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ABSTRACT

Flow-induced vibration (FIV) energy harvesting has attracted extensive research interest in the past two decades. Remarkable research
achievements and contributions from different aspects are briefly overviewed. Example applications of FIV energy harvesting techniques in
the development of Internet of Things are mentioned. The challenges and difficulties in this field are summarized from two sides. First, the
multi-physics coupling problem in FIV energy harvesting still cannot be well handled. There is a lack of system-level theoretical modeling
that can accurately account for fluid-structure interaction, the electromechanical coupling, and complicated interface circuits. Second, the
robustness of FIV energy harvesters needs to be further improved to adapt to the uncertainties in practical scenarios. To be more specific, the
cut-in wind speed is expected to be further reduced and the power output to be increased. Finally, Perspectives on the future development in
this direction are discussed. Machine-learning approaches, the versatility of metamaterials, and more advanced interface circuits should
receive more attention from researchers, since these cutting-edge techniques may have the potential to address the multi-physics modeling
problem of FIV energy harvesters and significantly improve the operation performance. In addition, in-depth collaborations between
researchers from different disciplines are anticipated to promote the FIV energy harvesting technology to step out of the lab and into real
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0063488

I. INTRODUCTION

In the context of the rapid development of Internet of Things
(IoTs) [including Industrial Internet of Things (IIoTs)], providing
power supply for billions of network devices to guarantee their perpet-
ual operation in heterogeneous environments has been recognized as
one of the biggest challenges. Energy harvesting technology has been

various rotational devices have also been proposed by researchers for
wind energy harvesting.” ~ Rotational energy harvesters, especially
electromagnetic ones, can usually produce larger power outputs.
However, vibration-based energy harvesters are often more compact.
The main structure of many vibration-based energy harvesters is only
a thin beam. Therefore, vibration-based energy harvesters are more

widely deemed as a promising way to enable low-power consumption
ToT devices to be self-sustained." Over the past two decades, harness-
ing energy from ambient vibration has been extensively explored.
Wind induced by atmospheric motion is one of the most ubiquitous
natural energy sources on Earth, and water covers 71% of the Earth’s
surface. Both wind and water circulation have inspired the exploration
of flow-induced vibrations (FIVs) phenomena, which facilitate the
hydrokinetic energy conversion based on the readily available knowl-
edge of vibration energy harvesting. It is worth mentioning that

suitable for miniaturization.” Figure 1 illustrates several scenarios
where abundant wind/water sources can be found, including: (a) high-
rise buildings under wind loading; (b) remote areas with streaming riv-
ers; (c) metro stations and tunnels with blasts of wind generating by
passing trains; (d) tall bridges with accessible wind and water flow
sources; and (e) oceans waves and currents. Due to the universality
Perspective of the energy source, FIV energy harvesting appears to be
more promising compared to ambient vibration energy harvesting.
On the other hand, the underlying mechanism of flow-induced
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FIG. 1. Potential application scenarios of flow-induced vibration energy harvesters to realize self-powered loT network nodes, including high-rise buildings under great wind
effects, remote areas with streaming rivers, metro stations and tunnels with blasts of wind, tall bridges with accessible wind and water flow sources, and oceans with ceaseless

waves and currents.

vibration is the occurrence of limit-cycle oscillations in the system. A
flow-induced vibration usually takes place around the resonant
frequency of a system and undergoes large-amplitude motion. Thus,
the small-amplitude and low-frequency issues in ambient vibrations
never exist in flow-induced vibration. Therefore, from the Perspective
of the underlying mechanism behind the physical phenomenon, flow-
induced vibration is intrinsically easier to be harnessed and more effi-
cient than harvesting ambient vibrations, which often have very little
energy available for scavenging. For the above reasons, FIV energy
harvesting has been massively researched in recent years. It is
envisioned that the successful applications of FIV energy harvesters in
various scenarios will enable the IoT network node sensors to be

self-sustained by extending the operating lifetime and finally promot-
ing the development of IoT networks.

1. MULTI-PHYSICS PROBLEMS IN FIV
ENERGY HARVESTING

FIV energy harvesting is multidisciplinary research that involves
a number of problems, including fluid-structure interaction, vibra-
tions, stability and bifurcation, electromechanical coupling, interface
circuit design, and power management. Figure 2 presents and summa-
rizes the relationships between the multi-physics problems in design-
ing a general flow-induced vibration energy harvester. A brief survey
will be provided on the state of the art in this field from the
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FIG. 2. Multi-physics problems in flow-induced vibration energy harvesting.

