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a b s t r a c t

In recent years, remarkable strides have been achieved in the advancement of nanogenerators har-
nessing fluid-induced vibrations. This article comprehensively undertakes a methodical exploration of
the latest advancements in the nanogenerator research centered around fluid-induced vibrations. To
commence, the foundational principles of piezoelectric generation, contact electrification and fluid-
induced vibration are elucidated, laying the groundwork for subsequent discourse. Following this, the
article systematically categorizes manifold applications of piezoelectric nanogenerators (PENGs) and
triboelectric nanogenerators (TENGs) within the realm of fluid-induced vibrations. This categorization
offers insights into the diverse scenarios where these nanogenerators exhibit efficacy, further enriching
the understanding of their potential. The theme of categorization extends the understanding of PENG
and TENG applications within fluid-induced vibrations, augmenting the reader's grasp of their versatility
and functional mechanisms. Subsequently, a comprehensive comparison of PENG and TENG is carried out
to clarify the current challenges and provide suggestions for future development. Notably, the article
highlights the growing significance of these technologies in fostering sustainable energy solutions. Its
comprehensive analysis and systematic classification serve as a valuable reference for researchers and
practitioners alike, propelling the field towards innovative applications and breakthroughs.

© 2024 Elsevier Ltd. All rights reserved.
1. Introduction

In the present era of digitization and mobility, the demand for
miniature electronic devices is incessantly increasing [1e3]. From
smartwatches to health monitoring devices, and from environ-
mental sensing sensors to Internet of Things (IoT) systems, these
devices are playing progressively crucial roles in people's everyday
existence [4e6]. Nonetheless, the challenge of independent power
supply for these diminutive devices persists as a notable concern.
While conventional batteries partially fulfill energy demands, the
escalating functionalities of devices and the consistent diminution
in size are presenting progressively stringent limitations on energy
density and continuous power delivery capabilities [7e10].
Frequently recharging, limited battery lifespan, and the perpetual
@qq.com (M. Xu), jmi@pku.
reliance on large-sized batteries have triggered a desire among
people for a more sustainable and efficient energy supply [11e13].
To overcome these limitations, energy harvesting technology has
been paid significant attention as an innovative and viable solution.
Energy harvesting technology aims to capture minuscule forms of
energy from the environment, such as wind energy [14e17], vi-
bration energy [18e22], water flow energy [23e25], and convert it
into electrical energy useable for power supply. In this realm,
nanogenerator technology has received widespread interest due to
its capacity to convert mechanical energy into electricity at the
microscale [26e30]. By harnessing the unique properties of mate-
rials at the nanoscale, these technologies can effectively convert
minusculemechanical changes into voltage and current.Within the
scope of nanogenerator technology, piezoelectric and triboelectric
effects are two commonly employedmechanisms. The piezoelectric
effect involves the generation of charge separation within a mate-
rial when subjected to mechanical stress or pressure, leading to the
creation of a potential difference [31e36]. Conversely, the tribo-
electric effect involves the separation of charges through friction
between two dissimilar materials [37e41]. These two effects create
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intriguing opportunities for energy harvesting in nanogenerator
devices.

Further, although modern battery technology, such as lithium-
ion batteries, has made significant progress in offering relatively
high energy density, PENG and TENG technologies, by contrast,
convert ambient energies (such as mechanical and electrostatic
energy) into electrical energy, providing a theoretically indefinite
power supply. This showcases potential advantages in long-term
deployment and sustainability. Second, from a sustainability
perspective, the use of batteries involves the extraction, processing,
and ultimate disposal of materials, which may have adverse envi-
ronmental impacts, particularly in the case of batteries containing
harmful heavy metals. In contrast, PENG and TENG technologies
utilize existing environmental energies, such as human movement
and vibrations. The development and application of these tech-
nologies reduce reliance on harmful materials, thus exhibiting
significant advantages in environmental sustainability. Last,
regarding lifespan, the usage life of batteries is limited by the
number of charge-discharge cycles, meaning they require
replacement after long-term use. PENG and TENG technologies, due
to their operating principles, theoretically offer longer lifespans,
especially in low-power sensor applications. In summary, while
PENG and TENG technologies currently face challenges in energy
output and stability, necessitating further research and develop-
ment, their potential advantages in energy density, sustainability,
and lifespan indeed constitute significant motivations for exploring
alternatives to traditional battery solutions. We believe that with
advancements in material science and nanotechnology, these
technologies could provide more sustainable and long-term energy
solutions for applications such as small sensors.

In recent years, the fluid-induced vibration has gained significant
attention as a prominent mechanical energy source, prompting
extensive research endeavors [42e46]. The fluid-induced vibration
refers to mechanical oscillations generated by the flow of fluids,
encompassing phenomena such as gentle breezes, water surges, and
even air disturbances caused by human movement [47e52]. Within
the realm of natural occurrences, numerous phenomena of fluid-
induced vibration can be observed. The rustling of leaves in a gentle
breeze, the motion of water through narrow passages, and the aero-
dynamic effects arising from human locomotion all exemplify those
cases of fluid-induced vibration. Despite their seemingly minor mo-
tions in nature, these vibrations contain substantial mechanical en-
ergy, perhaps being a potential wellspring of energy. The concept of
harnessing mechanical energy from fluid-induced vibrations is not
new; however, recent technological advancements and engineering
innovations have rendered this concept more realistic and viable. For
instance, in the domain of architecture, researchers now incorporate
fluid-inducedvibration intowindenergygenerationdevices [53e55].
By installing specially designed apparatuses on building facades or
rooftops, fluid-induced vibrations can be captured under gentle
winds, subsequently transforming them into electrical power. This
technology not only furnishes renewable energy to buildings but also
reduces reliance on conventional energy sources. Another crucial
application area pertains to ocean energy harvesting systems
[56e62]. Oceans harbor abundant kinetic energy within their cur-
rents, which can be harnessed by the fluid-induced vibration tech-
nology through deploying vibration devices underwater. These
devices can be tailored according to the velocity and direction of
ocean currents, thereby maximizing mechanical energy extraction.
This offers a fresh avenue for sustainable exploitation of oceanic en-
ergy, potentially yielding positive impacts on energy supply.

In summary, the fluid-induced vibration, as a notable mechan-
ical energy source, holds significance within the context of energy
transition and sustainable development. Through ongoing research
and innovation, we intend to harness fluid-induced vibration
2

technology to its fullest potential, providing clean and renewable
energy solutions across diverse domains. This pursuit aligns with
the dual objectives of technological advancement and environ-
mental preservation. In this context, the integration of piezoelectric
and triboelectric nanogenerator technologies with the phenome-
non of fluid-induced vibrations has opened up new research ave-
nues towards achieving self-sustained power supply for
microdevices. The innovation of this approach lies in utilizing fluid-
induced vibration as a mechanical energy source and converting it
into electrical energy through piezoelectric and triboelectric ef-
fects, thereby offering a stable and sustainable energy source for
microdevices [63e70]. What sets this approach apart is that it not
only captures energy from the environment but also continuously
generates energy during the normal operation of the device,
requiring no additional intervention or energy input.

The far-reaching potential of nanogenerator technology, har-
nessed through the exploitation of fluid-induced vibration, extends
far beyond the realm of self-powered microdevices, encompassing
a diverse spectrum of domains [71e80]. The ingenious application
of this technology holds particular promise in the realm of envi-
ronmental monitoring, wherein sensors stand to derive their power
from the very fluid motions that pervade the natural world. This
visionary approach paves the way for unceasing data collection,
addressing a critical need in today's data-driven society. Moreover,
the ramifications of this technology ripple into the realm of sus-
tainable energy solutions for remote and resource-scarce regions
[81e83]. Inhabitants of areas bereft of stable electrical grids stand
to benefit from the ingenuity embodied in these nanogenerators.
These technologies can not only offer independent power to
microdevices but also, to a certain extent, reduce reliance on con-
ventional batteries and fossil fuels, thereby mitigating carbon
emissions and environmental impacts [84e87]. In recent years,
significant progress has been achieved in the field of nanogenerator
technology by harnessing the phenomenon of fluid-induced vi-
bration. By integrating the piezoelectric and triboelectric effects,
researchers have effectively converted fluid-induced vibrations into
electricity, providing a novel and sustainable energy source for
microdevices [88e96]. Nevertheless, this field still confronts
numerous challenges and opportunities. Improving material per-
formance, enhancing device efficiency, addressing reliability and
scalability in real-world applications, among other issues, demand
further research and exploration. With the continuous develop-
ment of nanotechnology and the growing demand for energy,
piezoelectric and triboelectric nanogenerator technologies are
poised to play a more significant role in the field of sustainable
energy in the future.

This review comprehensively surveys recent significant ad-
vancements in the utilization of fluid-induced vibration phenom-
ena in piezoelectric and triboelectric nanogenerator technologies. It
systematically categorizes these developments according to
different structural configurations (see Fig. 1). Through this review,
we aim to offer researchers an opportunity to gain in-depth in-
sights into the forefront dynamics of this field, foster the dissemi-
nation and development of nanogenerator technology in practical
applications, and make a modest contribution to innovation in the
energy sector. As time progresses, we anticipate that this field will
continue to achieve further breakthroughs and accomplishments,
contributing more possibilities to the sustainability of human
development.

