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Abstract: A new piezoelectric energy harvester is proposed which employs the coupling effect between a piezoelectric beam
and an elastic-supported sphere to capture wind energy from multiple directions. As wind flows across the sphere, it induces
vortical vibrations that transfer to the piezoelectric beam, converting wind energy into electricity. A nonlinear coupled dynamic
theoretical model based on the Euler-Lagrange equation is developed to study the interactions between the sphere and beam
vibrations. The vortex-induced force acting on the sphere is determined, and the dynamic model of the coupled system is
validated through experiments. The results show that in order to reach convergence, at least four modes are required in the
Galerkin discretization. Moreover, the output performance of the energy harvester strongly depends on the frequency ratio
between the sphere and the piezoelectric beam. We find that at a frequency ratio of approximately 1.34, the harvester achieves a
maximum average power of 190 uW at a wind speed of 3.90 m/s, with the lock-in region between 2.63 and 5.30 m/s.
Subsequently, the impact of wind flow direction on the electrical performance of the energy harvester is investigated in a wind
tunnel, by adjusting the angle between the harvester and incoming flows ranging from 0° to 360°. The findings indicate that the
harvester maintains strong and consistent performance across variable wind flow directions and speeds. Particularly within the
lock-in region, the output voltage fluctuations are below 5.5%, showcasing the robustness of the design. This result points to the
potential utility of this novel harvester in complex environments. Our study also provides a theoretical basis for the development
of small-scale offshore wind energy harvesting technologies.
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1 Introduction

Civil infrastructure, such as buildings, bridges,
and tunnels, inevitably encounters challenges from
damage and aging. Structural health monitoring (SHM)
is essential for the operation and maintenance of such
structures, as it enables rapid detection of structural
changes (Xie et al., 2020; Zhou et al., 2020). Recent
advancements in wireless and low-power electronics
have led to the adoption of structural health monitor-
ing systems (SHMS). However, most wireless sensor
network (WSN) nodes, powered by batteries or power
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lines, face issues such as the frequent need for battery
replacement and complex wiring requirements. These
challenges are especially significant in inaccessible
areas, harsh conditions, and embedded environments,
creating an urgent need for reliable power sources for
WSN nodes (Wang et al., 2021a).

Energy harvesting involves converting energy
from the environment into electrical power using vari-
ous transduction technologies (Tao and Hu, 2016; Su
et al., 2023). This process can charge the battery of a
device or even eliminate the need for batteries. Micro-
energy harvesting technologies, with output power
levels ranging from microwatts to milliwatts, offer a
practical solution for powering low-power electronic
devices and developing self-sufficient energy. This
technology can replace batteries and simplify mainte-
nance in applications where battery replacement is in-
convenient, costly, or hazardous.
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Among these technologies, piezoelectric energy
harvesters stand out for their compatibility with micro-
electromechanical system (MEMS) devices, lack of
need for an initial power supply, and their simple
structure. Early research into piezoelectric energy har-
vesting focused on converting wasted mechanical vi-
brations into electricity. For instance, Xia et al. (2023)
developed theoretical models to improve the perfor-
mance and efficiency of electromechanical energy
harvesters. Similarly, He et al. (2022), Wu and Xu
(2022), and Machado et al. (2021) enhanced piezo-
electric energy harvesters through innovative designs
and optimization strategies. These advancements en-
abled devices to adapt to various environmental con-
ditions, thereby increasing their energy harvesting
efficiency.