Perspectives of different disciplines. Several comprehensive review
papers on this topic can be found in Refs. 7-10.

A. Fluid-structure interaction

The flow-induced vibration constitutes the first step toward con-
verting the hydrokinetic energy into mechanical energy. According to
the underlying mechanisms, common FIV phenomena can be classi-
fied into galloping,'*'* vortex-induced vibration (VIV),"*"* flutter,">'°
and buffeting.'” According to the literature, galloping and vortex-
induced vibration are the most comprehensively explored phenomena
for energy harvesting. Different flow-induced vibration phenomena
are the consequences of different types of aerodynamic instabilities.
Their corresponding aeroelastic responses are, thus, different. Table I
summarizes and compares the aerodynamic response characteristics

of VIV, galloping, and flutter in detail. The fluid-structure interaction
(FSI) refers to the bidirectional coupling between the physic laws that
describe fluid dynamics and structural mechanics. The computation of
FSI problem remains a challenge due to the strong inherent nonlinear-
ity. In the field of FIV energy harvesting, since the FSI problem just
constitutes one of the multi-physics problems, the quasi-steady
hypothesis (QSH) is often adopted to simplify the problem.'® The
QSH assumes that the aerodynamic force applied on the oscillating
solid body equals when the solid body is at a steady state. This hypoth-
esis is valid under the condition that the characteristic timescale of the
flow is much smaller than that of the imposed oscillations. Based on
the QSH, one can perform CFD simulations'” or experimental tests”’
to figure out the relationship between the flow speed and the aerody-
namic force, depending on the shape and roughness of the structure.
A data fitting technique is often used to interpret the obtained

TABLE I. Comparison of the aerodynamic response characteristics, i.e., velocity-amplitude and velocity-frequency relationships, of vortex-induced vibration and galloping.

Vortex-induced

vibration Galloping Flutter
Threshold Yes Yes Yes
flow-speed
Lock-in Yes No No
Limit-cycle oscillation Yes (in lock-in stage) Yes Yes
Amplitude | A : A |
) ' ' ) i [} '
=] i i o | = i
= : : = : e
g : : g | g T,
i Wind speed | 1Wind speed Wind speed
Vibration frequen A I A | i
aneney > i : > ' . A ;
g 1 ] g ! 15) :/—,-
5 /—/. g | 5 I
=3 . | T ! =3 !
& : : = | 2 :
i S : i . s ' >
Wind speed Wind speed Wind speed
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relationship into an explicit mathematical expression in the form of,
such as, polynomial functions.”' In this way, the FSI problem is basi-
cally addressed to pave the way for the theoretical systematic level
modeling of the whole multi-physics system.

In a given flow field, the aerodynamic force acting on the solid
bluff body depends on the geometry. The cross-sectional profiles of
commonly used bluff bodies include square, rectangle, triangle,
D-shape, etc. Among these traditional bluff bodies, an experimental
study indicated that a square-sectioned bluff body usually demon-
strates a better aerodynamic performance for benefiting galloping
energy harvesting.” Since the bluff body plays a dominant role, enor-
mous efforts have been devoted to exploring innovative bluff bodies to
improve the FIV energy harvesting performance. For example, experi-
mental results showed that using a fork-shaped bluff body could
increase the generated energy output and reduce the onset/cut-in wind
speed.”” Another study also pointed out that a fork-shaped bluff body
could strengthen the vorticity to obtain a high air lift force.”
Compared with triangular and square-sectioned bluff bodies, using a
fork-shaped bluff body increased the power output of the wind energy
harvester by up to 5 times.” Rather than redesigning the bluff body,
attaching ornaments to traditional bluff bodies is another way to alter
the fluid-structure interaction and the aerodynamic behavior. A study
showed that adding Y-shaped attachments on a cylinder bluff body
could lead to the transition from VIV to galloping.”” Due to the aero-
dynamic phenomenon transition, the introduction of Y-shaped attach-
ments significantly enlarged the bandwidth of operating wind speeds.
Other similar studies include adding ornaments/attachments on the
bluff body'****” and decorating the bluff body by metasurface treat-
ment'” for improving the efficiency of a wind energy harvester.

