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Abstract: Wearable biomechanical energy harvesting devices have received a lot of attention recently, benefiting
from the rapid advancement of theories and devices in the field of the micro electromechanical system (MEMS).
They not only fulfil the requirements for powering wearable electronic devices but also provide an attractive
prospect for powering self-powered flexible electronic devices when wearing. In this article, we provide a
review of the theories and devices of biomechanical energy harvesting technology for wearable applications.
Three different forms of biomechanical energy harvesting mechanisms, including the piezoelectric effect,
electromagnetic effect, and electrostatic effect, are investigated in detail. The fundamental principle of
converting other types of energy from the biomechanical environment into electrical energy, as well as the most
commonly-used analytical theoretical models, are outlined for each process. Therefore, the features, properties,
and applications of energy harvesting devices are summarized. In addition, the coupled multi-effect hybrid
energy harvesting devices are listed, showing the various possibilities of biomechanical energy harvesting
devices for serving as sources, sensors, and actuators. Finally, we present perspectives on the future trends of
biomechanical energy harvesting devices for wearable electronics applications.

Keywords: micro electromechanical system (MEMS); nanogenerators; biomechanical energy harvesters; wearable
electronics

1 Introduction

In recent years, with the continuous expansion of the
application of wearable electronic devices, micro-nano
energy harvesting devices have made great progress
[1-5]. They have become an indispensable part of our
lives, integrated into sports [6-8], medical treatment
[9-11], communication [12, 13], and entertainment
[14, 15]. Among them, biomechanical energy harvesting
devices collect energy from the living environment,
especially from the human body. They have the
advantage of being lightweight, showing the possibility
of realizing highly efficient self-powered devices
[16-18]. In addition, higher output energy density
and higher efficiency have always been the goals
pursued by researchers. Although theories related to

biomechanical energy harvesting devices are relatively
mature, it has become very difficult to make devices
with better performance. At present, for biomechanical
energy harvesting, the problems of flexibility,
miniaturization, integration, and biocompatibility
still need to be solved.

Energy harvesting refers to the conversion of
other forms of energy into electrical energy, such as
photovoltaic effect [19, 20], thermoelectric effect
[21, 22], piezoelectric effect [23, 24], electromagnetic
effect [25, 26], and electrostatic effect [27-29]. These
technologies have their own principles, and devices
based on these energy harvesting technologies have
unique characteristics and applicable conditions. For
example, the direct current (DC) output of photovoltaic
generators (PVG) is continuous and the output power
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is high, which is suitable for large-scale industrial
arrays. Their high energy conversion efficiency has
huge advantages for regions with high light intensity
throughout the year, but they are not conducive to
integration into small electronic devices. Since wearable
applications for human motions requires accessing
sustainable energy but PVG is limited by sustainable
sunlight, especially applying indoors. Thermoelectric
generators (TEG) work according to the temperature
difference with good power generation continuity
and reliability, but the output power and the energy
conversion efficiency are low, which is not suitable
for high-performance device applications. Moreover,
thermoelectrics requires significant temperature
gradients for efficient operation but this is a difficult
environmental constraint for wearable applications
on the human body. Piezoelectric nanogenerators
(PENGS) are very sensitive to tiny deformations
due to the piezoelectric effect based on the crystal
structure and are easy to integrate and miniaturize
on the micro/nanoscale, but their energy conversion
efficiency and output power are low. The advantage
of the electromagnetic generator (EMG) is that it has
high energy conversion efficiency with a large current
output, but the voltage output is generally relatively
low. It is worth mentioning that it is very difficult
to miniaturize due to the need for coils and bulky
magnets. In addition, triboelectric nanogenerators
(TENGSs) have sustainable, high-output properties
due to the triboelectric effect of materials. Because
of its simple structure, it is easy to integrate and
miniaturize with flexibility, and has obtained great
success in the field of wearable electronics. But at
the same time, its problems are concentrated on the
pulse and unstable output, which means it needs an
additional rectifier module to realize DC output.

The harvested biomechanical energy mainly comes
from human motions (e.g., limb bending, walking,
running, pressing, and heartbeat). Since piezoelectric,
electromagnetic, and electrostatic mechanical energy
harvesting technologies have their own characteristics,
they are all suitable for wearable applications.
Theories and devices based on these three techniques
and the hybrid devices with coupled multi-effect are
the focus of this review. For each effect, we summarize
the existing theories, analyze the basic principles and
theoretical models, and give some key formulas.
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In addition, we also list the existing devices based on
these three technologies, and summarize the structure,
materials, and properties of the devices. Finally,
hybrid generator devices with coupled multi-effect
are also summarized. This kind of hybrid generator
device has only been studied in recent years and has
more advantages than single-type generators, such as
a significant increase in power generation efficiency.
In the future, in wearable applications, the theories
of biomechanical energy harvesting will be more
complete, and the performance of the devices will be
better. Their self-powering, sensing, and actuation
capabilities offer promising feasibility for building
smart wearable microsystems.

The schematic diagram of the technical route of
this review is shown in Fig. 1. This review highlights
the following four points: <i> Studies of biomechanical
energy harvesting are summarized, which can be
divided into piezoelectric effect, electromagnetic effect,
and electrostatic effect; <ii> the theoretical models of
biomechanical energy harvesters are studied, including
some key formulas, and their applicable conditions;
<iii> devices for wearable electronic applications of
biomechanical energy harvesting are summarized;
and <iv> characteristics of multi-effect coupled hybrid
energy harvesting devices are summarized and the
prospect of building a new generation of wearable
systems is proposed.

2 Theories and devices for biomechanical
energy harvesting

In this section, three types of biomechanical energy
harvesting mechanisms are emphasized, i.e,
piezoelectric energy harvesting mode, electromagnetic
energy harvesting mode, and electrostatic energy
harvesting mode. For each type, the working principles
and theories of biomechanical energy harvesters
are studied in detail. Finally, coupled multi-effect
composite energy harvesting mechanism is studied,
and the application of biomechanical energy harvesting
devices in the wearable field is discussed.

2.1 Piezoelectric energy harvesting

The piezoelectric effect was first discovered by the
French physicists Jacques and Pierre Curie brothers

7 ff ?K é L @ Springer | https://mc03.manuscriptcentral.com/friction



Friction

P .
o “e

/oe

Os,.
-

\“_.-....

ZnO0 particle

Ceramics
\G

19~

-

\<\° e

Electret

Electromagnetic

=5 induction

-1 Y y Infinite Ground >
‘ Plane (Copper) Via
LLLALAS .
o I\

Device

o G/QC[

‘0. ~_
S[a s
=== (o)

-
P L LT T

Electromagnetic

S 4

o
.
~

se. . Theory e

‘ L \

20

e

e

- -
Seene=”

¢ Input Terminals
I’ ' Resonant

\

Fig. 1 Overview of the progress of biomechanical energy harvesting for wearable electronic applications, including piezoelectric

effect, electromagnetic effect, and electrostatic effect. In the piezoelectric effect, the devices (e.g.,

ceramics, polymer film) are

summarized [30, 31]. Reproduced with permission from Ref. [30], © Elsevier, 2019; Reproduced with permission from Ref. [31],
© Elsevier, 2017. And the theory is summarized [32]. In the electromagnetic effect, the devices (e.g., resonant, electromagnetic
induction) are summarized [33]. Reproduced with permission from Refs. [33, 34], © AIP, 2015; Reproduced with permission from Ref.
[34], © Elsevier, 2018. And the theory is summarized [35]. In the electrostatic effect, the devices (e.g., electret, triboelectric) are
summarized [36, 37]. Reproduced with permission from Ref. [36], © Royal Society of Chemistry, 2018; Reproduced with permission

from Ref. [37], © Wiley, 2017. And the theory is summarized [38].

in 1880. Certain materials, e.g., ceramics, crystals,
and polymers, will generate electrical polarization
in response to applied mechanical stress, driving
polarization charges across the two sides of the crystal,
creating a potential difference. This conversion of
mechanical energy into electrical energy is known
as the piezoelectric effect. Similarly, the crystal also
exhibits the opposite effect. When an electric field
is applied, it will produce mechanical strain or
deformation, i.e., the reverse piezoelectric effect.

2.1.1 Principles of piezoelectric theory

Figure 2 presents piezoelectric schematic diagrams

and theories (see Note 1 in the Electronic

Supplementary Material (ESM) for the piezoelectric
theories in details) to explain more details about the
mechanisms. For the crystal with a structure of
the planar hexagonal cell (Fig. 2(a)<i>), the initial
polarization is zero [39]. If the stress along the
y-direction is applied (Fig. 2(a)<ii>), the equivalent
center of the positive charges will no longer coincide
with that of the negative charges, which will change
the electric dipole moment and form the polarization
in the y-direction. Similarly, since the crystal is
symmetric about y, the stress in the x-direction will
also only create a net polarization in the y-direction
(Fig. 2(a)<iii>). Therefore, based on the microstructural
changes of crystals, there are three types of piezoelectric
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Fig. 2 Piezoelectric theories for biomechanical energy harvesting. (a, b) Explanation of piezoelectric mechanism and schematic
diagram of working mode. (a) Piezoelectric mechanism in a hexagonal unit cell with no symmetry center, including <i> no stress, <ii> stress
in y-direction, and <iii> stress in x-direction [39]. (b) Vibration modes including <i> dj; (transverse mode) and <ii> d;; (longitudinal
mode) for piezoelectric energy harvesting [40]. (c, d) Theories for linear and nonlinear piezoelectric effects. (c) Linear theory of

piezoelectricity [42]. (d) Nonlinear theory of piezoelectricity [43].

energy harvesting, d;; mode, d;; mode, and their
hybrids [40]. When the polarization is parallel to
the stress direction, it is recorded as the transverse
mode, i.e., d3; mode (Fig. 2(b)<i>). Similarly, when the
polarization is perpendicular to the stress direction,
it is recorded as the longitudinal mode, i.e., d;; mode
(Fig. 2(b)<ii>).

Linear piezoelectricity is the most widespread
technology and has been widely used in many fields,
e.g., biomechanical energy harvesting [41]. In general,
from the energy conservation in a linear piezoelectric
continuum, the first law of thermodynamics can be
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derived. Based on these theories, the linear piezoelectric
constitutive equations will be satisfied as Egs. (1)
and (2), as shown in Fig. 2(c) [42]:

T, =c; Sy _ekijEk @

if ijkl

D, =e

ikl

S, +eE, )

where S and T are strain and stress tensors,
respectively; E and D are the electric field and electric
displacement, respectively.

Here, Eq. (2) describes the piezoelectric effect, i.e, the
conversion of mechanical energy to electrical energy.
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Conversely, Eq. (1) shows how electrical energy is
converted into mechanical deformation according to
the reverse piezoelectric effect. If there is a discontinuous
material surface, the boundary conditions can be
derived from differential equations to satisfy the
continuity condition, as shown in Fig. 2(c).

Since the linear piezoelectricity is limited by the
excitation frequency, it has the characteristic of narrow
bandwidth. Therefore, nonlinear theories have also
been developed to overcome the disadvantages, as
shown in Fig. 2(d). The nonlinear dynamic equations
are based on Duffing-type equations and Kirchhoff’s
law [43]:

. ) dll(z)
mz+c, Z+ 1 —SUzmacos(a)t) (©)]
z
1 1
U(z)= Skt k! )
: .0
19z+va+—=0 (5)
R,

where m and ¢y, are effective mass and mechanical
damping factor, respectively; z and v are the
displacement of the mass and the voltage across the
load R;, respectively; k; and k; refer to linear and
nonlinear restoring, respectively; Cp and 9 are the
equivalent piezoelectric material capacitance and the
electromechanical coupling coefficient, respectively;
U(z) is the mechanical potential energy of the vibrating
system; a and w are the acceleration amplitude and
the angular frequency, respectively.

The electromechanical part is modeled by the
piezoelectric electromechanical parameter 3. And then,
the stiffness and damping for the piezoelectric effect
are depicted in Fig. 2(d). Therefore, the nonlinear
piezoelectric effect is obtained according to the above
analysis.

2.1.2 Piezoelectric devices

Piezoelectric devices are of great significance in
biomechanical energy harvesting field due to their
simple structure and ease of use. As shown in Fig. 3,
piezoelectric devices are generally divided into
two categories according to the materials, namely
piezoelectric ceramics (Figs. 3(a)-3(d)) and piezoelectric
polymers (Figs. 3(e)-3(h)). Here, piezoelectric ceramics

are usually very brittle and have poor flexibility, but
they have a large electromechanical coupling constant
and a high energy conversion rate, which can make
the fabricated piezoelectric devices perform better.
In contrast, piezoelectric polymers have excellent
flexibility, but they suffer from low electromechanical
coupling constants and low energy conversion rates
compared to ceramics.

The early piezoelectric ceramic devices used
ceramics directly, which had poor flexibility. Recent
studies tended to make ceramics into nanowires.
Figure 3(a) reports a nanogenerator based on BaTiO;
nanowires-polyvinyl chloride (PVC) composite single
fiber [44]. Firstly, the researchers fabricated <001>
oriented BaTiO; nanowires using topochemical
synthesis. Secondly, BaTiO; nanowires were implanted
into PVC matrix by spinning method to form
composite fibers. Finally, the composite fibers and
the receiving substrate covered with the ink-printed
interdigital electrodes constitute a nanogenerator.
When the finger is bent, the wearable nanogenerator
exhibits an output voltage of 0.9 V and an output
current of 10.5 nA. This study demonstrates the
prospect of piezoelectric ceramic-based composite
fibers in piezoelectric biomechanical energy harvesting
devices. In addition, there are also studies focusing
on nanowires [45]. The study in Fig. 3(b) successfully
synthesized InN nanowires (NWs) by the vapor-
liquid-solid (V-L-S) process. When the direction of
the transverse force applied to the InNN NW changes,
its piezoelectric potential can be positive, negative or
zero. For the output voltage of the nanogenerator,
approximately 40% to 55% of them are in the range of
-1 and 20 mV, 25% to 30% will exceed -100 mV and
some output voltages reach the level of —1,000 mV.
In this study, the Schottky barrier formed between
the electrode and the NW plays a crucial role in the
energy harvesting process. It not only acts as a rectifier
to determine the direction of carrier flow but also
affects the efficiency and performance of piezoelectric
nanogenerators. To minimize the limitation that
piezoelectric ceramics are too hard, a large-area
nanocomposite generator device based on lead
zirconate titanate (PZT) nanoparticles is proposed
[46]. PZT-based piezoelectric devices have been
widely used in commercial fields, including energy
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Fig. 3 Piezoelectric devices used for biomechanical energy harvesting. (a—d) Energy harvesting devices made of piezoelectric ceramic
materials. (a) A nanogenerator based on BaTiO; nanowires-polyvinyl chloride (PVC) composite single fiber [44]. Reproduced with
permission from Ref. [44], © Elsevier, 2015. (b) Single-InN-nanowire nanogenerator [45]. Reproduced with permission from Ref. [45],
© Wiley, 2010. (c) A high-output large-area lead zirconate titanate (PZT)-based nanocomposite generator device [46]. Reproduced with
permission from Ref. [46], © Wiley, 2013. (d) A highly flexible, stretchable, and biocompatible piezoelectric energy harvester by
embedding ZnO nanoarrays in a polydimethylsiloxane (PDMS) [47]. Reproduced with permission from Ref. [47], © Wiley, 2021.
(e—h) Energy harvesting devices made of piezoelectric polymer films. (e) Flexible piezoelectric nanogenerator (FPNG) based on
piezoelectric film with LiTaO; nanoparticles loaded into poly(vinylidene difluoride) (PVDF) [48]. Reproduced with permission from
Ref. [48], © ACS, 2021. (f) An all-fiber piezoelectrically enhanced generator device [49]. Reproduced with permission from Ref. [49],
© Elsevier, 2018. (g) Flexible porous piezoelectric cantilever on a pacemaker lead based on polyvinylidene fluoride-trifluoroethylene
(PVDF-TrFE) thin film [50]. Reproduced with permission from Ref. [50], © Wiley, 2019. (h) A piezoelectric nanogenerator with a
polydimethylsiloxane (PDMS)/silver nanowire (Ag NW)/poly(vinylidene fluoride-trifluoroethylene) sandwich structure [51]. Reproduced
with permission from Ref. [S1], © AIP, 2015.
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harvesting devices. As shown in Fig. 3(c), the device
utilizes PZT particles to convert mechanical stress
into electrical potential. In general, PZT ceramics
with perovskite structures have tetragonal and
rhombohedral symmetries below the Curie temperature
(Tc). By applying an electric field near Tc to the
ceramic, the dipole moment aligns with the direction
of the external field, thus, a piezoelectric potential is
created between the top and bottom electrodes. To
overcome the non-stretchable disadvantage of ZnO,
researchers fabricated a substrate-free biomechanical
energy harvester of ZnO nanoarrays [47]. As shown
in Fig. 3(d), the energy harvester fully embeds ZnO
in silk-like polydimethylsiloxane (PDMS) elastomeric
matrix for mechanical matching with human skin.
The elastic modulus of the flexible device reaches
3.3 MPa and can be stretched up to 250% of its normal
length. Further, the device harvests energy from hand
finger movements and heartbeats through ex and in
vivo tests. A device mounted on a leadless pacemaker
in a porcine model produces an open circuit voltage
of 0.3 Vpp.

In contrast, piezoelectric thin-film biomechanical
energy harvesting devices have the flexibility and
have been widely used. Some researchers used a
ferroelectric material, i.e., lithium tantalite (LiTaOs)
nanoparticles to make a poly(vinylidene fluoride)
(PVDEF) piezoelectric composite film, and then
combined aluminum electrodes on both sides to make
a flexible piezoelectric nanogenerator (FPNG) [48].
Among them, the concentration of LiTaO; in PVDF
has a significant effect on the electrical properties
of FPNG. When the concentration was 2.5 wt%, the
open-circuit voltage, short-circuit current, and power
density values were ~18 V, ~1.2 uA, and ~25 mW/m?,
respectively. In this study (Fig. 3(e)), piezoelectric
devices were used as weight sensors to harvest
biomechanical energy. This energy was finally used
to power LEDs or stored in capacitors to power other
portable electronic devices. In Ref. [49], the researchers
propose an all-fiber piezoelectrically enhanced generator.
This device was formed from silk fibroin and
polyvinylidene fluoride (PVDF) nanofibers and was
fabricated by electrospinning. As shown in Fig. 3(f),
the device is integrated into a conductive fabric to
generate electricity through the deformation of PVDF

fiber and the triboelectric of silk fibroin. Among them,
the large specific surface area of the nanofibers endows
the extraordinary ability of electrons, which enables
the device to achieve a power density of 310 uW/cm™
This device has a flexible appearance and good
breathability and is easily embedded in any flexible
fabric such as clothing. Additionally, the device can
recognize various gestures and body movements.
Further, the device is also suitable for use in a
wearable fall alarm microsystem for elderly people or
those working in high-risk areas. In addition, a unique
design has been proposed for a typical biomechanical
application, i.e.,, pacemaker leads [50]. As shown
in Fig. 3(g), the new design employs a flexible
porous PVDF-trifluoroethylene (TrFE) film within a
dual-cantilever and extends the two free ends to
harvest the energy of the heart. The maximum
electrical output is 0.5 V and 43 nA at 1 Hz. It is noted
that adding a mass of 31.6 mg to the cantilever
resulted in 1.82 times more power than before.
Further, by connecting two units in parallel, the
simultaneous vibration can promote the conversion
of energy, which provides a feasible solution for
a practical pacemaker lead device. The study in Ref.
[51] proposed a piezoelectric nanogenerator with
a polydimethylsiloxane (PDMS)/ silver nanowire
(Ag NW)/poly(vinylidene fluoride-trifluoroethylene)
(P(VDE-TrFE)) sandwich structure (Fig. 3(h)). Here,
Ag NWs facilitate the collection of charges generated
by piezoelectric films, while micro-patterned PDMS
films increase the sensitivity under external compression.
The nanogenerator exhibits excellent performance with
peak open-circuit voltage and short-circuit current
of 1.2 V and 82 nA, respectively. In general, the
nanofibers obtained by conventional electrospinning
will wrinkle in the air environment, which reduces
the energy conversion efficiency. Also, their compression
works at low frequencies, resulting in not enough
deformation for nanofibers to generate electricity.
Therefore, the sensitivity brought by the introduction
of PDMS greatly facilitates the realization of
high-performance piezoelectric devices.

2.2 Electromagnetic energy harvesting

In 1831, Michael Faraday and Joseph Henry
independently discovered the phenomenon of
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electromagnetic induction. If the loop with conductors
is placed in a magnetic field, a current will be induced
as the magnetic flux passing through the loop varies
with time. The changes in magnetic flux are closely
related to mechanical motion, thus, electromagnetic
generators can convert mechanical energy into electrical
energy.

2.2.1 Principles of electromagnetic theory

Figure 4 presents electromagnetic schematic diagrams
and theories (see Note 2 in the ESM for the
electromagnetic theories in details) to explain more
details about the mechanisms. For electromagnetic
biomechanical energy harvesting devices, the theory
of electromagnetic energy harvesting is mainly divided
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Fig. 4 Electromagnetic theories for biomechanical energy harvesting. (a, b) Explanation of the resonant circuits and schematic
diagram [52]. (a) Resonant circuits in electrical and electronic systems, including <i> frequency response characteristic, <ii> basic
configuration of a series resonant circuit, <iii> simplified form of the RLC series resonant circuit, and <iv> simplified form of the RLC
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of electromagnetic induction for electromagnetic energy harvesting.
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into two forms: resonance [52] and electromagnetic
induction (i.e., cutting magnetic flux density
lines) [53].

A resonant circuit is a combination of R, L, and C
components and is the basis for the operation of
electrical and electronic systems [52]. Its frequency
response characteristic is shown in Fig. 4(a)<i>,
with a response close to the maximum value at a
certain frequency f, and a very low response at
other frequencies. A resonant circuit must have both
inductance and capacitance, and when a resonant
state is reached, energy oscillates between reactive
elements.

According to the connection form, resonant circuits
are divided into series and parallel resonant circuits.
For series resonant circuits, the resistance is unavoidable
because of the internal resistance (R;) of the source,
the Joule losses (R)) of the inductor, and the additional
adjustment resistance (R4). In general, the basic
configuration of a series resonant circuit is shown in
Fig. 4(a)<ii>. By combining the resistor elements in
series into one equivalent resistance R, a simplified
form of the RLC series resonant circuit of Fig. 4(a)<iii>
is obtained. Here, equivalent resistance R satisfies the
equations in Fig. 4(b).

The total input impedance of this circuit at any
frequency is determined by

Z, =R+j(X, -X.) (6)

The series resonance will occur when the resonant
condition is satisfied, i.e., the imaginary part of the
impedance is zero. Thus, the resonant frequency is
obtained (Fig. 4(b)):

1
= 7
J. 275\/E @)

Further, the expression of the quality factor Q will
be derived. It describes the ratio of the reactive power
of either the inductor or the capacitor to the average
power of the resistor at resonance. And then, the
3-dB bandwidth is defined in Fig. 4(b).

In general, a simplified form of the RLC parallel
resonant circuit is shown in Fig. 4(a)<iv>. Similar
to the series resonant circuits, for parallel resonant
circuits, the equivalent resistance is the parallel
of source internal resistance (R;) and the parallel

resistance (R,). The total input admittance of this
circuit and the resonant frequency are shown in
Egs. (8) and (9), respectively.

1 1 1
Y, =——j| — |+j| — 8
TR % +]£X] (8)

P

L C
f - 1 / - R*C )
PoandLC L

And then, the quality factor Q and the 3-dB
bandwidth are shown in Fig. 4(b).
Another form of electromagnetic energy harvesting

is electromagnetic induction, i.e., cutting magnetic
flux density lines [53]. As shown in Fig. 4(c)<i>, a
flowing current occurs when the loop of wire coil
with a magnetic flux density passing through is
pulled to the right. Since the motion is relative, if the
magnet that generates the magnetic flux density is
pulled to the left and the coil remains stationary, an
induced current will also be generated in the coil, as
shown in Fig. 4(c)<ii>. Both Figs. 4(c)<i> and 4(c)<ii>
correspond to the motional electromotive force,
which are one of the most widely used theories
in biomechanical energy harvesting devices. In
Fig. 4(c)<iii>, when the coil and the electromagnet
remain stationary, adjusting the current in the
electromagnet changes the magnetic flux density,
which also induces a current in the coil. And this is
the case of induced electromotive force. The reason
for all cases can be summed up as that a changing
magnetic field induces an electric field.

As shown in Fig. 4(d), magnetic flux is defined as
the area integral of the magnetic flux density over
the cross-section a. On one hand, the integral of the
electric field along the closed-loop is the electric
potential. On the other hand, Faraday’s law is expressed
as a time-varying magnetic flux that forms an induced
electromotive force:

do
=QE-dl=-—+ 10
e=¢ i (10)
According to the above analysis, the integral form
of Faraday’s law is derived in Fig. 4(d). Applying the
identity of Stokes’ theorem on the integral form of
Faraday’s law, the differential form is expressed as
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vxE--8 (11)
ot

2.2.2  Electromagnetic devices

Electromagnetic devices have been widely used in
the biomechanical energy harvesting field due to
their high efficiency and long history of development
[54, 55]. As shown in Fig. 5, electromagnetic devices
are generally divided into two categories according
to the working modes, namely resonant generators
(Figs. 5(a)-5(d)) and electromagnetic induction devices
(Figs. 5(e)-5(h)). Here, resonant generators usually
operate at a relatively low frequency and have a
property of low power densities. Resonant generators
using the technology of wireless power transfer (WPT)
are more suitable for miniaturization, but the need to
match the vibration frequency with the mechanical
resonance frequency limits its further applications.
In contrast, electromagnetic induction devices can
harvest higher frequencies and reach greater power
densities compared to resonant generators. At the
same time, the magnets and coils are too bulky,
limiting their miniaturization integration.

For resonators and WPT, there have been many
related types of research, and the goal is to further
improve the performance of the devices. As shown in
Fig. 5(a), the researchers designed an electrically small
resonator composed of complementary split-ring
resonators that can efficiently harvest the energy of
incident electromagnetic waves to power resistive
loads [56]. In the application, the resonator combined
with a rectenna enables WPT and electromagnetic
energy harvesting. Among them, the rectenna receives
electromagnetic energy and converts it into alternating
current (AC), which is then converted into DC through
a rectifier circuit. This device is electrically small,
making it ideal for forming arrays to harvest
more energy. To overcome the collection efficiency
problem, a study has proposed an energy harvester
using metasurface technology [57]. The harvester
consists of a set of symmetrical electric- field-coupled
inductor-capacitor (ELC) resonators arranged in a 9 x
9 array, as shown in Fig. 5(b). By supplying power
to the load to simulate the actual application, the
experiment shows that the electromagnetic wave
energy harvested by the device has almost uniform
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efficiency. Finally, the device achieves a harvesting
efficiency greater than 92%. The insensitivity to
polarization means that it has more application scenarios
and can fully harvest the energy of electromagnetic
waves. In Ref. [58], researchers served the human body
as a low-frequency antenna to harvest electromagnetic
wave energy (Fig. 5(c)). Human tissue is a material
with a high dielectric constant, and the short
wavelength is conducive to mutual coupling with
low-frequency electromagnetic waves. Because the
electrode of the device uses a low-profile, small-sized
metal plate that only needs to be in contact with the
human body, and has low resistance at low frequencies,
the electrode is easy to integrate into mobile devices.
This method can harvest more power than previous
methods. For energy harvesting, electrical signals are
received by electrodes in contact with the human
body and then converted into electrical energy through
a rectifier circuit. Therefore, the device verifies the
feasibility of applying to mobile devices without
antennas. Due to the narrow bandwidth of the
harvesting energy resonator, a wideband ground-backed
complementary split-ring resonator (WG-CSRR) array
device is proposed [59]. By setting the chaotic bow-tie
cavity to control the distribution of the electromagnetic
field, a resonator with tunable bandwidth is formed.
As shown in Fig. 5(d), the four cylinders that make
up the chaotic bow-tie cavity have multiple parameters
that directly determine the inductance and capacitance
values of the resonator. Results show that the device
achieves a half-power bandwidth of 44% at its resonant
frequency, significantly increasing the resonator’s
bandwidth and solving the narrow-band problem.
For electromagnetic induction devices, it needs
to harvest the energy of straight-line motions (e.g.
walking, running), rotational motions (e.g., arm
swing, leg swing), and more complex motions. In
Ref. [60], researchers designed a rotating vibration
energy harvesting device. Based on inertia, the device
can efficiently harvest vibrational energy at ultra-low
frequency (0.02 Hz). As shown in Fig. 5(e), the device
is mainly composed of three parts, namely the
twist-driving system, the pawl ratchet clutch system,
and the magnetic coil transduction system. Among
them, the twist-driving system converts linear
vibrations into the rotation of the disc. The pawl-ratchet
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clutch system transmits and stores kinetic energy,
but also needs to maintain inertia in the process.
The magnetic coil transducer system directly converts
kinetic energy into electrical energy. The device
achieves a high power of 6 mW at 0.1 Hz compressions
and achieves a single-compression energy conversion
efficiency of up to 97.2%. Finally, the researchers
demonstrated wearable applications, such as being
mounted on the soles of shoes to harvest energy from
human motion, showing promising applications. In
Ref. [61], researchers proposed a portable non-resonant
rotating electromagnetic energy harvester. The novelty
of this study is that the researchers established
a Lagrangian equation for the device, and used
Matlab/Simulink to analyze the output performance
under different excitation frequencies. The device
utilizes magnetic springs to harvest kinetic energy
from low-frequency human motion and can respond
to different vibrational excitations as shown in Fig. 5(f).
Experiments show that the output voltage and power
density of the electromagnetic energy harvester
are 2.2 V and 0.024 W-mm?, respectively, when the
external excitation frequency is 6 Hz. The device can
light up four LEDs, which verifies the feasibility of
the magnetic reed-based electromagnetic energy device
to harvest low-frequency vibration energy. The device
is small and bounded, the theoretical analysis is valid,
and it has potential applications in self-powered
portable electronics. Moreover, some researchers
proposed a rotational electromagnetic energy harvester
(REH) for harvesting low-frequency and irregular
human motion [62]. The device consists of a cylindrical
stator and a disk-shaped rotor that rotates around
the stator by magnetic attraction (Fig. 5(g)) without
the need for a complicated mechanism. Four wound
coils are arranged in a circle around the stator. The
stator is centered, reducing unnecessary friction and
improving conversion efficiency. At 8 Hz, the coil can
deliver a maximum power of 10.4 mW into a 100 Q
load resistance. In addition, researchers have produced
a compact rotational electromagnetic energy harvester
based on an inertial system [63]. Through the
transmission mechanism, straight-line motion can be
converted into rotary motion. As shown in Fig. 5(h),
the inertial system is mainly composed of a twist
driving structure and ratchet clutch structure. When
the twist rod is compressed by the footsteps, the
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ratchet can maintain inertial rotation for 20 s, which
can greatly improve the conversion efficiency of
mechanical energy and promote the output of high
power. The measurement shows that the peak power
and the root mean square power of the device reach
32.2 and 7.7 mW, respectively. When a human footstep
presses at 1 Hz, the energy harvested by the device
can power an electronic hygrothermograph and 70
light-emitting diodes (LEDs).

2.3 Electrostatic energy harvesting

In general, electrostatic energy harvesting is mainly
based on two fundamental phenomena, i.e., the
electrostatic induction effect and the triboelectric
effect. The electrostatic induction effect refers to the
phenomenon that an object induces a charge and
redistributes it due to the influence of other charges.
And the triboelectric effect (i.e., contact electrification)
describes the phenomenon that the materials become
electrically charged after they are firstly in contact
and then separated from others. The electric charges
are induced and move under the action of external
mechanical motion, and finally form a current,
which means the conversion of mechanical energy to
electrical energy.

2.3.1 Principles of Electrostatic Theory

Figure 6 presents electrostatic schematic diagrams and
theories (see Note 3 in the ESM for the electrostatic
theories in details) to explain more details about the
mechanisms. For electrostatic biomechanical energy
harvesting devices, the theory of electrostatic energy
harvesting is mainly divided into two forms: electret
[64] and triboelectricity [65, 66]. Both the theory
of electrostatic electret and triboelectricity are based
on the electrostatic effect, but there are essential
differences in the principle of charge generation.
The charge of the electret is produced via injection
or electric polarization and is dispersed across the
interior and exterior of the dielectric. While the
triboelectric charge is only present on the surface
of the medium. Its distribution results from the
triboelectric effect. And the medium covers almost all
materials, including metals, polymers, and wood, etc.
In summary, the electret theory focuses on the creation
and properties of quasi-permanent electric charges in
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Reproduced with permission from Ref. [64], © Wiley, 2011; Reproduced with permission from Ref. [65], © the Royal Society of Chemistry,
2013; Reproduced with permission from Ref. [66], © Elsevier, 2020.

the dielectric, while the triboelectric theory deals with
the temporary charge separation that occurs when
two dissimilar materials are brought into contact and
then separated.

The electret is a material with quasi-permanent
charges [64]. Figure 6(a)<i> shows three configurations
of electret generators, including closed-gap, planer
oscillating, and intervening medium. Figures 6(a)<ii>
and 6(a)<iii> show the simplified model and equivalent
circuit of the planar oscillatory electret generator,
respectively. Here, the electret and the air gap are

equivalent to two capacitors in series. For electrets,
the electrostatic field induces charges with opposite
polarity on the electrodes, and the amount of induced
charges are affected by the overlapping area between
the electret and electrodes. When ignoring parasitic
capacitance, the output power should be

o*d*R

(12)
1
£,6,R+ m(gzg + gld)

0
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where o is the surface charge density of the electret;
& and ¢, are the relative permittivities of the air gap
and the electret, respectively; d and g are the thickness
of the electret and the gap distance between the
electret and the electrode, respectively.

Here, if the generator has n poles with area A, under
a rotational frequency f. Then the optimum load and
maximum power are shown in Fig. 6(c), respectively.
Since the power output is proportional to the square
of o, high surface charge density is effective for
increasing the output of electrets.

When considering parasitic capacitance effects, a
more accurate model of the output power is expressed
as Eq. (13):

2 2 R+R.
p:LRS R+Rl_—4CpnfRRi tanh A
gzzgg (R+Ri) 4CpnfRRi
(13)

For triboelectric theory, there are currently circuit
models [65] and field models [66]. Triboelectric effect
distinctions between materials are summarized as a
list of electrical series [67], facilitating the application
of the theory.

The structure of the circuit model and the
calculation are simple, but there are errors. In general,
the circuit model is based on capacitors as shown in
Fig. 6(b)<i>, and the electric field in each region is
calculated by Gauss’s theorem [65]. Thus, the voltage
is the product of electric field and distance (Fig. 6(d)).
And then, the differential equation about the charge
amount is shown as Eq. (14):

RIQ__ Qg 4] 20 (14)

dt Sg, &

where Q, 0, and S are charges, surface charge density,
and area of the electrode; ¢, ¢,1, and ¢,, are the relative
permittivities of air, dielectric 1, and dielectric 2,
respectively; dy, d,, and x are the thickness of dielectric 1,
dielectric 2, and air, respectively.

Using the initial condition, the charge solution can
be expressed. Moreover, the output current can be
denoted as the transfer charge amount over time. The
expressions are shown in details in Fig. 6(d).

In recent years, there have been many improved
theories to describe the working mechanism of
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triboelectricity, but none of them are universal. Until
2020, the first principle theory (i.e., field theory) of
triboelectricity was proposed [66]. Since it is a field
theory, it is more concerned with precision than
simplicity, so it more accurately describes the
behavior of triboelectricity (Figs. 6(a)<ii> and 6(a)<iii>)
(see Note 4 in the ESM for the working mechanism
and principle of triboelectric theories in details).

In Ref. [66], the triboelectric effect in Maxwell’s
equations is extracted to form an improved system of

equations:
V'D, — pl
V-B=0
vxE=-2 (15)
ot
VxH = ]’+£
ot

where D’, B, E, and H are the electric displacement,
magnetic flux density, electric field, and magnetic
field, respectively; p” and ] is the volume density of
the charge and current, respectively.

Here, a transforming relationship is satisfied for
the volume density of charge and current before and
after the correction (Fig. 6(d)):

p'=p-V-P
(16)

where P; means the existence of the charges that are
independent of the presence of electric field.

Here, the potential is the key to build the equation
about the charges. In circuits, the potential drop is
the integral of the internal electric field along the
path and is also the voltage difference formed by the
passage of current across the external load resistance.
Thus, the output current is shown as follows. And
the solution of output voltage and power will be
derived in the analytical types.

Ip=[Jpds j D s - (17)

2.3.2 Electrostatic devices

Electrostatic devices have been widely used in
biomechanical energy harvesting and have become
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an indispensable part of the wearable field due to
their small size, high energy density, and high output
voltage. In general, electrostatic devices can be
classified into electret generators and triboelectric
nanogenerators (TENGs) according to the mechanism.

For devices of electret generators, their property of
quasi-permanent charges is suitable for use as wearable
motion energy harvesting devices that require
stability. In Ref. [68], some researchers fabricated
highly efficient, flexible, and biocompatible ferroelectret
nanogenerator (FENG) devices using polypropylene
electret (PPFE) as the active material. There are voids
and inorganic particles inside the PPFE material,
which are equivalent to many electric dipoles
throughout the thickness, as shown in Fig. 7(a). When
pressure is applied, the change in the dipole moment
causes a change in charge on the film, which in turn
causes a potential difference between the electrodes
of the device. In a demonstration, the energy harvested
by the device lights up 20 LEDs. And then the device
enables a self-powered liquid crystal display (LCD)
by harvesting energy from the human touch. In
addition, the research also realized a self-powered
flexible, and foldable keyboard. Other researchers
have proposed a linear freestanding electret generator
[69]. The device uses electrodes as sliders and uses
a grating structure to harvest the energy of the
arm swing. Here, as shown in Fig. 7(b), the slider
consists of two interdigitated electrodes on a
printed circuit board (PCB). The stator consists
of polytetrafluoroethylene (PTFE) electret on a
polymethylmethacrylate (PMMA) substrate. The
structure needs to ensure that the period of the
grating and the interdigital electrodes are the same.
Combined with theoretical analysis, when the effective
length of the slider is half of the stator, the generator
obtains the maximum power, and the output power
is doubled compared with the traditional generator
with the stator as the electrode. Finally, the optimized
generator harvested tens of microwatts of power.
In Ref. [70], some researchers have proposed hybrid
structures based on electrets. The working mechanism
of the device is based on charge redistribution
between the two electrodes, consisting mainly of a
textured support deposited with a ground electrode
and the electret material. This structure (Fig. 7(c))

ensures perfect coupling between the silicone dielectric
elastomer (Sylgard 186) and the electret polymer
(Teflon) while improving capacitance variation and
reducing von Mises stress. Among them, the flexible
electrode is integrated into the elastic membrane.
When the structure is deformed by force, the change
in capacitance causes the charge to redistribute,
which in turn causes a current to flow through the
external load R. And the mechanical energy received
by the device is thus converted into electrical energy.
The device collected 49 uW with an electret charging
to —1,000 V under a 150 MQ load at 1 Hz and an
applied strain of 50%. For electret materials, having a
high charge storage capacity is a key factor in the
fabrication of high-performance electret generators
for wearable electronics and self-powered sensors.
The work in Ref. [71] presents a new sandwich
composite fluorocarbon (SCF) film, as shown in
Fig. 7(d). The new material can store more residual
charge than conventional electret materials (e.g.,
dense fluorinated ethylene propylene, fibrous
polytetrafluoroethylene films). The electret generator
based on this film exhibits a peak power density
of = 314 pW-cm™ at a load resistance of 40 MQ.
In addition, the researchers have also applied electret
generators in biomechanical energy harvesting (e.g.,
self-powered human breath sensors) applications.

The TENGs can be categorized into four types
according to the modes, including contact-separation
(CS) mode, relative-sliding (RS) mode, single-electrode
(SE) mode, and freestanding (FS) mode.

Some researchers designed a 3D triboelectric
nanogenerator (3D-TENG) based on the coupling of
the triboelectric effect and the electrostatic induction
effect [72]. As shown in Fig. 7(e), the device combines
contact-separation mode and in-plane sliding mode
to operate in a hybrid type. This innovative design
helps to harvest random vibrational energy in multiple
directions. The device is capable of harvesting an
extremely wide range of ambient vibrations, achieving
maximum power densities of 1.35 and 1.45 W-m-2 for
out and in-plane excitation, respectively. The device
can be used to harvest ambient energy in daily
life and has potential applications, especially in
the charging of portable electronic devices. Energy
harvesting devices based on TENGs have been
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intensively studied, however, they still face great
challenges in terms of flexibility, breathability, and
washability. Therefore, some researchers report a
woven-structure triboelectric nanogenerator (WS-TENG)
[73]. As shown in Fig. 7(f), using electrospinning,
the device is fabricated from stainless steel yarns
with electrospun polyamide 66 nanofibers and
poly(vinylidenefluoride-co-trifluoroethylene) nanofibers.
The device operates in a freestanding mode with
excellent flexibility, breathability, washability, and
durability. The device illuminates 58 series-connected
LEDs, charges commercial capacitors, and drives
portable electronics. In terms of biomechanical energy
harvesting, the device is also used to detect finger
movements in different states. Some researchers
have fabricated a nanofibrous membrane structured
triboelectric nanogenerator (NM-TENG) [74]. The
device respectively provides up to 110 pA and 540 V
of current and voltage output in an active area of
only 16 cm? with a tap of the hand. Here, electrospun
nanofibrous membranes are of great help in improving
triboelectric polarity, mechanical strength, and surface
hydrophobicity. By harvesting biomechanical energy
from human motion, the device can continuously
power the commercial thermal meter, electronic watch,
and light with about 560 LEDs, as shown in Fig. 7(g).
As a result, this device is flexible, breathable,
environmentally friendly, and low-cost. With the
continuous development of TENGs in the field of
biomechanical energy harvesting, energy preservation
and multifunctional integration are increasingly
challenging. To solve the above two problems, some
researchers proposed a printed silk-fibroin-based
triboelectric nanogenerator (PS-TENG) [75]. The device
can harvest biomechanical energy and precisely detect
ambient humidity and human motions. As shown in
Fig. 7(g), the study used a screen-printing process to
fabricate graphite-based microscale surface patterns
on polymers to form interdigitated electrodes covered
with thin silk fibroin films. The device exhibits
excellent performance, with output voltage, current,
and power density reaching 666 V, 174.6 A, and
412 uW/em?, respectively. Furthermore, the device
exploited the selective absorption properties of silk
fibroin to successfully distinguish the state of water
molecules (i.e., liquid or gaseous) in the air. The device

also integrates multiple functions such as respiration
monitoring and joint motion recognition.

The output characteristics of TENG will be affected
at different frequencies, which will affect its further
application. At present, several works have studied
and analyzed the frequency characteristics of
nanogenerators for biomechanical energy harvesting
[76, 77]. At low frequencies, the output of the device
increases as the frequency increases. But when the
frequency is too high, especially when the mechanical
recovery time is longer than the external action time,
the output of the device will decrease instead [78].
This is because the nanogenerators cannot return to
their original position before the next force shock.
Therefore, to overcome the problem of frequency
influence, this part has been considered to improve
the output performance of such devices by using
alternative external capacitive loads [79]. This work
shows that the output voltage of the device does
not change with different mobile frequencies in a
wide range, revealing broad prospects for biomedical
applications.

2.4 Hybrid energy harvesting

At present, there are many studies on various forms
of generators, but each type of generator has its own
advantages and disadvantages due to different power
generation mechanisms. The problem that single-type
devices cannot further improve their performance
(e.g., energy harvesting efficiency, energy density, and
output voltage) needs to be solved urgently. Therefore,
composite hybrid generators (Fig. 8), which can combine
the advantages of different types of generators,
have been proposed in recent years and used in
biomechanical energy harvesting.

The hybrid generators that combine electromagnetic
and triboelectric mechanisms are relatively easy to
realize in structure, and some related studies have
also been carried out. The electromagnetic-triboelectric
hybrid generator fully combines the high current
property of electromagnetic generators with the high
voltage property of triboelectric generators, harvesting
energy from two dimensions and improving
efficiency.

In Ref. [80], researchers have proposed an active
radio frequency identification (RFID) device for the

www.Springer.com/journal/40544 | Friction



18 Friction

P Ll Ll ]

{(a) e i)

Automatic door

Identifcaton distance

(d) Bend | tRelease

4+ V¥V =St
2 & retch
et

A
. [

=

Compres;\ Compress

[ rLLA [ PLA Au

h'\\m»wm

Ag

ot
o

hg

A Al [ | Double sided foam tape

D R

ecececcccssccccccccnscsscsscsicccccccccccccccccccccnces

(AL AL LI LI LI Il LI Al Il il L LI Ll Ll L LI LAl LI LI A I LAl I L L g

1(2) ee e :ih

PLNGI 110 PET Planar coil ¢ I O cr
A %
EMG Sponge Magnet Kapton

TENG Copper  Nyln  PTFE Nylon  FEP o TE module  Acrylic

TPIiENG

R R R T Y 1 d

PR R Y
’
P L L L L L L L TR

Fig. 8 Hybrid harvesting devices used for biomechanical energy harvesting. (a—c) Hybrid harvesting devices with electromagnetic and
triboelectric nanogenerators. (a) A self-powered smart active RFID device integrated with a wearable hybrid nanogenerator [80].
Reproduced with permission from Ref. [80], © Elsevier, 2019. (b) A TENG/EMG hybrid nanogenerator for harvesting broadband
mechanical pressure [81]. Reproduced with permission from Ref. [81], © Elsevier, 2021. (c) A universal self-chargeable power module
(USPM) with a hybrid electromagnetic-triboelectric generator device [82]. Reproduced with permission from Ref. [82], © Wiley, 2020.
(d—f) Hybrid harvesting devices with piezoelectric and triboelectric nanogenerators. (d) Biocompatible poly(lactic acid)-based hybrid
piezoelectric and electret nanogenerator for electronic skin applications [83]. Reproduced with permission from Ref. [83], © Wiley,
2020. (e) A hybrid generator based on P(VDF-TrFE) nanofibers and PDMS/multi-walled carbon nanotube (MWCNT) composite films
[84]. Reproduced with permission from Ref. [84], © Nature, 2016. (f) A flexible ZnO-PVDF/PTFE based piezo-tribo hybrid nanogenerator
[85]. Reproduced with permission from Ref. [85], © Elsevier, 2018. (g, h) Hybrid harvesting devices with the multi-coupled composite
generators. (g) A triboelectric-electromagnetic-piezoelectric hybrid nanogenerator [86]. Reproduced with permission from Ref. [86],
© Elsevier, 2019. (h) A one-structure-based piezo-tribo-pyro-photoelectric effects coupled nanogenerator for simultaneously scavenging
mechanical, thermal, and solar energies [87]. Reproduced with permission from Ref. [87], © Wiley, 2017.
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Internet of Things (IoT). To overcome the problems
of short communication distance and unidirectional
communication of traditional passive RFID devices, a
self-powered smart active RFID tag integrated with a
wearable hybrid nanogenerator was proposed. Based
on the triboelectric-electromagnetic hybrid mechanism,
biomechanical energy can be efficiently converted
into electrical energy to continuously power RFID
tags. The fabricated triboelectric-electromagnetic hybrid
nanogenerator (TEHN) has a maximum power
density of 6.79 W/m®. At the same time, integrating
the power management module (PMM) circuit with
the TEHN shortens the charging time by 50% and
increases the working distance by 330% times and up
to 33 m. In addition, the device can work in a duplex
communication state, and successfully demonstrated
the ability to remotely control an automatic door
(Fig. 8(a)). Some studies have focused on hybrid
energy harvesting devices consisting of triboelectric
nanogenerators and rotary electromagnetic generators
[81]. This device combines the two generators and is
indeed capable of exporting high voltage and current.
In Fig. 8(b), the TENG consists of a stator using a
material of Al-covered PTFE and a patterned Al-PTFE
rotator. The electromagnetic generator (EMG) consists
of a coil stator and a magnet rotor. To realize a better
output performance, this study integrates a Tesla turbine
into the device, which guarantees the rotational
condition. The researchers analyzed the dynamic
balance of the rotor part of the device, so the final DC
peak output voltage/current of TENG and EMG were
312.5 V/82 A and 4.2 V/3.3 mA, respectively, while
the output of the hybrid device was 332 V/3.5 mA.
In addition, the device can also power LEDs by
harvesting the energy of footsteps. In Ref. [82],
the researchers propose a hybrid electromagnetic-
triboelectric generator based on the mechanical
coupling mechanism. The device is capable of high
performance at very low acceleration (< 1 g) and low
frequency (< 6 Hz) vibration. Here, the hybrid energy
harvester consists of a combination of spring-assisted
EMG, contact-separation TENG (CTENG), and
interdigital electrode-based STENG (Fig. 8(c)). Due to
the higher flux density of the axis of magnets, the
cylindrical arrangement helps generate more flux in
the coil. In the device, flux concentrators fabricated

from soft magnetic materials enhance electromagnetic
performance, while electrospun nanofibers enhance
triboelectric performance. The device achieves a
maximum DC power of 34.11 mW and performs well
in harvesting biomechanical energy including walking,
running, and cycling. The harvested energy successfully
charges smartphones, earbuds, and smart bracelets
in real time.

Another form is the hybrid generator that combines
piezoelectric and triboelectric generators. In Ref. [83],
the researchers combine the meso-poly(lactic acid)
(meso-PLA) electret-based triboelectric nanogenerator
with the double-layered poly(L-lactic acid) (PLLA)-
based piezoelectric nanogenerator (PENG) for an
electronic skin application (Fig. 8(d)). Here, the PENG
consists of a single crystal structure, in which the
double-layer PLLA film is the active layer and the
PLA film is the passive layer. The structure of the
cantilever leads to the output voltage and current of
70 V and 25 pA, respectively. Moreover, the output
power is 0.31 mW and is 11% higher than the PENG.
The hybrid device has the advantages of biocompatibility,
ease of fabrication, and high output power, which is
suit for biomechanical energy harvesting. In Ref. [84],
a hybrid generator based on P(VDF-TrFE) nanofibers
and PDMS/multi-walled carbon nanotube (MWCNT)
composite films was fabricated. Among them, as shown
in Fig. 8(e), P(VDF-TrFE) nanofibers were fabricated
by electrospinning process and acted as a functional
layer and friction layer in piezoelectric and triboelectric,
respectively. The MWCNT-doped PDMS film acts as
another friction layer to increase the performance of
the triboelectric nanogenerator. For the triboelectric
part, the output peak-to-peak voltage, power, and
power density of the device are 25 V, 98.56 uW, and
1.98 mW/cm?, respectively. For the piezoelectric part,
the output peak-to-peak voltage, power, and power
density were 2.5 V, 9.74 uW, and 0.689 mW/cm?,
respectively. The device is flexible, biocompatible,
lightweight, and low-cost, which has obvious
advantages over a single generator. In Ref. [85], the
researchers set the friction layer in the structure of
the triboelectric nanogenerator as a piezoelectric
material, combining the two effects into one structure.
As shown in Fig. 8(f), the piezo-tribo hybrid generator
device is based on ZnO-PVDF films, and PTFE is
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integrated through coupled fabrication techniques.
It is worth noting that the ZnO-doped PVDF matrix
not only has higher piezoelectric properties, but also
has enhanced triboelectric properties. Measurements
show that the device has an instantaneous maximum
output power of about 24.5 uW/cm?, which is about
2.5 times the output of a hybrid generator without
ZnO doping. This study shows that the enhanced
performance of the hybrid generator can be achieved
simply by introducing ZnO nanorods into the PVDF
matrix without special surface treatment or electrical
polarization. Therefore, this study also provides
a new method based on the simultaneous use of
both effects to further improve the output of the
piezoelectric triboelectric hybrid generator.

Further, some researchers have combined multiple
forms of power generation to produce multi-coupled
hybrid generator devices with more complex structures
and more functions. In Ref. [86], some researchers
firstly designed a triboelectric nanogenerator and an
electromagnetic generator (EMG) in a hybrid design
and then added a piezoelectric nanogenerator
(PENG) to further improve the performance to form
a generator with three hybrid mechanisms. To harvest
human biomechanical energy, the researchers installed
the device on the sole of a shoe to harvest energy
from human walking. As shown in Fig. 8§(g), the
device has a large planar coil with a NdFeB magnet
placed above the TENG. The space between the
magnet and the coil is filled with a sponge, and the
rebound of the sponge can separate the magnet and
the coil when there is no external force. For TENG,
PTFE film and Nylon film are set as top and bottom
friction layers, respectively, to generate electricity by
contact friction. For EMG, when the foot is pressed,
the planar coil approaches the magnet, and when the
force stops, the coil returns to its original position,
and this way of cutting the magnetic flux density line
generates an electromagnetically induced current.
The PENG in this device uses ZnO nanowires, and
when compressed, a potential difference is generated
between the gold and ITO films due to the change of
anion and cation centers in ZnO nanowires. The
hybrid of the three mechanisms significantly improves
the output performance of the device and enables
the charging of different capacitors. Further, some

e
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researchers have proposed a multi-effect coupled
nanogenerator based on a single structure, which
integrates effects including thermoelectric, photoelectric,
triboelectric, and piezoelectric, and can simultaneously
harvest thermal, solar, and mechanical energy [87].
As shown in Fig. 8(h), by integrating pyroelectric
nanogenerator (PyENG), photovoltaic cell (PVC), and
triboelectric-piezoelectric nanogenerators (TPiENG)
into one device and the same output electrode, the
device can work whenever one energy source is
available at any time. Both PyENG alone and PVC
alone have higher output voltage but smaller output
current compared to TPiENG alone. The device,
however, combines the advantages of all single
cells to generate a peak current of about 5 HA, a peak
voltage of about 80 V, and a platform voltage of about
50 V. The multi-effect coupled nanogenerator of
“PyENG+PVC+TPiENG” can easily charge a 10 pF
capacitor to 5.1 V within 90 s. For the harvesting
of biomechanical energy, the coupled multi-effect
generator can also fully harvest energy and reduce
waste, which has a wide range of application
prospects.

In conclusion, hybrid energy harvesting technology
provides a solution for sustainable energy harvesting
applications [88, 89]. The system uses ambient energy
such as solar, wind, wave, and thermal energy, etc.,
but the size scale is large, which is not suitable for
harvesting energy from the human body [90, 91].
Therefore, in the future, hybrid energy harvesting
technology will be combined with biomechanical
wearable harvesting applications and will develop
towards multi-function and miniaturization [92, 93].

3 Conclusions

In summary, the biomechanical energy harvesting for
wearable electronic applications is outlined [94-97],
including the working principles of various harvesting
technologies [98-101, 102-104] and a summary of
biomechanical energy devices [105-107]. Specifically,
<i> the biomechanical energy harvesting mechanisms
are reviewed, which are divided into piezoelectric
effect, electromagnetic effect, and electrostatic effect;
<ii> the theories of biomechanical energy harvesters
are investigated, including some important formulas,
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and their applicable conditions; <iii> wearable electronic
devices through biomechanical energy harvesting
for real-life applications are summarized; <iv> the
characteristics of multi-effect coupled hybrid energy
harvesting devices and the prospect of building a
new generation of wearable systems are summarized.
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