Although piezoelectric energy harvesters that
leverage base excitation are widely used (Huang SF
et al., 2023), they often face limitations, such as the
need for specific frequency tuning and limited energy
capturing from random or broadband vibrations. In
contrast, piezoelectric devices designed to capture en-
ergy from flow-induced vibrations offer distinct ad-
vantages, such as receptiveness to a broader range of
frequencies and greater adaptability to varying envi-
ronmental conditions (Wang et al., 2022; Huang DM
et al., 2023). Vortex-induced vibration (VIV) is a phe-
nomenon commonly observed in fluid flow. It induces
periodic oscillations in structures, as driven by peri-
odic vortical shedding forces. The lock-in phenome-
non refers to the synchronization of a structure’s vi-
bration frequency with the frequency of the incoming
flow, which occurs within a specific range of wind
speeds known as the lock-in range. This synchroniza-
tion enhances the energy conversion efficiency of the
harvester, as it maximizes the interaction between the
fluid flow and the vibrating structure. However, be-
yond this range, the efficiency of energy extraction di-
minishes due to the loss of this resonance condition.
In energy harvesting research, the characteristics of
VIV are often used to capture fluid energy through
fluid flow. This vibration mode not only provides a
mechanism for energy conversion but also introduces
new challenges and opportunities for designing en-
ergy harvesters due to its unique nonlinear and multi-
degree-of-freedom effects. VIV energy harvesters typ-
ically employ cylindrical shapes as bluff bodies (Jia
et al., 2020; Wang et al., 2021b). Although the lock-in
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phenomenon of VIV allows for efficient energy con-
version at specific wind speeds, this characteristic is
only present within a small range of wind speeds. Out-
side this range, the vibrational mode of the cylinder
changes, leading to a rapid decline in energy conver-
sion efficiency. Therefore, to enhance the adaptability
and efficiency of energy harvesters, researchers are
currently trying to expand the lock-in range through
various strategies, such as introducing nonlinear mech-
anisms (Zhang et al., 2017), increasing the number of
structural degrees of freedom (Chen et al., 2023), or
optimizing the structural design (Zhang et al., 2019).
In real environments, wind speed and direction
are often unstable and variable, leading to reduced ef-
ficiency and wasted energy, which presents a signifi-
cant challenge to traditional wind-induced vibration
energy harvesters. Multi-directional energy harvesters
are advantageous due to their adaptability to varying
wind speeds and directions. Wang et al. (2020) sum-
marized the current progress and challenges of con-
verting wind and hydro energy into electrical power,
and investigated several innovative devices and con-
cepts. A typical method to improve energy harvesting
performance is to induce multimodal vibrations by
modifying cantilever beams (Wang et al., 2019; Hu
et al., 2020). However, this method is limited by nar-
row wind speed ranges. In contrast, the 3D vortex
structure inherent in sphere VIVs exhibits multiple vi-
brational modes, leading to a wider range of reso-
nance winds and higher response amplitudes, which
makes it more effective for capturing VIV energy.
Cylindrical structures typically exhibit VIVs with
two main resonance modes, depending on the align-
ment of the vortex shedding frequency with the struc-
ture’s natural frequency. However, this lock-in phe-
nomenon occurs within a narrow wind speed range,
outside of which energy conversion efficiency drops
sharply. In contrast, the sphere exhibits a more com-
plex 3D vortex structure, leading to multiple vibration
modes and a broader range of resonant winds. This re-
sults in higher response amplitudes and a wider opera-
tional range for energy harvesting. The advantages of
VIVs in the sphere include: a broader wind speed
range for effective energy conversion, higher response
amplitudes due to complex vortex shedding patterns,
and the potential for multimodal vibrational energy
harvesting in diverse flow conditions. Additionally,
the inherent 3D vortex structure of spherical VIVs
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presents new opportunities for designing energy har-
vesters that are adaptable to various environmental
conditions. For instance, the asymmetrical wake be-
hind a sphere, unlike the symmetrical wake of a cylin-
der, can lead to more stable and robust energy conver-
sion. In summary, the VIVs of spheres offer signifi-
cant potential for energy harvesting due to their unique
fluid mechanical properties and wider operational ca-
pabilities. These advantages make spherical structures
a promising avenue for developing the next genera-
tion of energy harvesting technologies.