In recent years, efforts have also been devoted to achieving cou-
pled VIV and galloping phenomena for wind energy harvesting. A
coupled VIV-galloping region is expected to have a lower cut-in wind
speed, inherited from VIV, and a broad operation wind speed region,
inherited from galloping. Therefore, coupled VIV-galloping energy
harvesters are supposed to exhibit better performance. Both experi-
mental investigations”**” and theoretical studies’”" have been carried
out. In addition, energy harvesting systems using multiple bluff bodies
have been investigated. Due to the existence of multiple bluff bodies,
the wake galloping effect should be considered. Such problems could
be generally divided into two kinds: whether the main structure
vibrates, while the interacting structure stays stable or vibrates
together, which is nearly impossible to accurately develop a theoretical
model to describe the aerodynamic force.

B. Structural vibration

Besides the aerodynamic load determined by the bluff body, the
flow-induced vibration also depends on the dynamics of the elastic
structure attached to the bluff body. Therefore, various innovative
structures have been proposed for FIV energy harvesting. A cantilev-
ered beam is the most typical structure that has been widely used to
constitute the host structure of an FIV energy harvester. Inspired by
the successful applications of nonlinearities in energy harvesting from
a base excitation, multi-stable systems with a number of potential wells
have been utilized to increase the power output of FIV.**” For
instance, experimental studies have shown that the cut-in wind speed
of a bistable galloping energy harvester can be reduced up to
41.9%.”"" For the coupled VIV and galloping energy harvester,

scitation.org/journal/apl

introducing a magnet-induced monostable nonlinearity was proved to
increase the voltage amplitude and reduce the cut-in wind speed.”
Lately, the studies of linear FIV energy harvesters are extended to non-
linear ones. From another aspect of the literature review, one can find
that the development of FIV energy harvesters evolves from single-
degree-of-freedom to multiple-degree-of-freedom.”” An experimental
study first disclosed that the dynamic response of a two-degree-of-
freedom Galloping Piezoelectric Energy Harvester (GPEH) is more
complex: different modes can be activated under different condi-
tions.” A theoretical study provided a foundation to explain the mode
activation phenomenon in a 2DOF GPEH reported.”” Recently, in
view of the successful applications of metamaterials in various disci-
plines, an original study showed that introducing the metamaterial
concept in the design of a multiple-degree-of-freedom GPEH could
increase the power output by about 171.2%.

C. Energy transduction

Several energy transduction mechanisms, such as piezoelectric,”
electromagnetic,m triboelectric,’’ and electrostatic,”” can be employed
to convert vibration energy into electrical energy. Piezoelectric trans-
ducers in the form of thin patches are the most widely used by appro-
priately bonding them onto an elastic structure, resulting in a
considerable voltage output. Lots of designs using piezoelectric and
electromagnetic transductions are summarized in the literature review
papers.”” In recent years, triboelectric materials have been extensively
researched and utilized in the design of energy harvesters. The tribo-
electric effect refers to the phenomenon that two originally uncharged
bodies become charged when brought into contact and then sepa-
rated.”’ The triboelectric effect universally occurs between materials
with different charge affinities, and the biggest merit of triboelectric
materials is their low cost.”” The utilization of triboelectric materials
has greatly diversified the design of wind energy harvesters. Unlike tra-
ditional structures, like beams, plates, etc., triboelectric energy harvest-
ers can be designed in the form of a shoe-pad,”* a morphing wing skin
of an unmanned aerial vehicle (UAV),* and using various materials,
such as leaf powder."’

D. Interface circuits and power management

The interface circuit is also an important component to consti-
tute a whole energy harvesting system. Parallel/series synchronized
switching harvesting on inductor (P/S-SSHI)*"** and synchronized
charge extraction (SCE)" are typical interface circuits designed to
boost the efficiency of a piezoelectric energy harvester from FIV.” A
study comprehensively compared the performance of four typical
interface circuits for galloping energy harvesting can be found in Ref.
51. Overall speaking, though more advanced interface circuits have
emerged in the field of piezoelectric energy harvesting from base exci-
tations,””” using advanced interface circuits for wind energy harvest-
ers has received far less attention to date. The reason is that the
complexity of the multi-physics coupling problems in wind energy
harvesting prevents further in-depth considerations of complicated
interface circuits. To partly address the complex multi-physics cou-
pling problem, the equivalent circuit representation method™* brings
the opportunity to establish a system-level model of the whole energy
harvesting device that contains aerodynamics, elastic vibrations, piezo-
electric materials, and interface circuits. Examples of establishing the
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equivalent circuit models of a galloping energy harvester’” and a VIV-
based energy harvester”’ can be found in the literature.

E. loT applications

With the fast development of IoT technology, there will be an
urgent need to address the power supply requirements of the wide-
spread IoT sensor networks. The ultimate goal of developing a reliable
and efficient wind energy harvester is to provide the power supply for
low-power consumption devices in IoT applications. Existing exam-
ples of using wind energy harvesters in real circumstances include
smart building sensing application,” tunnel lighting application,””
self-powered wind barrier monitoring application,”® etc. From the
ViPSN prototype developed as a programmable IoT platform by Li
et al,” it can be found that to serve a relatively real application, the
demo prototype consists of many modules to improve the system’s
extensibility. In another work by Liu et al.,”’ wireless energy harvesting
technology was proposed to be adopted in constituting an IIoT to
achieve a larger transmission rate. In general, according to the litera-
ture review, one can find that researchers have placed lots of hopes on
the energy harvesting technology for IoT applications.”"**

lll. CHALLENGES AND DIFFICULTIES

Though wind energy harvesting technology has been developing
for the last two decades, successful applications and mature commer-
cial products are still relatively rare. The real ambient environment
and external excitations are ever-changing, featuring uncertainties and
poor predictability. To further mature and promote the wind energy
harvesting technology enabling its commercialization for various prac-
tical applications, it is essential to address the difficulties and chal-
lenges this field currently faces.

* Multi-physics coupling analysis
From the fundamental Perspective, the development of theo-
retical methods of modeling and predicting the dynamics of the
wind energy harvesters is essential for their superior design and
the system-level optimization. Despite a variety of available
theoretical methods in each physical domain, there is a lack of
comprehensive system-level modeling methods that can simulta-
neously taking into account of the FSI effect, the elastic vibration
behavior, the bidirectional electromechanical coupling, and the
complicated interface circuits.
* Robustness improvement

As aforementioned, the random feature of the energy source in
the ambient environment poses a great difficulty on the energy
harvesting technology. How to improve the robustness of an
energy harvester, i.e., widen its operation bandwidth and increase
its power output, is of great importance from the application
Perspective. However, various conventional ways to achieve sys-
tem robustness improvement, including modifying the bluff
body, introducing nonlinearities, extending the design to a multi-
ple-degree-of-freedom system, etc., have been explored. Novel
concepts from other fields may be introduced to reinvigorate the
research of wind energy harvesters.

IV. PROSPECTIVE DIRECTIONS

After two decades’ development, what are the wind energy har-
vesters of the future, and what research directions and efforts the

scitation.org/journal/apl

scientific society should undertake to achieve this remarkable future?
This section discusses several prospective directions.

A. Machine-learning approaches for addressing
the FSI problem

The nonlinear aerodynamics of the FSI problem is literally the
biggest stumbling block on the way to accurately model wind energy
harvesters. The conventional method of representing the nonlinear
aerodynamic force is by data curve fitting using polynomial functions.
However, the results in the literature showed that none of the polyno-
mial functions could accurately represent the aerodynamic force rela-
tionship, and a different choice of polynomial functions might result
in a different prediction result.”’ For example, the results in Ref. 21
showed that there could be a more than 150% discrepancy between
the predictions of the power output from a GPEH when using fifth
and seventh polynomial functions to fit the same experimental data
for representing the aerodynamic force.

In recent years, with the wide implementation of machine learn-
ing approaches in various disciplines, researchers have attempted to
employ them for addressing the FSI problem as well. A recent study
treated the whole wind energy harvester as a black box with specified
input (wind speed and cross section type) and output (voltage output
and maximum displacement) parameters. Their technique roadmap is
demonstrated in Fig. 3(a). The authors explored the feasibility of train-
ing a machine learning model based on a series of experimental results
for predicting the root mean square (RMS) voltage output from the
wind energy harvester.”” The major advantage of this scheme is that
without knowing the underlying physics behind the multi-physics
problem, the complicated effects of various factors on the energy har-
vesting performance of the wind energy harvester can be revealed by a
well-trained machine learning model. However, from another
Perspective, a well-trained machine learning model cannot provide any
in-depth insight into the fundamental physics and mechanisms.
Therefore, it could also appear to be the disadvantage of this scheme.
Another preliminary study was proposed to use the machine learning
approach to represent the nonlinear aerodynamic force relationship
first and then integrate with the finite element model of the wind
energy harvester for predicting its dynamic response.”* The technical
procedures are elaborated in Fig. 3(b). In this scheme, the machine
learning technique is used to only cope with the most challenging part,
i.e, FSI problem, while the other discipline-related parts are still dealt
with by the existing mature approaches. The advantages of this scheme
are twofold. First, fewer training samples, i.e., less experimental data,
are required, since the problem in the black box is much simpler.
Second, the obtained model is partly supported by solid theories, thus
can help understand the mechanisms behind the whole system. Despite
these works, the research of the application of machine learning
approaches for modeling wind energy harvesters is still in its infancy
stage. It is envisioned that future studies may promote the application
of machine learning approaches in addressing the FSI problem using
regression analysis and various global optimization techniques.

B. Metamaterial-based design for improving
the performance
Various innovative structures for wind energy harvesting have

been proposed in the last two decades. In recent years, enormous
efforts have also been dedicated to employing metamaterials for
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harvesting energy from base excitations. The extraordinary phenom-
ena in metamaterials, such as negative refraction induced wave focus-
ing,65 the defect state mode,”® and the topological interface mode,”’
have been successfully employed for improving energy harvesting effi-
ciency.”® In view of the prosperous examples in the base excitation
energy harvesting, it is naturally wondered that could the metamaterial
concept be adopted in the design of wind energy harvesters as well.
Two recent studies attempted to explore the feasibility of the above
idea. Their results showed that on the one hand, the metamaterial con-
cept could be borrowed in the design of the bluff body to alter its aero-
dynamics for improving the energy harvesting efficiency.”” On the
other hand, the host structure of a wind energy harvester could be
designed following a metamaterial manner to enhance the energy har-
vesting performance,” i.e., reduce the cut-in wind speed and increase
the power output. These are the two research studies on this topic that
can be found for the current. Considering the versatility of metamate-
rials, there are still a lot of new directions to be explored.

C. Advanced interface circuits for efficiency boosting

According to the experience of base excitation energy harvesting,
it is learned that using an advanced interface circuit can boost the

efficiency by 900%."” Though more advanced interface circuits have
kept emerging in recent years,””” less attention has been paid by the
colleagues who are working on wind energy harvesting. In most
advanced interface circuits, how to efficiently and robustly realize the
synchronized switching operation is the key to achieve efficiency
boosting.”” Unlike base excitation, wind energy harvesters carry out
limited-cycle oscillations under negative damping-induced self-excita-
tion. The vibration frequency of a VIV or galloping energy harvester is
near its own natural frequency. Due to this fact, the synchronized
switching operation may be easier to implement for wind energy har-
vesters. Therefore, novel advanced interface circuits with simpler
and subtler synchronized switching operation mechanisms may be
customized for wind energy harvesters in the future. In addition,
most advanced interface circuits were proposed, especially for pie-
zoelectric energy harvesters. With the mushroom growth of tribo-
electric ~energy harvesters, the development of their
complementing interface circuits is relatively delayed. From the
Perspective of promoting the whole system toward practical appli-
cations, more attention should be paid to the research of the com-
plementing interface circuits. In addition, the electrical domain
theories for wind energy harvesting need to be further enriched by
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keeping pace with base excitation energy harvesting, such as the
energy flow analysis’’ and the power limit theory.”'

D. From lab research toward real applications

According to the existing proposed technologies, the practical
applications of wind energy harvesters in addressing real engineering
problems are still immature. Currently, the wind energy harvesting
technology is still mostly limited to the lab research. As aforemen-
tioned that the challenges that limit the application of wind energy
harvesting are its robustness, power density and power output, reliabil-
ity, and others. The wind characteristics in the ambient environment
are often uncertain, i.e., its speed frequently varies, which greatly influ-
ences the power output of the wind energy harvesters.

Since the power supply supported by the energy harvesting tech-
nology is not as stable as the power supply of chemical batteries, there
arise some technical demands on adjusting conventional processing
algorithms. Edge computing is an emerging paradigm to adapt to the
above scenarios where the energy could suddenly run out, and the
computation may be interrupted before one execution being
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successfully completed.”””” Therefore, to help the energy harvesting
technology step out of the lab, on the one side, scientists need to be
dedicated to improving the robustness of energy harvesting systems.
Conversely, FIV energy harvesting community relies on the contribu-
tions of the colleagues from other disciplines to reduce the power con-
sumption requirement, enhance the edge computing algorithms, etc.
Unfortunately, the collaborations between researchers from the fields
of energy harvesting and IoT technology are still very limited. It is
expected to see prospect in-depth collaborations between multidisci-
plinary researchers to make a significant contribution to achieve the
grand goal of establishing ubiquitous and perpetual IoT networks.
Though the power output of a single FIV energy harvester is lim-
ited, in the future, its low cost enables us to fabricate millions of them.
One million FIV energy harvesters with an independent capacity of 10
mW can lead to a considerable power output of 10kW. Therefore,
with millions of FIV energy harvesters, in addition to the point-to-
point operation mode, i.e., a single FIV energy harvester working as an
independent power supply for a single electronic device, they will
establish a power grid to serve for large-scale power supply. Figure 4
shows several conceived scenarios where FIV-EH power grids can be
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FIG. 4. (a) FIV energy harvesters (EHs) attached on a high-rise building to power electronic devices on the ground; (b) a straight street plays the role of a wind tunnel, and
FIV-EHs are installed at both sides of the street for harnessing energy; (c) thousands of FIV-EHs implemented in a suburb to constitute a charging station; (d) millions of FIV-
EHs distributed in the city at the places where wind resources are abundant, a power grid is established to transfer the harvested energy for community use.
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potentially implemented. In the first scenario [Fig. 4(a)], thousands of
FIV energy harvesters are attached to the exterior sides of a high-rise
building. The winds are often faster and more consistent at higher alti-
tudes. Thus, the thousands of FIV energy harvesters are supposed to
produce cumulative large power outputs. The harvested energy can
then be collected and managed to power electronic devices, such as
street and traffic lights, on the ground where the wind is less consis-
tent. The second scenario [Fig. 4(b)] notes that some streets are often
similar to a wind tunnel, where the wind is guided along the street
direction. Hence, at both sides of the street, we can install thousands of
FIV energy harvesters. The power outputs from the thousands of FIV
energy harvesters can be stored and managed to power some public
facilities. The third scenario [Fig. 4(c)] happens in a remote suburb
that is often under the impact of power shortage. To address this issue,
thousands of FIV energy harvesters can be deployed in the suburban
district to constitute several charging piles for electric vehicles. The
reason for not deploying a wind turbine might be that a wind turbine
is costly and visually appalling, noisy structures that require a high-
standard working condition and high cut-in wind speed. In the last
scenario [Fig. 4(d)], it is conceived that millions of FIV energy harvest-
ers are distributed throughout a city at the places where wind/water
resources are abundant. However, those places, e.g., lakesides and
open grounds, may not have a huge power demand. Thus, a power
grid can be established to connect all the FIV energy harvesters.
The energy from the millions of FIV energy harvesters can then be
transferred to the places where there is a higher power demand, such
as residential and office areas.

V. CONCLUSIONS

In this Perspective, the multi-physics problems in flow-induced
vibration energy harvesting are summarized and classified into fluid-
structure interaction, bidirectional electromechanical coupling (trans-
duction mechanism), and interface circuit coupling. The remarkable
works in each direction are briefly reviewed to depict the state-of-the-
art. Remaining challenges and difficulties in FIV energy harvesting are
discussed. From the fundamental theory aspect, a universal solution to
address the multi-physics coupling problem in modeling FIV energy
harvesters is still lacking. From the practical application aspect, the
robustness of FIV energy harvesters needs to be further improved to
adapt to heterogeneous environments. In view of the successful appli-
cations in various disciplines, the machine-learning technique may be
a suitable tool for addressing the highly nonlinear FSI problem as well.
In the future, researchers may devote more efforts to integrating
machine-learning approaches with conventional dynamic methods to
improve the mathematical models of FIV energy harvesters.
Moreover, metamaterials boosted the development of many disciplines
in the past two decades. However, there have been limited studies of
adopting metamaterial concepts in the design of FIV for performance
improvement. Exploring the versatility of metamaterials for benefiting
FIV energy harvesting should receive more research attention. In addi-
tion, interface circuits are important in real applications. More
advanced interface circuits customized for FIV energy harvesters are
anticipated from our colleagues from the electricity community.
Finally, promoting energy harvesting from lab research toward practi-
cal applications is not the responsibility of one person. Researchers
from different disciplines should establish in-depth collaborations to
coordinate technical requirements in each other’s area.
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