2. Theoretical background of nanogenerator and fluid-
induced vibration

Piezoelectric nanogenerators (PENGs) and triboelectric nano-
generators (TENGs) convert mechanical energy into electrical



Fig. 1. Overview diagram of Nanogenerators Utilizing Flow-Induced Vibrations. Adapted with permission [97e104]. Copyright 2020, 2021, Elsevier; Copyright 2022, 2022, Wiley;
Copyright 2014, 2016, AIP; Copyright 2022, American Chemical Society. Open Access from Ref. [99], Published on Micromachines, 2020.
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energy through distinct physical principles. PENGs convert me-
chanical energy, such as vibrations and deformations, into electrical
energy through the piezoelectric effect [105e108]. TENGs operate
based on the triboelectric effect, which involves the generation of
potential difference through the contact and separation of different
materials with varying electron affinities, enabling it to be har-
nessed as electrical energy [109e111]. The vibration phenomenon
induced by fluidmotion can transform the kinetic energy present in
fluid flow into useable mechanical energy. Through appropriate
design, efficient energy conversion can be achieved by coupling
fluid dynamics, mechanical components, and electrical systems.
This sectionwill give a brief overview of the nanogenerator's power
generation principle and the mechanism of flow-induced vibration.
2.1. Principle of piezoelectric nanogenerators (PENGs)

The piezoelectric effect was first discovered by the Curie brothers
in 1880 in tourmaline, and it is a phenomenon where a material
generates charge separation under mechanical stress or deforma-
tion. This effect can be categorized into the positive piezoelectric
effect and the inverse piezoelectric effect. The positive piezoelectric
effect involves the conversion of mechanical energy into electrical
energy, whereas the inverse piezoelectric effect involves the con-
version of electrical energy into mechanical energy. This article pri-
marily pertains to the application of flow-induced vibration, wherein
PENGs precisely exploit the positive piezoelectric effect to convert
3

mechanical vibration or stress into electrical energy, employing
intricately designed piezoelectric materials (Fig. 2(a)).

In piezoelectric nanogenerator technology, piezoelectric mate-
rials constitute a crucial component. These materials possess
distinctive crystal structures, enabling them to undergo slight de-
formations when being subjected to external mechanical stress,
leading to phenomena of charge separation and potential differ-
ence. Let us probe into this process in more detail (see Fig. 2(b)),
using zinc oxide (ZnO), a prevalent piezoelectric material, as an
example. When an external mechanical stress is applied (such as
tension or compression) to ZnO crystals, the internal lattice struc-
ture of the crystal undergoes slight deformation. This deformation
leads to the separation of positive and negative charges within the
crystal, as alterations in the crystal structure impact the distribu-
tion of electrons. Positive charges accumulate in one region of the
crystal, while negative charges accumulate in another, resulting in
the formation of a potential difference. This potential difference
gives rise to an internal electric field force that influences the dis-
tribution of electrons within the material. Electrons undergo
displacement due to the influence of the electric field force, leading
to a reconfiguration into a novel electron distribution pattern. This
rearrangement of electrons results in a modification of the charge
distribution throughout the material's interior, giving rise to a po-
tential difference known as the piezoelectric potential. Notably, the
piezoelectric potential is not merely a static phenomenon of charge
distribution; it is a dynamic process that fluctuates with variations
in external mechanical stress. As external stress increases or



Fig. 2. Electrification principle of PENGs. (a) Positive piezoelectric effect under force. Adapted with permission [112]. Copyright 2020, Royal Society of Chemistry. (b) Lattice
structure changes inside ZiO under external mechanical stress Adapted with permission [113]. Copyright 2018, AIP.
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decreases, the potential difference correspondingly amplifies or
diminishes. This capability allows piezoelectric materials to
generate continuous variation in potential under mechanical strain,
producing a measurable charge output. This charge output can be
employed to drive external circuits, such as charging batteries or
other electronic devices, facilitating energy conversion and storage.
This characteristic bestows upon piezoelectric nanogenerator
technology potential significance in various applications, such as
powering small electronic devices using energy generated from
wind and ocean sources.

For quantitatively describing anisotropic piezoelectric materials,
the piezoelectric equations and constitutive equations under small
and uniform mechanical strains are given below [114]:

Pi ¼ðeÞijkðsÞjk (1)

�
T ¼ cEs� eTE
D ¼ esþ kE

(2)

where `s´ represents mechanical strain; ðeÞijk is the third-order
piezoelectric tensor. `T´ and `cE´´ are stress and elastic tensors,
respectively; `k´’ is the dielectric tensor. The displacement current
generated by dielectric polarization is:

JD ¼ vPs
vt

¼ eijk

�
vs
vt

�
jk

(3)

Equation (3) expresses the rate of change of the applied strain
with the piezoelectric nanogenerator proportional to the output
current.

The displacement current is the current generated within the
nanogenerator. In the absence of an external electric field, the
displacement field is the polarization field densityDz¼ Pz¼ sp (z) in
the medium. The displacement current is:

JDz ¼
vPz
vt

¼ vspðzÞ
vt

(4)

Equation (4) represents the rate of change of surface polarized
4

charges, which corresponds to the observed output current of the
piezoelectric nanogenerator.

For the external circuit, the open-circuit voltage of the piezo-
electric nanogenerator is Voc ¼ zsp(z)/ε. Due to the presence of an
external load `R´´, the current output equation of the piezoelectric
nanogenerator is

RA
ds
dt

¼ z
�
spðzÞ � sðtÞ�

�
ε (5)

In Equation (5), `A´´ represents the electrode surface area. In
cases where the applied strain varies relatively slowly, `z´ becomes
a function of time `t´.
2.2. Electrification principle of triboelectric nanogenerators (TENGs)

The principle of electricity generation in the TENG originates
from the triboelectric effect, which is a phenomenon based on the
movement of electrons between materials. When different mate-
rials come into contact and separate due to friction under the action
of an external force, the difference in electron affinities leads one
material to lose electrons and carry a positive charge, while the
other material gains electrons and carries a negative charge. Based
on this principle, mechanical energy can be converted into elec-
trical energy.

In order to elucidate the phenomenon of Contact Electrification
between different types of materials, Wang et al. [115] proposed
the electron cloud/potential model based on fundamental electron
cloud interactions (Fig. 3) to encompass a broader range of ma-
terial systems. This model aims to address the challenges faced by
traditional surface state models in explaining cases such as metal-
polymer and polymer-polymer interactions. This model focuses on
the formation and interaction of electron clouds, localizing elec-
trons within specific atoms or molecules in materials, occupying
specific atomic or molecular orbitals. In this model, an atom of a
material can be envisioned as a potential well, where outer elec-
trons are loosely confined within the potential well, forming the
electron cloud of the atom or molecule. Parameters in the model



Fig. 3. Electron cloud potential well model, schematic diagram of electron cloud and
potential energy profile. Two atoms belonging to two materials, A and B, respectively,
when they are: (a) before contact, (b) in contact, and (c) after contact, showing electron
transfer from one atom forcing electrons to overlap to the other. (d) The charge release
of the atoms at elevated temperature T once kT approaches the barrier height. Vari-
ables: d, the distance between two points in the nucleus; EA and EB, the energy levels
occupied by electrons; E1 and E2, the potential energy escape of electrons; k, the
Boltzmann constant; T, the temperature. Adapted with permission [115]. Copyright
2018, Wiley.
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encompass the distance between electron clouds (d), the occupied
energy levels of electrons in atoms A and B (EA and EB), and the
potential energy required for electrons to escape from the surfaces
of materials A and B (E1 and E2). Fig. 3(a) shows that, before the
two materials come into contact, due to the localized trapping
effect of the potential well, electrons are confined within the well
and unable to move freely. However, when materials A and B
make contact, physical contact introduces a `shielding´ effect,
causing an overlap of the electron clouds. This leads to the
transformation of the initial single potential well into an asym-
metric double potential well, thus creating the opportunity for
electrons to jump from atoms of material A to atoms of material B
(see Fig. 3(b)). As shown in Fig. 3(c), after the separation of the two
materials, if the temperature is not too high, most of the electrons
transferred to material B will be retained due to the energy barrier
E2 in material B. This results in the separation of electrons, leading
to material A carrying a positive charge and material B carrying a
negative charge, thereby producing the triboelectric effect.
Fig. 3(d) illustrates the process of charge release at an elevated
temperature T. As temperature increases and the value of kT rises,
the energy fluctuations of electrons become more pronounced.
Consequently, electrons are more prone to escape the potential
well, either returning to the atoms they originally belonged to or
being released into the air. This model further explains why the
5

electrons generated by the triboelectric effect can be sustained, as
energy barriers exist in various types of materials.

In addition to the above qualitative explanations, the process of
triboelectrification also has a solid theoretical basis. The driving
force of TENG is theMaxwell displacement current, which is caused
by the time-varying electric field and polarization of the dielectric.
In the case of TENG, friction charges are generated on the surface
due to the Contact Electrification between two different materials.
To explain the contribution of contact-induced static charges in the
Maxwell equation, Wang [114] added an additional term, Ps, to the
displacement vector D, called mechanical-driven polarization, i.e.

D¼ ε0E þ P þ Ps (6)

Here, the polarization vector P is due to the presence of an
external electric field, while the additional term, Ps, is mainly due to
the presence of surface charges that are independent of the relative
motion between the electric field and the dielectric. Substituting
equation (6) into the Maxwell equation group and defining
[116,117].

D0 ¼ ε0E þ P (7)

can reformulate the Maxwell's equations as:

V$D0 ¼ rf � V$Ps (8a)

V$B¼0 (8b)

V�E ¼ �vB
vt

(8c)

V�H ¼ J þ vPs

vt
þ vD0

vt
(8d)

In equation (8d), vD
0

vt represents the displacement current caused by
the time-varying electric field and the electric field-induced
dielectric polarization; vPs

vt is due to the displacement current
caused by an external strain field that is non-electric in nature. The
first term dominates at high frequencies, such as those used in
wireless communications, while the second term is responsible for
energy generation at low frequencies or quasi-static conditions. The
contribution of TENG's output current is related to the driving force
of the vPs

vt term in the displacement current, which is referred to as
the Wang term. In general, these two terms can be approximately
decoupled and treated independently. However, if the external

triggering frequency is high, vD
0

vt and vPs
vt can effectively couple, and

interference between the two can be significant, which may occur
in the MHz to GHz range.

2.3. Mechanism of flow-induced vibration

The energy harvested from flow-induced vibrations has
emerged as a transformative paradigm within the realm of
renewable energy, capitalizing on the intricate dynamics of fluid-
structure interaction to harness mechanical energy from fluid
flows and convert it into useable electrical power. This innovative
approach holds the potential to address the ever-increasing de-
mand for sustainable energy sources while mitigating environ-
mental concerns. The mechanism of flow-induced vibration serves
as the cornerstone of this concept, embodying the complex inter-
play between fluid motion and solid structures.

The phenomenon of flow-induced vibration arises from the
dynamic interaction between a fluid and a solid structure when



Fig. 4. Experimental visualization and numerical simulation results of two typical vortex modes: (a) 2S and (b) P þ S. Adapted with permission [120]. Copyright 2004, Annual
Reviews.
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subjected to fluid flows. This interaction leads to the generation of
mechanical vibrations or oscillations in the structure, primarily
driven by the exchange of momentum and energy between the
fluid and the solid surface. At the core of this mechanism lies the
fluid-structure interaction (FSI), where the fluid's flow character-
istics and the structure's mechanical properties mutually influence
each other, resulting in a dynamic response that can manifest as
vibrations, oscillations, or even deformations. One of the primary
contributors to flow-induced vibration is the phenomenon of vor-
tex shedding [118,119]. When a fluid flows past a bluff body or a
structure with a significant cross-sectional area perpendicular to
the flow direction, vortices are shed from the downstream side of
the structure. These vortices create alternating pressure zones,
inducing periodic changes in the forces exerted on the structure.
Fig. 4 shows two typical eddy shedding modes [120]. This phe-
nomenon, known as vortex-induced vibration, can lead to pro-
nounced mechanical oscillations and even structural fatigue over
time. The vortex-induced vibration has been extensively studied in
various engineering applications, such as bridges [121], offshore
platforms [122], and underwater pipelines [123], where its effects
can be critical to the structural integrity and safety of these systems.
Furthermore, in aerodynamic applications such as aircraft wings
[124], wind turbine blades [125], and aerospace structures [126],
flow-induced vibrations can be significantly influenced by aero-
elastic effects. Aero-elasticity refers to the coupling between
aerodynamic forces and structural dynamics, which can lead to
self-excited oscillations and even instability in the presence of
specific flow conditions. Aeroelastic flutter is a classic example of
this interaction, where the aerodynamic forces induced by the flow
interact with the structure's natural frequencies, resulting in sus-
tainable oscillations. Non-linear dynamics further enrich the
complexity of flow-induced vibrations. Fluid-structure interactions
often exhibit non-linear behaviors due to variations in fluid prop-
erties, such as viscosity, or non-linear structural responses under
varying load conditions. These non-linear effects can lead to intri-
cate phenomena, including mode interactions, frequency detuning,
and bifurcations, making accurate prediction and analysis of flow-
induced vibrations challenging [127].

As shown in Fig. 5, the common forms of flow-induced vibra-
tions can be primarily categorized into four types: vortex-induced
vibration (VIV), galloping, flutter, and wake-induced vibration
(WIV). VIV occurs when fluid flows around a bluff body, leading to
the formation of alternating vortices in the wake, which in turn
induces periodic lateral vibrations of the object. This phenomenon
typically occurs within a Reynolds number range from several
hundreds to thousands and relies on the Strouhal number to
6

predict the shedding frequency of the vortices. VIV is particularly
significant in marine engineering, such as in the vibrations of risers
on offshore oil platforms, and it is also utilized in energy harvesting,
where the kinetic energy of the vibrations is converted into elec-
trical energy. Galloping occurs when the separation point of the
fluid on the windward face of a structure moves with the vibration,
generating an asymmetric aerodynamic force and causing trans-
verse vibration. This type of vibration is common in power lines
under icy conditions, as well as in the design of bridges and high-
rise buildings. Its vibration frequency is usually lower than that of
VIV, with larger amplitudes. In the field of energy harvesting,
specially designed galloping devices can operate at low wind
speeds, providing a stable energy output. Flutter is a self-excited
vibration phenomenon that arises when the pressure distribution
on the surface of a solid changes due to fluid flow, causing the
structure to undergo torsional and bending vibrations. In energy
harvesting, the two main forms of flutter used are: (1) the flapping
of flexible films under flow; and (2) the flutter of airfoils induced by
fluid. The onset of flutter is related to the elasticity of the structure,
mass distribution, fluid velocity, and its relative angle to the
structure. Flutter is particularly crucial in aeronautical engineering,
such as wing flutter in aircraft, and in wind energy conversion
systems, structures designed to harness flutter can enhance the
efficiency of energy capture. Wake-induced vibration occurs when
the wake of an upstream object affects a downstream object,
especially when both are in the path of the fluid flow. The vortices
shed from the upstream object induce vibrations in the down-
stream object. This phenomenon is commonly observed in arrays of
structures, such as groups of wind turbines or clusters of buildings.
Wake-induced vibration must be specially considered in the design
of energy harvesting systems to prevent potential resonance
damage.

Each flow-induced vibration mechanism for energy harvesting
presents unique advantages and challenges. VIV offers broad
applicability across a wide range of Reynolds numbers, making it
suitable for marine engineering and converting kinetic energy from
vibrations into electrical energy, with effective utilization of low-
speed fluid dynamic power. However, its vibration frequency and
amplitude are subject to the limitations imposed by flow speed and
object shape, necessitating specific conditions for vortex shedding
frequency prediction. Galloping is advantageous for stable opera-
tion at low wind speeds and is particularly relevant under adverse
weather conditions, such as icing, capable of generating large
amplitude transverse vibrations. Its main drawback is the typically
lower frequency compared to VIV, which can lead to significant
structural stress and fatigue, requiring careful design to avoid



Fig. 5. Four classic forms of flow-induced vibration (a) vortex-induced vibration (b) galloping (c) flutter (d) wake-induced vibration.

M. Wu, C. Zhu, X. Liu et al. Materials Today Energy 41 (2024) 101529
destructive vibrations. Flutter, on the other hand, utilizes torsional
and bending vibrations and is especially useful in aeronautical
engineering and wind energy conversion systems, potentially
greatly enhancing energy capture efficiency under specific condi-
tions. However, its initiation depends on various factors including
structural elasticity, mass distribution, fluid velocity, and angle,
making design and optimization complex and demanding on ma-
terials and structure.WIV is common in arrays of structures and can
extract energy in complex flow fields, but it necessitates special
design considerations to prevent resonance damage due to wake
effects from upstream objects, with strict requirements on layout
and spacing. Selecting the appropriate vibration mechanism for
energy harvesting requires a comprehensive consideration based
on the specific application environment and objectives.

3. Piezoelectric nanogenerators (PENGs) driven by flow-
induced vibrations

The continuous development of energy harvesting technology
has sparked interest in micro energy supply solutions, and among
them, PENGs utilizing fluid-induced vibrations as a mechanical
energy source are gradually showing tremendous potential. The
research in this field focuses on driving the deformation of piezo-
electric materials by capturing the vibrations generated by fluid
flow, thereby converting mechanical energy into electrical energy.
In this section, we will focus on how PENGs utilize fluid-induced
vibrations to achieve energy harvesting, with special emphasis on
various mechanisms such as vortex-induced vibration, galloping,
flutter, and wake-induced vibrations (Fig. 6).

3.1. Vortex-induced vibrations

The vortex-induced vibration (VIV), as a fluid-induced me-
chanical energy source, can be utilized to drive piezoelectric
7

nanogenerators. By affixing piezoelectric materials onto the
vibrating object, the deformation of the material will lead to charge
separation, thereby achieving the collection of electrical energy. In
recent years, VIV has attracted the attention of researchers, and its
potential applications in fields such as ocean engineering, wind
energy utilization, and self-powered sensors have gradually
emerged [128e130]. As shown in Fig. 7(a), the typical structure of a
VIV based piezoelectric energy harvester includes a cylinder, a
cantilever beam, and a piezoelectric sensor adhered to the base of
the beam [97]. In this complex and sophisticated system, various
components work closely together to achieve the efficient con-
version of mechanical energy into electrical energy. This aero-
dynamic force not only induces vibrations in the cylinder but also
serves as the driving force for the entire system motion. Especially
under certain fluid flow conditions, the phenomenon of VIV occurs,
wherein vortices form as fluid flows around the cylinder trigger
vibrations in the cylinder. The cantilever beam, as a component
connected to the cylinder, plays a crucial role in energy transfer and
conversion. When the cylinder vibrates due to the aerodynamic
forces, the cantilever beam resonates and follows the vibration,
thereby transmitting mechanical energy to other parts of the beam.
This process not only requires the cantilever beam to possess a
certain level of flexibility and stiffness but also demands the beam
to maintain a certain stability during the vibration process,
ensuring the efficient transfer of mechanical energy. When the
cantilever beam vibrates, the piezoelectric piece also undergoes
deformation. Due to the presence of the piezoelectric effect, this
deformation leads to charge separation and accumulation, resulting
in a potential difference. This potential difference is the result of the
conversion of mechanical energy into electrical energy. Zhang et al.
[97] investigated the impact of Reynolds numbers ranging from500
to 33,000 on the piezoelectric energy harvesting from VIV in a
circular cylinder. They found that the Reynolds number not only
influences the level of energy harvested but also affects the global



Fig. 6. Schematic of PENG utilizing flow-induced vibrations.
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branches of the bifurcation diagram. The results further revealed
that for cases with low mechanical damping ratios, the perfor-
mance of the VIV-based piezoelectric energy harvester is more
sensitive to variations in the Reynolds number.

Wang et al. [131] introduced a novel non-contact VIV based
piezoelectric wind energy harvester, Fig. 7(b), which differs
significantly from most existing VIV based piezoelectric wind en-
ergy harvesters. The latter explored the VIV wind energy collection
involving embedded composite piezoelectric sensors within the
cylinder shell, enabling direct interaction between the piezoelectric
cantilever beam and the airflow. The device employs a sealed cy-
lindrical shell design to isolate the piezoelectric material from the
erosive effects of the fluid and utilizes a structure that has been
bent beforehand to ensure that the piezoelectric plate is subjected
only to unidirectional compressive stress. These measures help to
extend the lifespan of the piezoelectric plate, effectively enhancing
reliability and environmental adaptability. Their results indicated
that at a wind speed of 40.0 m/s and a transducer mass of 65 g, the
maximum power recorded was 1.438 mW in the form of a single
piezoelectric beam that has been bent beforehand. Furthermore,
the non-contact piezoelectric wind energy harvester was found to
operate effectively over a wide range of wind speeds, from 5.5 m/s
to 40.0 m/s (namely a wind speed bandwidth of 34.5 m/s), when
using an output voltage of 5 V as the reference value. Furthermore,
to address the challenges of high vortex-induced oscillation initi-
ation wind speeds, susceptibility to suppression, and poor rebound
characteristics, Fan et al. [132] proposed an elemental surface
design for both compact and loose vortex-induced oscillation wind
energy harvesting systems, as depicted in Fig. 7(c). Zhu et al. [133]
suggested improving the cylinder's response amplitude by affixing
fin-shaped stripes onto the cylinder's surface. Fig. 7(d) depicts the
flow simulation before and after the installation of the fin-shaped
stripes, indicating an increase in fluid dynamic forces. The resis-
tance increased by 27.29% while the lift force rose by 66.01%.
Although the flow wakes behind smooth and rough cylinders both
exhibits pronounced three-dimensional characteristics, the flow
wake becomes notably broader when the cylinder's local roughness
is increased. The heightened fluid forces and expanded flow wakes
contribute to the enhancement of VIV. Employing magnetic
coupling to enhance VIV for energy harvesting is also a common
approach, as shown in Fig. 7(e) [134]. Incorporatingmagnets during
the cylinder's oscillation process enables the device to possess five
equilibrium points. The stiffness characteristics of the device vary
around these equilibrium points, with corresponding ranges of
8

operational wind speeds, facilitating wind energy collection.
Furthermore, it is notable that under varying initial conditions,
Tandem vibrational induced vibration energy harvesters could
exhibit multiple vibration trajectories at the same wind speed.
When vibrating on a high-energy trajectory, the collector's output
voltage is relatively higher, thereby improving energy collection
efficiency. Sun et al. [135] attempted to combine cylindrical and
different shapes (such as square cylinders) and discovered that the
device would exhibit both vortex-induced oscillation and galloping
(to be introduced in section 3.2). This synergy between the two
modes can enhance energy collection efficiency. the average power
output of the proposed bluff body design across the entire relevant
wind speed range increased by 75% compared to a traditional
square cross-sectional bluff body. Remarkably, at a wind speed of
approximately 2.95 m/s, the maximum power lift rate observed
was 193%. Moreover, they depicted the dynamic behavior with
wind speed variation as shown in Fig. 7(f). Further details can be
found in reference [135].
3.2. Galloping

Galloping can generate significant motion amplitudes and en-
ergy output. Such fluid-induced vibrations can be utilized to excite
PENGs, converting mechanical energy into electrical energy
through the piezoelectric effect [136e139]. Fig. 8(a) shows the
typical structure of galloping, where a square (non-circular) bluff
body is connected at the free end of a piezoelectric cantilever beam
[98]. When the flow velocity exceeds the device's startup wind
speed, it induces transverse beam oscillations and stretches the
piezoelectric element, generating an electrical signal. Similarly, to
enhance the energy harvesting performance of this structure, it is
common practice to add small structures on the surface. Wang et al.
[140] attempted to add small protruding cylinders on the surface of
the square column, see Fig. 8(b). The results indicate that, compared
to the conventional Galloping-PEH, the proposed galloping piezo-
electric energy harvester exhibited a significant increase in per-
formance, with the maximum vibration displacement and
maximum output voltage enhanced by 26.81% and 26.14%,
respectively. Fig. 8(c) displays various different structures, from left
to right: (1) bluff body with a triangular cross-section; (2) T-sha-
ped; and (3) fork-shaped [141e143]. However, enhancing non-
linear effects may also pose challenges, such as more complex dy-
namic behaviors, frequency jumps, and non-linear interference.



Fig. 7. Utilization of VIV phenomenon by PENGs. (a) Typical structure of vortex induced vibration piezoelectric energy harvester. Adapted with permission [97]. Copyright 2021,
Elsevier. (b) Non-contact vortex-induced vibration piezoelectric wind energy harvester. Adapted with permission [131]. Copyright 2021, Elsevier. (c) Response amplitude of cylinder
enhanced by fin-like stripes. Adapted with permission [132]. Copyright 2022, Elsevier. (d) Flow simulation before and after installation of fin-like stripes. Adapted with permission
[133]. Copyright 2018, Elsevier. (e) Magnetic coupling to enhance vortex-induced vibration. Adapted with permission [134]. Copyright 2023, Elsevier. (f) Dynamic behavior of the
vibration energy harvester as the wind speed changes. Adapted with permission [135]. Copyright 2019, Elsevier.
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Therefore, when designing and optimizing fluid flow energy har-
vesting systems, a careful consideration of the pros and cons of
non-linear effects is necessary. It is crucial to select appropriate
methods to control andmanage these effects in order to achieve the
optimal energy capture performance. Apart from altering the bluff
body's shape, Hu et al. [144] proposed a comb-like beam structure
(Fig. 8(d)). The results indicate that, compared to traditional beam
design, the initial wind speed of the comb-shaped beam decreased
from 2.24 m/s to 1.96 m/s, and under the optimal impedance, the
power output at a specific wind speed (3 m/s) increased by
approximately 171.2%. Furthermore, similar to VIV, the efficiency in
energy collection can also be effectively enhanced by adding
magnets. The tri-stable non-linear energy harvesting device shown
in Fig. 8(e) exhibits significant advantages in collecting high-
performance energy [145,146]. For the dual-beam piezoelectric
energy collector, introducing mutual repulsion of magnets induces
bi-stable non-linearity, which is advantageous for reducing critical
wind speeds and enhancing output voltage.
9

3.3. Flutter

When wind passes over structures such as flags and leaves,
flutter can trigger unstable vibrations in objects, generating high-
frequency mechanical energy [147,148]. This phenomenon can
also be applied to PENGs, converting mechanical vibrations into
electrical energy. Flutter phenomena hold significance in the design
of engineering structures and wind energy utilization. Its integra-
tion with PENGs applications offers novel possibilities for the field
of sustainable energy. Fig. 9(a) illustrates two typical flapping
structures: flag-shaped and airfoil-shaped. When the wind speed
exceeds the critical velocity, it triggers the onset of structural
instability and generates flapping motion [99,100]. This flapping
motion drives the motion of the piezoelectric patch, converting
mechanical energy into electrical energy. For the piezoelectric
beam equipped with an airfoil, as the flow speed increases, the self-
excited motion occurs when the structural damping is insufficient
to suppress the motion induced by aerodynamic effects. As shown



Fig. 8. Utilization of galloping phenomenon by PENGs. (a) Typical structure of galloping. Adapted with permission [98]. Copyright 2014, AIP. (b) Comparison of the flow field before
and after adding a small convex column on the surface of the square column. Adapted with permission [140]. Copyright 2021, Elsevier. (c) Three bluff body structures. Adapted with
permission [141e143]. Copyright 2010, 2020, AIP. Copyright 2019, Elsevier. (d) Comb beam structure. Adapted with permission [144]. Copyright 2021, Elsevier. (e) Magnetic coupling
to enhance galloping. Adapted with permission [145,146]. Copyright 2019, AIP.
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in Fig. 9(b), an increase in velocity results in supercritical or
subcritical bifurcations [149]. For supercritical instability, the col-
lector's response is stable for any perturbation or initial conditions
below and above the critical flutter speed. When the flow speed
exceeds the critical flutter speed, due to the presence of structural/
aerodynamic non-linearity, limited cycle oscillations occur. In the
case of subcritical instability, the collector's response below or near
the critical flutter speed is highly dependent on initial conditions or
any potential disturbances. In such cases, a sudden jump to larger
limit cycle oscillation amplitudes occurs. When the flow speed is
greater than the critical flutter speed, the system's response is
unaffected by any disturbances.

The flag-shaped structure shown in Fig. 9(c) is commonly
employed for harvesting environmental energy, providing power to
outdoor microelectronic devices. Agarwal et al. [150] attempted to
add various flow obstacles upstream of the flag-shaped structure.
They found that in all configurations tested, the D-shaped body
induced flutter at the lowest flow velocity of 5.1 m/s. This repre-
sents a significant reduction of 50% when compared to the
benchmark case, where flutter occurred at a flow velocity of 10.2m/
s without an upstream body. In addition, D-shaped, square, and
triangular flow obstacles exhibited yield gains of 11.4 times, 6.7
10
times, and 4.6 times, respectively, in terms of the output-to-input
power ratio compared to the baseline. Inspired by the movement
of eels in nature, Taylor et al. [151] proposed the concept of an eel-
inspired generator, depicted in Fig. 9(d), which employs piezo-
electric polymers to convert mechanical flow energy in oceans and
rivers into electricity. Using the periodic vortex path generated by
the flow obstacle to stretch the piezoelectric elements, the resulting
undulating motion resembles the natural swimming movement of
eels. An internal battery stores excess energy generated by the eel-
inspired generator, catering to later use by small unmanned
monitoring sensors or robots. The flutter behavior of the film
depicted in Fig. 9(c) and (d) exhibits a self-excited vibration,
meaning it does not require an external periodic force; the struc-
ture itself can produce continuous oscillation under the influence of
the fluid. While there is a blunt body upstream of the flexible film,
the primary cause of the film's flutter is due to the dynamic inter-
action between the fluid and the film, rather than being solely
driven by wake instability. Therefore, categorizing the phenome-
non of a flexible film, attached behind a cylinder and exhibiting
flutter behavior, as flutter is more appropriate. Orrego et al. [152]
conducted tests with inverted flexible piezoelectric films under
various parameters (Fig. 9(e)). They found that in a laboratory



Fig. 9. Utilization of flutter phenomenon by PENGs. (a) Two typical flapping structures: flag-shaped and airfoil-shaped. Adapted with permission [99,100]. Open Access from
Ref. [99] Published on Micromachines, 2020. Copyright 2022, Wiley (b) Zoning map as a function of speed. Adapted with permission [149]. Copyright 2016, Elsevier. (c) Flag-shaped
structure for harvesting ambient energy. Adapted with permission [150]. Copyright 2023, Springer. (d) Generator of the eel concept. Adapted with permission [151]. Copyright 2001,
IEEE. (e) Flexible piezoelectric film for harvesting ambient wind energy. Adapted with permission [152]. Copyright 2017, Elsevier. (f) Leaf-shaped PENG. Adapted with permission
[153]. Copyright 2016, Elsevier. (g) Piezo film array to harvest water flow energy. Adapted with permission [154]. Copyright 2004, IEEE.
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environment with a wind speed of 9 m/s, the peak electrical power
reached around 5.0 mW/cm3. Even within the low wind speed
range suitable for collecting environmental wind energy (approx-
imately 3.5 m/s), a sustained electricity generation capability
(around 0.4 mW/cm3) was demonstrated. The `inverted flag´
method also uses a self-alignment mechanism to compensate for
changes in wind direction, significantly improving the system's
operational stability and efficiency under environmental condi-
tions. Additionally, they carried out outdoor experiments, har-
nessing environmental wind energy to power temperature sensors
without the need for energy storage batteries. These exciting re-
sults provide optimism for the practical application of this gener-
ation method. The concept of biomimetic deployable flutter energy
harvesters was initially proposed by Dickson [153]. He envisioned a
tree-like structure comprised of potentially hundreds of `leafstalk´
piezoelectric collectors, as depicted in Fig. 9(f). This concept has
given rise to a plethora of research articles exploring this structure.
To render such small-scale power generation units more practical,
it is necessary to operatemultiple small generating units in parallel.
Fig. 9(g) illustrates an arrangement utilizing piezoelectric films to
harvest energy from water flow [154]. First, the power-generating
bilayer materials can be arranged together to form a flow conduit,
where multiple power generation modules share a flow distur-
bance. Second, several of these one-dimensional arrangements can
11
be positioned in a matrix-like manner along the average flow di-
rection. By integrating these power generation matrices with rec-
tifiers, miniature hydroelectric modules can be developed.
Theoretical calculations suggest that the PZT-bimorph design is
capable of achieving a power output of approximately 6.81 mW per
element within a volume of 100 mm3. This translates to a power
density of approximately 68.1 W/m3.

3.4. Wake-induced vibrations

Instabilities in the wake can induce vibration in an object,
generating mechanical energy. This mechanical energy can be
converted into electrical energy through the piezoelectric effect,
enabling self-powering. WIV finds significant applications in
aerodynamics, hydrodynamics, and marine engineering. The inte-
gration of this phenomenon with PENGs presents a novel avenue
for energy harvesting in microdevices [155e157]. As shown in
Fig. 10(a), the piezoelectric WIV flow energy collector consists of a
mechanical oscillator and a portion coupled with an energy
collection circuit through piezoelectric components [101]. The
oscillator is located downstream of a cylinder or obstacle. As an
initial laminar fluid flows past the obstacle, the Karman vortex
street forms at the trailing edge, leading to the symmetry breaking.
The periodicity of the vortex shedding results in alternating
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pressures, thereby generating cyclic lift on the mechanical oscil-
lator. To enhance the energy collection efficiency, Alhadidi et al.
[101] also employed magnetic coupling, as mentioned previously,
to broaden its response bandwidth. Hu et al. [158] proposed a
piezoelectric energy harvester that attaches a thin oscillating blade
to the free end of a beam (Fig. 10(b)). They adjusted the natural
frequency of the oscillator by altering its dimensions and shape
using magnets affixed to the top and bottom surfaces of the blade.
This arrangement provides sufficient space for the shed vortices to
emanate from the cylinder, exciting the oscillating blade and
aligning the oscillator's natural frequency with the shedding fre-
quency of the synchronized vortices. Eventually, based on this
experimental setup, they developed a theoretical model that
identifies the optimal positioning, offering valuable insights. As
depicted in Fig. 10(c), Zhao et al. [159] introduced a novel hydro-
dynamic piezoelectric energy collector utilizing WIV. Through
frequency analysis, they found that the VIV and the WIV perfor-
mances are respectively governed by the shedding frequency of
wake vortices and the inherent frequency. Moreover, As the dis-
tance between obstacles changes, the flow pattern changes signif-
icantly, see Fig. 10(d) [159]. For the distance L z 1 ~ 2D, a small
Fig. 10. Utilization of wake-induced vibrations phenomenon by PENGs. (a) Typical structur
Energy harvester with thin vibrating blade structure. Adapted with permission [158]. Copy
[159]. Copyright 2021, Elsevier. (d) The change of the flow field when the distance between t
The influence of various condition changes on the flow field. Adapted with permission [16
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range is termed (i) the extension region, where no vortices exist in
the gap. Here, L is the distance between obstacles and D is the
diameter of the obstacles. For distance of approximately Lz 2 ~ 5D,
it is termed (ii) reattachment; in this case, only a pair of well-
developed vortices exists in the gap. Vortex structures act upon
the downstream cylinder surface. Consequently, the fluid shear
layer reattaches to the downstream cylinder. When the distance
surpasses 5D, it is labeled (iii) the co-shedding region, featuring
fully developed vortex structures within the gap. Experimental
results reveal that the maximum power densities achieved by the
inverted D-shaped, circular, and D-shaped cylinders are 570.3 W/
m3, 596.4 W/m3, and 1074 W/m3, respectively. These values
represent increases of 43.2, 25.3, and 31 times over the baseline
scenario without wake interference. Furthermore, the optimal
experimental spacing ratios for these configurations were found to
be 5, 2.6, and 2, respectively. The process of wake-induced vibration
is influenced by various conditions, where different shapes and
sizes of stationary obstacles generate diverse wake patterns.
Simultaneously, the varying distance between the stationary ob-
stacles and the cylinder leads to distinct aerodynamic phenomena
around the cylinder. Zhang et al. [160] conducted relevant studies
e of wake-induced vibrations. Adapted with permission [101]. Copyright 2016, AIP. (b)
right 2018, Elsevier. (c) Cylindrical wake-induced vibration. Adapted with permission
he bluff bodies is different. Adapted with permission [159]. Copyright 2021, Elsevier. (e)
0]. Copyright 2021, Elsevier.
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by altering the aforementioned three conditions to modify the
aerodynamic characteristics around the cylinder, as depicted in
Fig. 10(e).

4. Triboelectric nanogenerators (TENGs) driven by flow-
induced vibrations

With the advancement of micro-energy harvesting technology,
TENGs have emerged as a novel method of energy collection. These
devices utilize fluid-induced vibrations to generate mechanical
energy, subsequently driving the triboelectric effect to convert
mechanical energy into electrical energy. This section will focus
primarily on how TENGs utilize fluid-induced vibration for energy
harvesting. It will particularly emphasize different mechanisms
such as vortex-induced vibration, galloping, flutter, and wake-
induced vibrations (Fig. 11).

4.1. Vortex-induced vibrations

In TENGs, the vortex-induced vibration can be utilized to
generate mechanical oscillations, thereby triggering the triboelec-
tric effect in TENGs and converting mechanical energy into elec-
trical energy. The application potential of the vortex-induced
vibration mechanism becomes progressively prominent in fields
such as ocean engineering, wind energy, water flow energy har-
vesting, and underwater sensors [161e163]. Fig. 12(a) shows a
TENG device for harvesting mechanical energy from vortex-
induced vibrations in pipes [164]. This device provides mechani-
cal energy to powermonitoring systems and enables the realization
of sensing and signal transmission. A highly efficient energy col-
lector is established using the contact-separation mode of TENG,
converting the mechanical energy from vibrating pipelines into
electrical energy. Results showed that the device achieved a peak
output power of 14.0 mW at a circuit resistance of 200 MU, corre-
sponding to a power density of 5.56 mW/m2. The TENG device
consists of a friction pair comprised of dielectric material films
connected to a mass-spring base, ensuring the contact-separation
motion of the friction pair. Experimental tests involving the
installation of the TENG device on sample pipelines demonstrate
the device's output performance and long-term durability. Kim
et al. [102] introduced a TENG device that simultaneously employs
the free-support sliding (FS) and contact-separation (CS) modes to
collect mechanical energy from oscillations generated by water
flow impact on a cylinder (see Fig. 12(b)). They further resolved the
critical issue of `lock-in´ phenomenon occurring in traditional cyl-
inder VIV systems by introducing fluid-induced collision between
two sidewalls. Due to the presence of two sidewalls, this device
exhibits stable electricity generation within a wide flow velocity
Fig. 11. Schematic of TENG utiliz
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range (0.05e1.02 m/s), and the phenomenon of lock-in is absent.
Apart from energy harvesting, seals can utilize their whiskers to
sense changes in vortices within the flow field, Fig. 12(c), enabling
them to identify and locate prey [165]. Inspired by this, Wang et al.
[165] designed a TENG sensor mimicking the unique wave-like
features of seal whiskers. This device primarily consists of an in-
ternal sensing unit, flexible silicone rubber follicles (Dragonskin
00e20), and artificial whiskers (polydimethylsiloxane, PDMS). Its
output signal is highly correlated with interactive motion param-
eters, enabling the determination of the relative movement status
of underwater objects. Fig. 12(d) illustrates a fully encapsulated VIV
triboelectric nanogenerator designed for wind energy recovery.
Unlike most previous wind energy harvesting TENGs, a bouncing
PTFE ball is entirely enclosed within a square column in this design
[166,167]. This unique design separates the contact electrification
process from the external environment, effectively reducing the
wear experienced by traditional wind energy harvesting TENGs and
improving the stability and reliability of the device. Fig. 12(e)
demonstrates a wind energy harvesting device similar in structure
to that of Fig. 12(d). Both utilize springs and cylinders to generate
VIV. However, the TENG in Fig. 12(e) is composed of a pair of par-
allel electrode plates [168]. When the cylinder is affected by lateral
airflow, it functions as an oscillator, converting wind energy into
kinetic energy. Subsequently, the TENG transforms the kinetic en-
ergy into electrical energy through the periodic contact and sepa-
ration actions between the two electrode plates. The results show
that when the wind speed is 2.78 m/s, the observed average power
output was recorded at 392.72 mW, with an average power density
of 96.79 mW/m2.

4.2. Galloping

When the fluid flows through the elastic structure, the resulting
galloping motion can also be converted into friction and separation
processes in the TENG, thereby generating charges and electrical
energy. In nature, when a gentle breeze blows, trees sway, sug-
gesting that tree-like structures can capture the energy of slight
windmovement. Inspired by this, Zeng et al. [169] designed a TENG
device as shown in Fig.13(a), where a cantilevered spring steel plate
serves as the tree trunk, offering elastic restoring force to maintain
the system equilibrium. Simultaneously, the sealed trapezoidal
casing resembles the external contour of a tree and serves a dual
purpose: on one hand, it effectively captures wind energy through
the FIV effect, and on the other hand, the unique design not only
segregates the TENG units from the wind-driven components to
shield them from environmental disturbances but also circumvents
the substantial rotational resistance and frictional wear present in
conventional TENG-based wind energy harvesters. Furthermore,
ing flow-induced vibrations.



Fig. 12. Utilization of VIV phenomenon by TENGs. (a) Vibrating pipeline energy harvesting device. Open Access from Ref. [164]. Published on Sensors, 2021. (b) Oscillations of water
hitting a cylinder (with or without walls). Adapted with permission [102]. Copyright 2022, Wiley. (c) Seal whisker flow sensor. Fully encapsulated vortex-induced vibration
triboelectric nanogenerator. Adapted with permission [165]. Copyright 2022, Elsevier. (d) Small ball structure. Adapted with permission [166,167]. Copyright 2022, Springer. Open
Access from Ref. [166]. Published on Nanomaterials, 2021. (e) Parallel plate structure. Adapted with permission [168]. Copyright 2022, Elsevier.
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based on the concept of arrayassembly, as this array systemexpands
further, thenetworkof arrays cangenerate significant poweroutput,
rendering it a formidable source of electrical supply. Fig. 13(b) de-
picts a TENG device inspired by fish caudal fins, where a bluff body-
cantilever beam structure is designed [170]. In this arrangement, the
beam structure employs softmaterials, swaying under the influence
of water flow and driving the small sphere within the bluff body to
generate electrical signals through surface friction. The triboelectric
soft fishtail demonstrates an open-circuit voltage (VOC) ranging
from 200 V to 313 V across flow velocities of 0.24e0.89 m/s. More-
over, following a period of 30 days submerged in water, the VOC of
the triboelectric soft fishtail (TE-SFT) maintains 96.81% of its initial
value. This resilience to water immersion highlights the device's
durability and its potential for long-term applications in energy
harvesting from aquatic environments. In Fig. 13(c), a square bluff
body-flickering beam structure is designed to convert flow velocity
into fluctuating vibrations [171,172]. Here, the square bluff body is
affixed to a base using a cantilever beam made of spring steel. The
TENG comprises a mobile FEP sheet on the bluff body's base and
fixed interconnecting electrodes. The oscillatory vibrations of the
14
bluff body drive the FEP sheet to move on the interconnecting
electrodes, generating electric signals via electrostatics. The preload
of the FEP sheet can be adjusted by positioning the electrode plates.
Additionally, as in the third part, piezoelectric sheets can be
attached to the beam to form a composite energy collection mode.
Apart from the aforementioned contact mechanisms, employing
limited galloping (Fig.13(d)) also has yielded excellent outcomes for
the TENG design [103,173]. This approach also serves to limit the
maximum deformation of the beam under high wind speeds, pre-
venting damage and enhancing the device's stability and durability.
Simultaneously, it increases the vibration frequency, thereby
improving the electromechanical conversion efficiency.

4.3. Flutter

The phenomenon of flutter finds crucial applications in the
design of aircraft, wind power generation, and architectural struc-
tures. The integration of energy collection with TENGs will intro-
duce novel innovative approaches to the realm of sustainable
energy. Flutters exhibit diverse forms, encompassing thin-film



Fig. 13. Utilization of galloping phenomenon by TENGs. (a) Tree structure energy harvester. Adapted with permission [169]. Copyright 2020, Elsevier. (b) Fish tail fin TENG device.
Adapted with permission [170]. Copyright 2023, Springer. (c) Blunt body swing friction structure. Adapted with permission [171,172]. Copyright 2022, Wiley. Open access from
Ref. [172]. Published on iScience, 2022. (d) Energy harvesters limiting the movement position of the beam. Adapted with permission [103,173]. Copyright 2020, Elsevier. Copyright
2020, AIP.
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structures with cavities and flag-shaped structures with one end
free and the other end fixed. Inspired by the fascinating charac-
teristics of bi-stable structures, Kim and colleagues [174] intro-
duced a fresh concept based on the phenomenon of periodic rapid
flipping, namely, the Periodic Rapid Flipping Triboelectric Nano-
generator, as depicted in Fig. 14(a). Initially, a thin elastic sheet is
deformed into a curved shape by adjusting the distance between
the two clamped ends of the sheet, which is shorter than its length.
When the bent sheet is positioned within a uniform low-speed
airflow where its two ends are aligned parallel to the flow, the
sheet maintains a state of static equilibrium through a balance
among aerodynamic forces, bending forces, and compressive forces
acting upon it. With the escalation of the free-stream velocity, the
applied aerodynamic forces on the sheet become sufficiently robust
to swiftly flip the sheet into an alternate equilibrium state. Due to
15
the symmetric configuration, if the sheet is continuously exposed
to the wind, periodic rapid flipping motion can be achieved. The
results demonstrate that an electrode layer, possessing a modest
active area of 5 cm by 1 cm, is capable of delivering a maximum
output power of 7.3 mW. This performance is achieved at the
optimal wall distance, with a free-stream velocity of 9.1 m/s.
Furthermore, Phan and colleagues [175] explored using an elastic
rubber band between two distinct vibrating thin films (Fig. 14(b)).
The aeroelastic vibration induced within the rubber band resulted
in substantial oscillations within the thin-film energy harvester,
leading to a noteworthy enhancement in electricity generation
performance as the rubber band's rapid cyclic amplitude increased.
Inspired by the common sight of fluttering flags in daily life, Wang
et al. [176] developed a flag-type TENG adaptable to changes in
humidity and wind direction, as shown in Fig. 14(c). During the



Fig. 14. Utilization of flutter phenomenon by TENGs. (a) Fast flipping triboelectric nanogenerators. Adapted with permission [174]. Copyright 2020, Elsevier. (b) Elastic rubber bands
enhance flutter motion. Adapted with permission [175]. Copyright 2017, Elsevier. (c) A flag-type TENG adaptable to changes in humidity and wind direction. Adapted with
permission [176]. Copyright 2020, Elsevier. (d) Flexible flag energy harvester Adapted with permission [177]. Copyright 2016, American Chemical Society. (e) Water flow energy
harvester imitating seaweed. Adapted with permission [177]. Copyright 2021, American Chemical Society. (f) Schematic and experimental structure of a hummingbird wind TENG
[178]. Copyright 2017, Springer.
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process of swaying in the wind, the flag-type TENG causes alter-
nating contact between PTFE and the carbon electrodes on both
sides, thus converting wind energy into electrical energy. To
enhance device stability, the edges are sealed to isolate the tribo-
electric layers from air. This isolation ensures the electrical per-
formance of the TENG is independent of relative humidity,
addressing common issues of performance degradation under hu-
mid conditions and varying wind directions in traditional TENG
designs. They also tried two flags placed side by side at intervals
and found that a 40-fold increase in power density was observed
compared to a single flag-type TENG setup. Under these conditions,
with amatched loading resistance of 5MU at awind speed of 7.5m/
s, a maximum current of 6.8 mA, and a peak output power of
36.72 mW were recorded. The generated electrical energy can also
power sensor nodes, transmitting weather information to display
screens through wireless communication modules. Similarly, as
shown in Fig. 14(d), the edges of the two materials can also be
directly bonded to form a flag. Inspired by seaweed, Wang et al.
[177] introduced a seaweed-mimetic flexible structure TENG,
aiming to bend and deform under the influence of water flow or
waves (Fig. 14(e)). When the flexible structure undergoes periodic
16
oscillations due to wave action, the TENG experiences corre-
sponding contact and separation. This design exhibits high output
performance and potential adaptability to various water flow
conditions, but it is sensitive to environmental factors such as flow
velocity, turbulence, and debris. Bio-inspired technologies hold
significant potential for harvesting energy from clean and sus-
tainable sources. Drawing inspiration from the hummingbird-wing
structure, Ahmed et al. [178] introduced a shape-adaptive, light-
weight triboelectric nanogenerator (TENG) aimed at harnessing the
unique flutter mechanics of hummingbirds for small-scale wind
energy harvesting, as illustrated in Fig. 14(f). They explored flutter
mechanics on multiple contact surfaces, employing various inde-
pendent and lightweight electrification designs. Flutter-driven
TENGs were deposited onto simplified wing designs to match
electrical performance with variations in wind speed. The hum-
mingbird TENG (H-TENG) device weighed 10 g, making it one of the
lightest TENG harvesters in the literature. Further, by employing a
hybrid design of six TENG networks, they achieved a peak electrical
power output of 1.5 W/m2 at a wind speed of 7.5 m/s. Furthermore,
it was found that the charging rate increases approximately linearly
with the number of TENG collectors involved.



Fig. 15. (a) Blunt bodies to enhance the flutter effect of TENG devices. Adapted with permission [179]. Copyright 2022, Elsevier. (b) Schematic illustration of using Karma�n vortex
street to enhance the vibration of the TENG for ultra-low wind speed energy harvesting and flow sensing. Adapted with permission [104]. Copyright 2022, American Chemical
Society. (c) Underwater flag-shaped TENG. Adapted with permission [180]. Copyright 2021, Elsevier.
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4.4. Wake-induced vibrations

Vibrations caused by wakes are common in nature and can also
be captured using TENG technology and converted into electrical
energy. In complex fluid environments such as water or turbulent
airflows, wake-induced vibrations provide potential avenues for
energy harvesting. As shown in Fig. 15(a), Yuan et al. [179] utilized
the wake-galloping effect by placing a bluff body upstream to
enhance the flapping effect of the TENG device. This design can
capture gentle breeze energy with wind speeds as low as 1.0 m/s,
and the straightforward contact-separation design also eases the
manufacturing and portability. As a novel strategy, this work holds
significant value for the future application of microwind energy
harvesting and self-powered systems. Simultaneously, the design
of such bluff body structures reminds us to deepen our under-
standing of the characteristics of energy sources during the process
of energy device design; tailoring designs to the attributes of en-
ergy sources may yield unexpected outcomes. As shown in
Fig. 15(b), Li et al. [104] introduced a wake-driven membrane
triboelectric nanogenerator for ultra-low-speed wind energy har-
vesting and fluid sensing. By incorporating a bluff body in front of
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the TENG device, a Karman vortex street was induced, leading to a
reduction of the device's cut-in wind speed from 1 m/s to 0.52 m/s.
Furthermore, at inlet wind speeds of 1 m/s and 2 m/s, the instan-
taneous output density of the device was significantly enhanced by
1000-fold and 2.65-fold, respectively. It is worth noting that this
work not only provides an ingenious strategy for ultra-low-speed
wind energy harvesting but also demonstrates promising pros-
pects for monitoring airflow in natural gas exploration and trans-
portation. Furthermore, most ocean-current-power applications
are constrained to relatively high starting ocean current velocities.
There is an urgent need for an ocean current energy harvester with
lower startup velocities and a broader operational range. To address
this need, Wang et al. [180] developed a flexible underwater flag-
like triboelectric nanogenerator for harvesting ocean current en-
ergy (Fig. 15(c)). They employed a cylindrical structure to induce a
Karman vortex street, and the results demonstrated that the wake
generated by the bluff body significantly enhanced the vibration of
the TENG. This enhancement allowed the flag-shaped TENG to
effectively harvest ocean current energy at low current speeds. The
Underwater Flow Triboelectric Nanogenerator (UF-TENG) is
capable of being induced into vibration by water flows with
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velocities �0.0133 m/s, through the adjustment of its bending
stiffness to KB � 0.65 � 10�4. Furthermore, experimental in-
vestigations conducted in a circulating water flume revealed that
the UF-TENG, featuring a mass ratio of 1590, exhibits superior
output performance. Notably, a peak output power of 52.3 mW was
recorded using an assembly of six UF-TENG units at a flow velocity
of 0.461 m/s, highlighting the potential of this design for enhanced
energy harvesting in underwater environments.

5. Comparison of piezoelectric and triboelectric
nanogenerators

The emergence of piezoelectric and triboelectric nano-
generators (PENG and TENG) as novel energy harvesting technol-
ogies has sparked significant interest in the scientific and
engineering communities. These two technologies aim to convert
mechanical energy into electrical energy to meet the ever-growing
energy demands and provide sustainable energy solutions. Despite
sharing a common objective, PENG and TENG exhibit significant
differences in principles, applications, advantages, and disadvan-
tages. In this section, we compare the similarities and differences of
these two approaches in Fig. 16, facilitating researchers to make
diversified choices based on their characteristics to address distinct
energy harvesting and sensing needs.

First, in terms of the working principle, PENG is a technology
based on the piezoelectric effect, which is pronounced in certain
specific materials. When these materials are subjected to me-
chanical stress or deformation, they undergo charge separation,
leading to the generation of an electric potential difference. How-
ever, TENG utilizes the triboelectric effect, inducing charge transfer
through friction and separation between two distinct materials.
The generation of this electric potential difference provides the
necessary conditions for subsequent energy conversion. Therefore,
the materials they employ are also different. PENG typically utilizes
mature piezoelectric materials such as quartz, lead zirconium
titanate (PZT), and polyvinylidene fluoride (PVDF). In contrast,
TENG requires carefully selected materials to achieve efficient
charge separation effects. Common friction materials include pol-
ydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), as well
as conductive materials like metals. The frictional characteristics of
these materials play a crucial role in the operation of TENG.
Furthermore, in terms of mechanical input, PENG primarily relies
on specific mechanical deformations, such as bending, pressure, or
vibration, to generate potential differences and currents. Its design
needs to consider how to efficiently apply mechanical stress to
achieve effective energy conversion. On the other hand, TENG is
distinct; its working principle involves periodic contact and sepa-
ration between twomaterials. This enables TENG to harvest energy
from a wide range of mechanical motions, such as light tapping,
sliding, and even subtle vibrations from the natural environment.
Fig. 16. Comparison of
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In terms of application areas, both PENG and TENG show potential
in energy harvesting. PENG excels in scenarios requiring precise
mechanical deformations, such as collecting energy from
controlled mechanical strains. It holds promising applications in
self-powered sensors, health monitoring devices, and other fields.
In contrast, TENG is suitable for a variety of mechanical motions,
whether it is human movement, natural environmental vibrations,
or friction from everyday activities. This grants TENG a wide range
of potential applications in wearable devices, smart homes, envi-
ronmental monitoring, and more. In terms of advantages and dis-
advantages, PENG benefits from its mature piezoelectric materials
and principles, enabling efficient energy conversion under specific
mechanical conditions. However, PENG requires precise mechani-
cal deformations and is constrained by specific strain directions,
which might lead to fatigue issues in certain situations. In contrast,
TENG possesses the advantage of generating energy from a wide
range of mechanical movements and is less reliant on specific
mechanical deformations, thus offering greater design flexibility.
However, to achieve efficient triboelectric effects, TENG requires
careful selection of suitable materials, and the relatively low cur-
rent produced by TENG is also a significant drawback.

To clarify the distinction between the two types of nano-
generators and provide a coherent comparison, Table 1 delineates
the performance characteristics of the materials employed in
PENGs and TENGs under various flow-induced vibration modes.
The comparison of triboelectric nanogenerators (TENGs) and
piezoelectric nanogenerators (PENGs) is drawn from the data in
Table 1, which benchmarks their energy harvesting efficiencies,
material compositions, operational conditions, and the resultant
power outputs. This comparison aims to illuminate the unique
operational advantages and potential application scenarios of each
nanogenerator type based on the observed performance metrics.
TENGs typically utilize a wider variety of materials compared to
PENGs, including common metals, polymers, and composites. The
operational principle of TENGs is based on contact electrification
and electrostatic induction, which allows them to operate effec-
tively at lower frequencies and velocities, as observed in the table.
TENGs demonstrate substantial power output at lower velocities,
which is beneficial in environments where wind or water flow is
inconsistent or slow. PENGs, on the other hand, are primarily
constructed from piezoelectric materials such as PZT, MFC, and
PVDF. They operate based on the piezoelectric effect, where me-
chanical stress induces an electrical charge in the material. PENGs
in Table 1 show a strong dependence on the frequency and
amplitude of vibrations for energy conversion. They often yield
higher power outputs at higher frequencies and velocities, sug-
gesting they are more suited to environments with more consistent
and strong mechanical disturbances. When comparing VIV-
induced energy harvesting, PENGs show a tendency to generate
higher power outputs at increased velocities, while TENGs provide
PENG and TENG.



Table 1
Performance comparison of PENG and TENG.

Nanogenerators Type Materials Velocity/frequency Output Refs.

PENG VIV PZT 40 m/s 2.87 mW [131]
PENG VIV MFC 2 m/s 1.2 mW [181]
PENG VIV MFC 10 m/s 1.2 mW [182]
PENG Galloping PZT 5 m/s 143.6 mW [140]
PENG Galloping PZT 4 m/s 4 mW [142]
PENG Galloping PZT 3 m/s 0.12 mW [144]
PENG Flutter PZT 40 m/s 6.72 mW [99]
PENG Flutter MFC 5 m/s 1.16 mW [150]
PENG Flutter PVDF 9 m/s 5 mW/cm3 [152]
PENG WIV MFC 6 m/s 5 mW [101]
PENG WIV PZT 0.75 m/s 0.37 mW [158]
PENG WIV MFC 0.65 m/s 1074 W/m3 [159]
TENG VIV Copper/PTFE 29.5 m/s 62.2 W/m2 [167]
TENG VIV PANI/PTFE 2.78 m/s 96.79 mW/m2 [168]
TENG VIV Si/UV polymers 1.02 m/s 21.8 mW/m3 [102]
TENG Galloping Al/FEP 14 m/s 0.13 mW [103]
TENG Galloping Nylon/PTFE 0.89 m/s 5.56 W/m3 [170]
TENG Galloping PVDF/FEP 10 m/s 2.08 mW/m2 [172]
TENG Flutter Carbon/PTFE 7.5 m/s 36.72 mW [179]
TENG Flutter Ni/Kapton 14 m/s 135 mW/kg [183]
TENG Flutter Resin/Nylon 4 m/s 3.64 W/m3 [184]
TENG WIV Steel/PTFE 1.8 m/s 149 mW/m2 [179]
TENG WIV Copper/PDMS 2 m/s 26 mW/m2 [104]
TENG WIV Conductive ink/PTFE 0.461 m/s 52.3 mW [180]
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more consistent output across a range of velocities. This implies
that for applications involving variable flow rates, TENGs might be
more reliable, whereas PENGs could be more efficient in a steady
flow environment. Furthermore, in the context of material perfor-
mance, PZT-based nanogenerators frequently exhibit higher power
output compared to those made from other materials, indicating
that PZT's material properties are highly conducive to energy har-
vesting. In summary, the choice between TENG and PENG for a
specific application would depend on the operational environment
and the desired energy output. TENGs may be preferable for low-
frequency, variable flow scenarios, while PENGs might be chosen
for their efficiency in high-frequency, consistent flow conditions.

6. Challenges and future perspectives

Despite significant progress in the field of nanogenerators uti-
lizing flow-induced vibrations, there are still challenges to be
addressed in order to fully exploit the potential of these energy
Fig. 17. Challenges and f
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harvesting devices. Key challenges reside in the stability and
durability of materials used in these nanogenerators, their coupling
with fluids, and their interaction with the environment, as illus-
trated in Fig. 17. Harsh and dynamic operating environments of
these devices result in material degradation over time, thereby
impacting their long-term performance. Developing materials
capable of withstanding these conditions and maintaining their
performance over an extended period is a crucial aspect in
advancing this field. Another potential challenge lies in the need for
standardization and normalization of performance parameters.
Various types of nanogenerators employ diverse metrics to quan-
tify their efficiency and energy conversion capabilities, making
direct comparisons challenging.

6.1. Challenges faced by TENGs and PENGs

It is worth noting that when discussing PENG and TENG tech-
nologies, it is crucial to pay special attention to the significant
uture perspectives.
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challenge posed by flow-induced vibrations and their environ-
mental impact. Flow-induced vibrations may subject these nano-
generators to excessive mechanical stress and strain, leading to
material fatigue, microcracks, and ultimately, device failure. This
not only impacts the efficiency and lifespan of the devices but could
also have potential environmental consequences due to material
degradation. Particularly in the deployment of these devices in
ecologically sensitive areas, it is important to consider their impact
on local ecosystems, which might include alterations in wildlife
behavior and disturbances to natural habitats. Additionally, the
degradation of these devices under environmental stress could
result in the dispersal of harmful materials, thereby posing long-
term environmental risks, including soil and water contamina-
tion. Therefore, it is imperative to emphasize the importance of
conducting comprehensive environmental impact assessments
(EIAs) prior to the large-scale deployment of these technologies.
We recommend the use of environmentally friendly materials,
designing devices with enhanced durability, and undertaking
comprehensive environmental impact studies to reduce the envi-
ronmental footprint of these technologies.

Utilizing TENGs and PENGs for flow-induced vibration energy
collection presents several pivotal considerations that underscore
the complexity and challenges involved. First, the selection of
materials is of paramount importance, necessitating their corrosion
resistance and triboelectric/piezoelectric performance within fluid
environments to ensure consistent operation. Additionally, fluid
dynamics exert an influence on the interaction between nano-
generators and flowing fluid, subsequently affecting charge gen-
eration efficiency. Addressing this challenge involves optimizing
structure design to mitigate these influences, which proves to be a
demanding task. Another significant facet concerns efficiency and
power output, given that the motion induced by flow-generated
vibrations commonly manifests as low-frequency and low-
amplitude phenomena. This could influence the energy conver-
sion efficiency and power output of nanogenerators. Conquering
the challenge involves ensuring consistent and ample energy con-
version across diverse flow conditions. Simultaneously, extended
exposure to fluid environments, particularly within hostile or cor-
rosive settings, could initiate device degradation, subsequently
affecting the long-term stability and durability of the equipment.
Last, incorporating TENGs and PENGs into fluid flow systems ne-
cessitates addressing concerns of environmental friendliness and
mechanical compatibility. This involves ensuring that the integra-
tion does not disrupt fluid flow characteristics while concurrently
preventing the introduction of extra resistance. In summary,
employing TENGs and PENGs for flow-induced vibration energy
collection is a complex endeavor that necessitates comprehensive
consideration of multifaceted factors, encompassing materials,
dynamics, efficiency, stability, and environmental compatibility,
among numerous challenges.

6.2. Corresponding solution

A series of innovative solutions can be devised to tackle the
diverse challenges presented above to the applications of TENGs
and PENGs in flow-induced vibrations. This can involve the inte-
gration of materials science, engineering design and system opti-
mization to realize the efficient utilization of these energy
harvesting technologies. The following will provide an overview of
potential solutions for each challenge.

6.2.1. Material selection and compatibility
For TENGs and PENGs, exploring the development of materials

with strong durability and stability to adapt to fluid environments
is crucial. This could involve material surface coatings, protective
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materials, or material composites to enhance corrosion resistance
and durability. For TENGs, considering materials that generate
more controllable charges during interaction with fluids can be
beneficial. Additionally, nanomaterial engineering can be utilized
to adjust material friction characteristics and charge generation
capabilities.

6.2.2. Impact of fluid dynamics
To counteract the influence of fluid dynamics on the perfor-

mance of TENGs and PENGs, minimizing this effect can be achieved
through optimized design and fluid dynamics simulations.
Adjusting the shape, size, and structure of TENGs and PENGs can
reduce the interference of fluids with the devices. Additionally,
utilizing numerical simulations and experimental validation can
provide in-depth insights into variations in charge generation ef-
ficiency under different fluid conditions, thereby optimizing device
performance.

6.2.3. Enhancement of efficiency and power output
For TENGs, designing multistage or multilayer structures can

lead to higher charge generation efficiency and energy conversion
efficiency. Leveraging mechanical amplification effects to convert
small mechanical movements into larger deformations can increase
charge generation. For PENGs, considering multidimensional
structures can enable the utilization of energy from multiple me-
chanical motion directions. Furthermore, the role of magnets in
enhancing output performance should be noted. For instance,
magnets can be integrated into TENGs to produce more consistent
and controllable mechanical motion, which is crucial for generating
triboelectric charges. By leveraging magnetic fields, the relative
motion between different parts of the TENGs can be better regu-
lated, thereby more effectively generating charges. Additionally,
magnets can be utilized to induce resonance within TENGs, further
amplifying the mechanical movement and thereby enhancing the
output power. In PENGs, magnets can also be used to apply a
consistent and tunable mechanical force, thus enhancing the
deformation of piezoelectric materials. Such a consistent force can
lead to amore uniform and optimized strain distributionwithin the
piezoelectric material, thereby improving energy conversion
efficiency.

6.2.4. Stability and durability
In the design of TENGs and PENGs, the selection of robust ma-

terials and coatings is essential to counteract degradation and
corrosion caused by fluid environments. Furthermore, imple-
menting dust-proof, waterproof, and anticorrosion measures is
crucial to ensure the long-term stability of these devices under
adverse conditions. Special attention should be given to materials
capable of withstanding high humidity, temperature fluctuations,
salt spray corrosion, and other chemical and physical attacks that
may arise from fluid environments. Additionally, structural mea-
sures should be taken to enhance the durability of TENGs and
PENGs. For example, optimizing the structural design of the devices
can reduce material fatigue caused by prolonged vibrations or re-
petitive stress. Moreover, adopting a modular design allows for the
easy replacement of damaged parts without the need for a com-
plete overhaul, thereby not only improving the maintainability of
the devices but also reducing the long-term operational costs.

6.2.5. Mechanical compatibility and environmental adaptability
To ensure seamless integration of TENGs and PENGs with fluid

systems, frictionless integration can be achieved through meticu-
lously designed structures and interfaces. Utilizing flexible mate-
rials and adjustable connectors can mitigate the impact on fluid
flow. Additionally, the implementation of intelligent control
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systems can minimize noise and various adverse environmental
effects. In summary, various comprehensive solutions can be
employed to address the challenges faced by TENGs and PENGs in
fluid-induced vibrations. These encompass materials selection,
design optimization, intelligent control, and system integration,
among other aspects. Through interdisciplinary collaboration and
continuous research efforts, these challenges can be overcome,
enabling the effective application of these energy harvesting
technologies in fluid environments. These solutions will contribute
to advancing the development of sustainable energy collection and
utilization, offering innovative solutions for future energy
demands.

6.3. Normalization of performance parameters

When exploring the application of energy harvesting technol-
ogies in fluid environments, comparing and studying the perfor-
mance of different techniques is an important and challenging task.
To ensure accurate assessment of the relative performance of
different technologies in various application scenarios, the
normalization of performance parameters is particularly crucial.
This process eliminates the influence of factors like units and di-
mensions, making the comparison results more reliable and com-
parable. Normalization methods include aspects such as comparing
by unit area or unit volume, energy density, energy conversion
efficiency, frequency response, and stability. Comparing by unit
area or unit volume allows us to associate energy output with de-
vice size, enabling a fair comparison of devices of different sizes.
The energy density standardizes energy output to unit volume or
mass, aiding in evaluating the energy harvesting capability of
different technologies. The energy conversion efficiency reflects the
efficiency of converting mechanical energy into electrical energy,
serving as a crucial indicator for evaluating energy conversion ef-
ficiency. Normalized comparison of frequency response involves
standardizing the performance of different technologies within
specific frequency ranges, enabling us to understand their perfor-
mance within the vibration frequency range. Comparisons related
to stability and lifespan can combine a device's lifespan with its
performance, yielding a normalized indicator of stability. To ensure
the accuracy of comparisons, selecting appropriate reference values
and normalization methods is crucial. Therefore, we call for future
research to adopt uniform normalization methods to maintain
consistency in the performance assessment of various energy har-
vesting technologies. This will facilitate more comprehensive and
accurate comparisons and evaluations, providing a more reliable
foundation for further research and practical applications.

7. Conclusion

In recent years, the field of nanogenerators utilizing fluid-
induced vibration has undergone rapid development, bringing
forth new prospects for energy harvesting and sustainable devel-
opment. Through in-depth research on PENGs and TENGs, our
understanding of fluid dynamics and charge separation mecha-
nisms has been deepened. This article systematically explores the
core aspects of this field, starting from the theoretical foundations
of PENGs and TENGs and extending to the applications of different
types of nanogenerators in fluid-induced vibration. In flow-induced
vibration phenomenon, we have observed the utilization of various
mechanisms, including vortex-induced vibration (VIV), galloping,
fluttering, and wake-induced vibration, enriching the energy con-
version efficiency and application scope of PENGs and TENGs.
However, despite making significant progress, nanogenerators still
face challenges in utilizing fluid-induced vibrations. One of these
challenges is the normalization of performance parameters, as
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different types of generators often use distinct performance pa-
rameters to measure their efficiency, which limits direct compari-
sons among different generators. In addition, the material stability
and sustainability are also noteworthy concerns, with the long-
term stability of nanogenerators being crucial for their practical
feasibility. To overcome these challenges, the interdisciplinary
collaboration is essential. Integrating expertise from fields such as
material science, fluid dynamics, and electronic engineering can
help address the current issues. Importantly, close collaboration
with the industry will facilitate the innovative application of these
nanogenerators in practical engineering, promoting their
commercialization and market adoption. Looking ahead, with the
continuous advancement of materials science and nanotechnology,
nanogenerators utilizing fluid-induced vibration will play a more
significant role in energy harvesting and sustainable development.
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