However, the fluid dynamics of sphere VIVs are
complex, and researchers are still investigating their
underlying mechanisms. Govardhan and Williamson
(1997), Williamson and Govardhan (1997), and Raja-
muni et al. (2020) each identified four VIV modes in
tethered spheres that were immersed in fluid. These
are resonance modes characterized by high vibration
amplitudes and frequencies that closely match the nat-
ural frequencies. Studies have also focused on the dy-
namic response of elastically mounted spheres in uni-
form flow. For instance, Behara and Sotiropoulos
(2016) and Negri et al. (2018) explored multidirec-
tional VIV modes in elastically tethered spheres.
Rajamuni et al. (2019) further compared the multi-
degree-of-freedom dynamic characteristics of an elas-
tically tethered sphere. Specifically, they examined
the dynamic response, force coefficients, and wake
structures. Also, advances in computing power have
made numerical simulation a viable method for study-
ing VIVs. Accordingly, Raza et al. (2020) investi-
gated the VIVs of the sphere at moderate Reynolds
numbers, and Rajamuni et al. (2018) incorporated
transverse rotation into an analysis model for the
sphere. They found that rotation reduced the oscilla-
tion amplitude and shrunk the lock-in region, and the
VIV response was related to the Reynolds number.

In this study, we develop a multi-directional en-
ergy harvester based on the coupling effect between
the VIVs of a sphere and a piezoelectric beam. First, a
theoretical model is established and validated through
experiments. Second, the impact of the ratio between
the natural frequency of the sphere and the piezoelec-
tric beam on the mechanical response and electrical
performance is investigated. Finally, the effect of
wind flow direction on the energy harvesting perfor-
mance is examined.

2 Modeling and principle

We present an energy harvesting system that uti-
lizes sphere VIVs to drive piezoelectric beams for
electricity generation, as depicted in Fig. 1. The pro-
posed device can harvest multi-directional wind en-
ergy above the surface of the water body, and supply
power to surrounding sensors. The energy harvester is
simplified to the computational model depicted in
Fig. 2. In Fig. 2, /, and /, are the lengths of spring 1
and spring 2, respectively; /| and /, are the initial elon-
gations of spring 1 and spring 2, respectively; k, and
k, are the stiffnesses of spring 1 and spring 2, respec-
tively; L, and L, are the lengths of the piezoelectric
layer and the beam, respectively; W, and W, are the
widths of the piezoelectric layer and the beam, respec-
tively; #, and ¢, are the thicknesses of the piezoelectric
layer and the beam, respectively; ¢, is the distance
from neutral layer to bottom of piezoelectric beam; ¢,
and ¢, are the distances from neutral layer to top of the
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Fig. 1 Proposed energy harvester attached to a buoy on a
body of water
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Fig. 2 Simplified computational model of the proposed
energy harvester



metal layer and the piezoelectric layer, respectively.
The sphere is connected via spring 1 to the fixed sup-
ports above, and via spring 2 to the flexible cantilever
beam below. The flexible cantilever beam is com-
posed of a metal layer and a piezoelectric layer, mak-
ing it a piezoelectric beam. The material of metal layer
is aluminium. The material of piezoelectric layer
is macro-fiber composite (MFC). The thicknesses of
both the piezoelectric layer and the beam are negligi-
ble, so shear deformation and rotational inertia can
be ignored. This system generates energy through
the bending of the beam induced by the sphere’s
VIVs.

The dynamics of VIV of an elastically mounted
sphere is simplified to the case of a linear oscillator,
with a detailed derivation provided in Section S1 of the
electronic supplementary materials (ESM). The term
F,(¢) stands for the vortex-induced force exerted by
the wind flow on the sphere. The model of the cou-
pled effect between the piezoelectric beam and sphere
is derived as follows:

mslf'{ls([) +CW5(1) + (k1+k2)Ws(t) :FVIV(t)7 (1)
2r72 2
P (1) = nC,p,D°U nChp,D*U .

(0 - T 0, @)

G0+ = D0 +0lg () = (D), ()

where w (), w,(t), and W (¢) are the displacement,
velocity, and acceleration of the sphere on the vertical
direction, respectively; ¢ is the time; m, and ¢ are the
total mass of the sphere and springs and the structural
damping, respectively; C, and C, denote the steady
mean lift coefficient and drag coefficient, respec-
tively; U denotes the wind speed; D represents the
diameter of the sphere; p, denotes the density of the
air; ¢() is the fluid-structure coupling term; 4 repre-
sents a constant of the van der Pol wake oscillator
model (4=23); 1 is a constant describing vortex street
fluctuation (1=0.1); w, denotes the vortex shedding fre-
quency. Both 4 and 4 are determined from experimen-
tal results according to Facchinetti et al. (2004).
Facchinetti et al. (2004) provided the theoretical
foundation for understanding vortex-induced forces
and wake oscillator behavior. Egs. (1) and (2) calcu-
late the vortex-induced force, accounting for the peri-
odicity of the vortex shedding and the fluid pressure
distribution on the sphere’s surface. Eq. (3) describes
the dynamic behavior of the wake oscillator under
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vortex-induced forces, incorporating the mass, damp-
ing characteristics, and torque induced by the vortex
force. x denotes the distance from any location on the
beam to the clamped end. Assuming the vibrational
response of the piezoelectric beam is w,(x, ?), it can be
expressed as the product of the beam mode function
matrix and the generalized time coordinate matrix,

given by wb(x,t)=zcb,.(x)Yi(t), where i is the num-
=1

ber of the modes. Y(¢) is the modal coordinates of the
displacement and @(x) is the mode shapes of the
piezoelectric beam. The calculation method using the
Galerkin method follows the approach detailed by
Dai et al. (2014).

The vortex-induced force is transmitted to the
piezoelectric beam through spring 2. According to
Hooke’s law, the spring force is given by:

Fo=k(L+w,(1) =wy(Ly.1)), “)

where w,(L,, ?) denotes the end displacement of the
piezoelectric beam.

According to the Galerkin discretization method,
the reduced-order model of the couple model is de-
rived as follows:

)'}i(t)-"_zg[a)i)}i(t)-i_wai(t)_giV(t):Fsp’ (5)

where ¢; and o, denotes the aerodynamic damping
and natural frequency of the sphere, respectively; 6, is
the electromechanical coupling coefficient; /(f) denotes
the voltage. According to Ohm’s law, the voltage V(¢)
across a resistor is directly proportional to the current
passing through it. By also considering the definition
of current, the following equation can be obtained:

CV (1) + %’) N Zey,.(z)zo, 6)

where C, and R denote the capacitance and load resis-
tance of the piezoelectric beam, respectively.

3 Validation of the theoretical model
3.1 Determination of the vortex-induced force

Fig. 3 illustrates a schematic of VIV of a bluff
body sphere, with Fig. 3a depicting the variation of lift
and drag force coefficients (C; and C,) with reduced
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Fig. 3 (a) Schematic model of the elastically mounted

sphere and variations of lift and drag force coefficients
(C, and C,) with reduced velocity U; (b) experimental
setup and the theoretical (Theo) and experimental (Exp)
displacements of the sphere under different wind speeds

velocity U, as reported by Sareen et al. (2018). At the
onset of the lock-in region, C, initially increases and
then continuously decreases. During this reduction,
small amplitude oscillations occur. Beyond U=10 m/s,
C, almost remains constant. The C, also increases
sharply when the lock-in region begins. The accuracy
of the theoretical model is validated through wind tun-
nel experiments, using the setup detailed in Section S2
of the ESM.

Fig. 3b shows the variation of the sphere’s vibra-
tional amplitude with wind speed. When U is below
4.47 m/s, a gradual increase in amplitude ensues,
reaching a peak at U=4.47 m/s. In the subsequent
range of 4.47 to 8.06 m/s, the amplitude gradually de-
creases. A noteworthy shift occurs in the range where
U exceeds 8.06 m/s, which is characterized by a slight
rebound. The comparative analysis of the experimen-
tal and numerical results shows consistent maximum
and minimum amplitudes under the same velocity
conditions. However, a slight discrepancy emerges
when the wind speed exceeds 8.06 m/s. Numerical sim-
ulations suggest an increase in amplitude, indicative

of a transition from a large-amplitude, stable vibration
mode of self-locking characteristics to a more com-
plex fluid-structure interaction mode. In contrast, the
experimental results initially show an increase in am-
plitude, followed by a slight decrease. This variation
in amplitude is attributed to the fluid flow characteris-
tics observed during the experiment, where the 3D na-
ture of the wake generates a significant vibration com-
ponent. Consequently, the restraining springs apply
both downstream and cross-flow constraints, caus-
ing a deviation in the sphere’s vibration mode from
the anticipated cross-flow mode.

Within the self-locking region, the sphere prima-
rily exhibits vertical vibrations due to the periodic force
provided by the spring. These vibrations are the most
effective for energy harvesting as they directly cause
the deformation of the piezoelectric beam. When the
wind speed deviates from the self-locking region, the
sphere’s horizontal vibration amplitude increases while
its vertical vibration amplitude decreases. Although
the sphere moves laterally under these conditions, its
contribution to the piezoelectric beam’s deformation
is minimal, limiting its impact on power generation ef-
ficiency. At higher wind speeds, the sphere stabilizes
at the equilibrium position due to the combined ef-
fects of the wind and spring forces, further reducing
the vibration amplitude. Consequently, both the defor-
mation of the piezoelectric beam and its power gener-
ation capacity are significantly reduced. This study fo-
cuses on optimizing vertical vibrations within the self-
locking region, as this mechanism provides the most
effective energy conversion for VIVs. Although the
sphere also exhibits horizontal vibrations under other
wind speed conditions, these contribute less to energy
harvesting and are therefore not considered as a pri-
mary factor.

3.2 Experimental validation

To validate the feasibility of the proposed device
and theoretical model, a series of wind tunnel experi-
ments are conducted. The sample and experimental
setup are shown in Figs. 4a and 4b, while detailed
geometric and physical characteristics of the sample
are listed in Table 1. Details of the experimental setup
and the fabrication of the proposed device are pro-
vided in Section S2.

Looking at Fig. 4c, the curve depicting the varia-
tion of peak open-circuit voltage (7)) with wind speed
(as predicted using the Galerkin discretization method)
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Fig. 4 (a) Experimental setup of the proposed device; (b)
photograph of the sample; (c¢) variation of peak open-
circuit voltage of the device with wind speed and number
of modes

Table 1 Geometric and physical properties of the device

components
Component Parameter Value

Sphere Mass, m_ (g) 2.02
Diameter, D (mm) 56.8

Spring Stiftness of spring 1, k, (N/m) 11.9
Stiftness of spring 2, k, (N/m) 11.9

Beam Length, L, (mm) 120
Width, 7, (mm) 10
Thickness, ¢, (mm) 0.6
Mass density, p, (kg/m’) 2700
Young’s modulus, £, (GPa) 70

Piezoelectric layer Length, L, (mm) 28
Width, 7, (mm) 7
Thickness, ¢, (mm) 0.3
Mass density, p, (kg/m’) 7700
Young’s modulus, £, (GPa) 30.336
Strain coefficient, d;, (pm/V) -190
Permittivity at constant strain, 13.28
&, (nF/m)
Capacitance, C, (nF) 15.1
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reveals the significant influence of mode number on
prediction accuracy. With only one or two modes, the
predicted voltage values do not converge, resulting in
the underestimation of both voltage and power output.
This indicates that models with one or two modes can-
not fully capture the complexity of the power genera-
tion. Increasing the number of modes to three im-
proves prediction accuracy, but it still does not achieve
the desired level of convergence. However, including
four or five modes results in consistent and nearly
identical predicted voltage and power values, indicat-
ing better convergence. This finding suggests that at
least four modes are needed in the Galerkin discretiza-
tion to ensure the accuracy of the voltage prediction.
While increasing the number of modes can enhance
the prediction accuracy, it is also essential to balance
this accuracy with computational cost. Therefore, se-
lecting the appropriate number of modes is crucial for
efficient and accurate predictions, and as such should
be determined based on the specific application sce-
nario and precision requirements.

The vibration amplitudes of the spherical bluff
body (w,) and the beam end (w,) for various wind
speeds are shown in Figs. 5a and 5b. We can observe
different phenomena here as compared to Fig. 3b. The
lock-in region for the model in Fig. 5a is 0.64—6.04 m/s,
while in Fig. 3 it is 1.63-8.06 m/s, demonstrating that
the designed structure effectively converts fluid flow
energy, even at low speeds. Notably, at U=3.2 m/s the
amplitude exceeds the maximum amplitude of 38 mm
observed in the model in Fig. 3b. This sudden in-
crease is due to the support design and the elasticity
of the underlying cantilever beam. Looking closer at
Fig. 5b, it appears that the structure reaches resonance
at the wind speed of 3.2 m/s, significantly increasing
the amplitude and enhancing the wind energy conver-
sion efficiency. This design advantage allows the
model to achieve a high energy output even at rela-
tively low wind speeds. Moreover, adjusting the stift-
ness of the piezoelectric beam enables tuning of the
structure’s natural frequency, thereby enhancing the
output performance at different wind speeds.

The open-circuit voltage of the designed device
is shown in Fig. 5c. The electrical response of the
structure is consistent with the vibration characteris-
tics depicted in Figs. 5a and 5b. As we can see, the
lock-in region is approximately 2.63—5.30 m/s. As the
vibration amplitude increases, the charge generated



518 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(6):512-524

(a)
40 |
.30
€
£
g20f
Lock-in region !
|
10 F |
|
0 . |
0 1 2 3 4 5 6 7
U (m/s)
(b) T T
30} ! !
! |
! |
. ! I
g20r i
£ ; .
5 i i
| . |
10 ' Resonant regi :
0

(c) 40

30

20

Voc

Fig. 5 (a) Variation of the vibration amplitude of the sphere
with wind speed; (b) variation of the end displacement of
the piezoelectric beam with wind speed; (c¢) variation of
the peak open-circuit voltage with wind speed

by the piezoelectric effect also increases, resulting in
a higher output voltage. Outside this region, the out-
put voltage rapidly decreases. At the critical wind
speed of 2.63 m/s, the open-circuit voltage peaks at
36.8 V (experimentally) and 36.2 V (theoretically).
The close match between the experimental and theo-
retical results further demonstrates the accuracy of the
proposed model. The open-circuit voltage sharply de-
clines to its lowest point at U=5.30 m/s. When the
wind speed exceeds 5.30 m/s, the sphere oscillates lat-
erally, causing the cantilever beam to bend due to

spring expansion and contraction, which leads to a re-
bound in the open-circuit voltage.

To investigate the optimal load resistance R, the
variations of root mean square (RMS) voltage V  and
average output power P, with load resistance are
shown in Fig. S1 of the ESM. It is known that struc-
tural resonance significantly impacts energy harvest-
ing efficiency (Wu et al., 2021). Thus, three wind
speeds were analyzed: the wind speed corresponding
to the maximum amplitude (U=3.90 m/s), the initial
wind speed of the lock-in region (U=2.63 m/s), and
the wind speed at the end of the lock-in region (U=
4.47 m/s). The variations of ¥, and P,, with load re-
sistance at the three representative wind speeds are
shown in Figs. Sla and S1b. As shown in Fig. