectric nanogenerator and self-powered flexible sensor for human
sleep monitoring. Sensors 2018, 18, 1713. [CrossRef]

Wang, J.; Wang, H.; He, T.; He, B.; Thakor, N.V.; Lee, C. Investigation of low-current direct stimulation for rehabilitation treatment
related to muscle function loss using self-powered TENG system. Adv. Sci. 2019, 6, 1900149. [CrossRef] [PubMed]

Wang, H.; Wang, J.; He, T.; Li, Z.; Lee, C. Direct muscle stimulation using diode-amplified triboelectric nanogenerators (TENGs).
Nano Energy 2019, 63, 103844. [CrossRef]

Dong, K.; Deng, J.; Zi, Y.; Wang, Y.C.; Xu, C.; Zou, H.; Ding, W.; Dai, Y.; Gu, B.; Sun, B. 3D orthogonal woven triboelectric nanogenerator
for effective biomechanical energy harvesting and as self-powered active motion sensors. Adv. Mater. 2017, 29, 1702648. [CrossRef]
[PubMed]

Wang, Z.L. Towards self-powered nanosystems: From nanogenerators to nanopiezotronics. Adv. Funct. Mater. 2008, 18, 3553-3567.
[CrossRef]

Deng, J.; Kuang, X.; Liu, R.; Ding, W.; Wang, A.C.; Lai, Y.C.; Dong, K.; Wen, Z.; Wang, Y.; Wang, L. Vitrimer elastomer-based
jigsaw puzzle-like healable triboelectric nanogenerator for self-powered wearable electronics. Adv. Mater. 2018, 30, 1705918.
[CrossRef]

Zou, Y.; Raveendran, V.; Chen, J. Wearable triboelectric nanogenerators for biomechanical energy harvesting. Nano Energy 2020,
77,105303. [CrossRef]

Shi, K.; Sun, B.; Huang, X.; Jiang, P. Synergistic effect of graphene nanosheet and BaTiO3 nanoparticles on performance
enhancement of electrospun PVDF nanofiber mat for flexible piezoelectric nanogenerators. Nano Energy 2018, 52, 153-162.
[CrossRef]

Tandon, B.; Kamble, P; Olsson, R.T; Blaker, J.J.; Cartmell, S.H. Fabrication and characterisation of stimuli responsive piezoelectric
PVDF and hydroxyapatite-filled PVDF fibrous membranes. Molecules 2019, 24, 1903. [CrossRef]

Gao, H.; Asheghali, D.; Yadavalli, N.S.; Pham, M.T.; Nguyen, T.D.; Minko, S.; Sharma, S. Fabrication of core-sheath nanoyarn via
touchspinning and its application in wearable piezoelectric nanogenerator. J. Text. Inst. 2020, 111, 906-915. [CrossRef]
Krajewski, A.S.; Magniez, K.; Helmer, R.J.; Schrank, V. Piezoelectric force response of novel 2D textile based PVDF sensors.
IEEE Sens. |. 2013, 13, 4743-4748. [CrossRef]

Soin, N.; Shah, T.H.; Anand, S.C.; Geng, J.; Pornwannachai, W.; Mandal, P,; Reid, D.; Sharma, S.; Hadimani, R.L.; Bayramol, D.V.
Novel “3-D spacer” all fibre piezoelectric textiles for energy harvesting applications. Energy Environ. Sci. 2014, 7, 1670-1679.
[CrossRef]

Zheng, G.P; Han, Z.; Liu, Y. The microstructural, mechanical and electro-mechanical properties of graphene aerogel-PVDF
nanoporous composites. J. Narno Res. 2014, 29, 1-6. [CrossRef]

Wan, Y.; Sun, Y,; Qi, P; Wang, P.; Zhang, D. Quaternized magnetic nanoparticles—fluorescent polymer system for detection and
identification of bacteria. Biosens. Bioelectron. 2014, 55, 289-293. [CrossRef] [PubMed]

Zhang, C.; Fan, W,; Wang, S.; Wang, Q.; Zhang, Y.; Dong, K. Recent progress of wearable piezoelectric nanogenerators. ACS Appl.
Electron. Mater. 2021, 3, 2449-2467. [CrossRef]

Khandelwal, G.; Raj, N.PM.].; Kim, S.-J. Triboelectric nanogenerator for healthcare and biomedical applications. Nano Today 2020,
33,100882. [CrossRef]

Qin, K.; Chen, C,; Pu, X,; Tang, Q.; He, W.; Liu, Y.; Zeng, Q.; Liu, G.; Guo, H.; Hu, C. Magnetic array assisted triboelectric
nanogenerator sensor for real-time gesture interaction. Nano-Micro Lett. 2021, 13, 51. [CrossRef]

Zhang, W.,; Zhang, Y.; Yang, G.; Hao, X;; Lv, X.; Wu, E; Liu, J.; Zhang, Y. Wearable and self-powered sensors made by triboelectric
nanogenerators assembled from antibacterial bromobutyl rubber. Nano Energy 2021, 82, 105769. [CrossRef]

Li, Z; Shen, J.; Abdalla, I; Yu, J.; Ding, B. Nanofibrous membrane constructed wearable triboelectric nanogenerator for high
performance biomechanical energy harvesting. Nano Energy 2017, 36, 341-348. [CrossRef]

Kim, K.N.; Chun, J.; Kim, J.W,; Lee, KY,; Park, ].-U.; Kim, S.-W.; Wang, Z.L.; Baik, ].M. Highly stretchable 2D fabrics for wearable
triboelectric nanogenerator under harsh environments. ACS Nano 2015, 9, 6394-6400. [CrossRef]

Bai, Z.; Xu, Y.; Li, J.; Zhu, J.; Gao, C.; Zhang, Y.; Wang, J.; Guo, J. An eco-friendly porous nanocomposite fabric-based triboelectric
nanogenerator for efficient energy harvesting and motion sensing. ACS Appl. Mater. Interfaces 2020, 12, 42880-42890. [CrossRef]
Ying, B.; Zuo, R,; Wan, Y.; Liu, X. An Ionic Hydrogel-Based Antifreezing Triboelectric Nanogenerator. ACS Appl. Electron. Mater.
2022, 4, 1930-1938. [CrossRef]


http://doi.org/10.1002/adfm.201907312
http://doi.org/10.1021/acsnano.7b00396
http://doi.org/10.1016/j.nanoen.2021.106015
http://doi.org/10.1016/j.nanoen.2021.106612
http://doi.org/10.1016/j.nanoen.2020.105387
http://doi.org/10.3390/s18061713
http://doi.org/10.1002/advs.201900149
http://www.ncbi.nlm.nih.gov/pubmed/31380204
http://doi.org/10.1016/j.nanoen.2019.06.040
http://doi.org/10.1002/adma.201702648
http://www.ncbi.nlm.nih.gov/pubmed/28786510
http://doi.org/10.1002/adfm.200800541
http://doi.org/10.1002/adma.201705918
http://doi.org/10.1016/j.nanoen.2020.105303
http://doi.org/10.1016/j.nanoen.2018.07.053
http://doi.org/10.3390/molecules24101903
http://doi.org/10.1080/00405000.2019.1678558
http://doi.org/10.1109/JSEN.2013.2274151
http://doi.org/10.1039/C3EE43987A
http://doi.org/10.4028/www.scientific.net/JNanoR.29.1
http://doi.org/10.1016/j.bios.2013.11.080
http://www.ncbi.nlm.nih.gov/pubmed/24398123
http://doi.org/10.1021/acsaelm.1c00165
http://doi.org/10.1016/j.nantod.2020.100882
http://doi.org/10.1007/s40820-020-00575-2
http://doi.org/10.1016/j.nanoen.2021.105769
http://doi.org/10.1016/j.nanoen.2017.04.035
http://doi.org/10.1021/acsnano.5b02010
http://doi.org/10.1021/acsami.0c12709
http://doi.org/10.1021/acsaelm.2c00118

Biosensors 2023, 13, 37 20 of 20

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Yi, Q; Pei, X,; Das, P; Qin, H.; Lee, SW.; Esfandyarpour, R. A self-powered triboelectric MXene-based 3D-printed wearable
physiological biosignal sensing system for on-demand, wireless, and real-time health monitoring. Nano Energy 2022, 101, 107511.
[CrossRef]

Lin, Z.; Wu, Y;; He, Q.; Sun, C.; Fan, E.; Zhou, Z.; Liu, M.; Wei, W.; Yang, ]. An airtight-cavity-structural triboelectric nanogenerator-
based insole for high performance biomechanical energy harvesting. Nanoscale 2019, 11, 6802—-6809. [CrossRef] [PubMed]

Li, M.; Cheng, W.-Y;; Li, Y.-C.; Wu, H.-M.; Wu, Y.-C; Lu, H.-W,; Cheng, S.-L.; Li, L.; Chang, K.-C.; Liu, H.-J. Deformable, resilient,
and mechanically-durable triboelectric nanogenerator based on recycled coffee waste for wearable power and self-powered smart
sensors. Nano Energy 2021, 79, 105405. [CrossRef]

Liu, J.; Zhang, L.; Wang, N.; Li, C. Highly stretchable and transparent triboelectric nanogenerator based on multilayer structured
stable electrode for self-powered wearable sensor. Nano Energy 2020, 78, 105385. [CrossRef]

Vickers, N.J. Animal communication: When i'm calling you, will you answer too? Curr. Biol. 2017, 27, R713-R715. [CrossRef]
Petritz, A.; Karner-Petritz, E.; Uemura, T.; Schéffner, P.; Araki, T.; Stadlober, B.; Sekitani, T. Imperceptible energy harvesting
device and biomedical sensor based on ultraflexible ferroelectric transducers and organic diodes. Nat. Commun. 2021, 12, 2399.
[CrossRef]

Veeralingam, S.; Badhulika, S. Lead-Free Transparent Flexible Piezoelectric Nanogenerator for Self-Powered Wearable Electronic
Sensors and Energy Harvesting through Rainwater. ACS Appl. Energy Mater. 2022, 5, 12884-12896. [CrossRef]

Liu, J.; Yang, B.; Lu, L.; Wang, X.; Li, X.; Chen, X; Liu, ]. Flexible and lead-free piezoelectric nanogenerator as self-powered sensor
based on electrospinning BZT-BCT /P (VDF-TrFE) nanofibers. Sens. Actuators A Phys. 2020, 303, 111796. [CrossRef]

Moghadam, B.H.; Hasanzadeh, M.; Simchi, A. Self-powered wearable piezoelectric sensors based on polymer nanofiber-metal-
organic framework nanoparticle composites for arterial pulse monitoring. ACS Appl. Nano Mater. 2020, 3, 8742-8752. [CrossRef]
Gongalves, S.; Serrado-Nunes, J.; Oliveira, J.; Pereira, N.; Hilliou, L.; Costa, C.M.; Lanceros-Méndez, S. Environmentally friendly
printable piezoelectric inks and their application in the development of all-printed touch screens. ACS Appl. Electron. Mater. 2019,
1,1678-1687. [CrossRef]

Mokhtari, F.; Shamshirsaz, M.; Latifi, M.; Foroughi, J. Nanofibers-based piezoelectric energy harvester for self-powered wearable
technologies. Polymers 2020, 12, 2697. [CrossRef] [PubMed]

Tan, Y,; Yang, K.; Wang, B.; Li, H.; Wang, L.; Wang, C. High-performance textile piezoelectric pressure sensor with novel structural
hierarchy based on ZnO nanorods array for wearable application. Nano Res. 2021, 14, 3969-3976. [CrossRef]

Zhang, M.; Gao, T.; Wang, |.; Liao, ].; Qiu, Y.; Yang, Q.; Xue, H.; Shi, Z.; Zhao, Y.; Xiong, Z. A hybrid fibers based wearable fabric
piezoelectric nanogenerator for energy harvesting application. Nano Energy 2015, 13, 298-305. [CrossRef]

Chan, G.G.; Koch, C.M.; Connors, L.H. Blood proteomic profiling in inherited (ATTRm) and acquired (ATTRwt) forms of
transthyretin-associated cardiac amyloidosis. J. Proteome Res. 2017, 16, 1659-1668. [CrossRef]

Yu, D.; Zheng, Z.; Liu, ].; Xiao, H.; Huangfu, G.; Guo, Y. Superflexible and lead-free piezoelectric nanogenerator as a highly
sensitive self-powered sensor for human motion monitoring. Nano-Micro Lett. 2021, 13, 117. [CrossRef]

Matin Nazar, A.; Egbe, K.-].1; Jiao, P. Hybrid Piezoelectric and Triboelectric Nanogenerators for Energy Harvesting and Walking
Sensing. Energy Technol. 2022, 10, 2200063. [CrossRef]

Chung, J.; Song, M.; Chung, S.-H.; Choi, W.; Lee, S; Lin, Z.-H.; Hong, J.; Lee, S. Triangulated cylinder origami-based piezoelec-
tric/triboelectric hybrid generator to harvest coupled axial and rotational motion. Research 2021, 2021, 7248579. [CrossRef]

Zhu, M,; Shi, Q.; He, T,; Yi, Z.; Ma, Y.; Yang, B.; Chen, T.; Lee, C. Self-powered and self-functional cotton sock using piezoelectric
and triboelectric hybrid mechanism for healthcare and sports monitoring. ACS Nano 2019, 13, 1940-1952. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.nanoen.2022.107511
http://doi.org/10.1039/C9NR00083F
http://www.ncbi.nlm.nih.gov/pubmed/30907905
http://doi.org/10.1016/j.nanoen.2020.105405
http://doi.org/10.1016/j.nanoen.2020.105385
http://doi.org/10.1016/j.cub.2017.05.064
http://doi.org/10.1038/s41467-021-22663-6
http://doi.org/10.1021/acsaem.2c02521
http://doi.org/10.1016/j.sna.2019.111796
http://doi.org/10.1021/acsanm.0c01551
http://doi.org/10.1021/acsaelm.9b00363
http://doi.org/10.3390/polym12112697
http://www.ncbi.nlm.nih.gov/pubmed/33207703
http://doi.org/10.1007/s12274-021-3322-2
http://doi.org/10.1016/j.nanoen.2015.02.034
http://doi.org/10.1021/acs.jproteome.6b00998
http://doi.org/10.1007/s40820-021-00649-9
http://doi.org/10.1002/ente.202200063
http://doi.org/10.34133/2021/7248579
http://doi.org/10.1021/acsnano.8b08329

	Introduction 
	Principle of Piezoelectric and Triboelectric Nanogenerators 
	Self-Powered Wearable Sensors Based on Triboelectric Nanogenerators 
	Self-Powered Wearable Sensors Based on Piezoelectric Nanogenerators 
	Self-Powered Wearable Sensors Based on Hybrid Piezoelectric and Triboelectric Nanogenerators 
	Challenges, Perspective and Insight for Self-Powered Wearable Sensors 
	Conclusions 
	References

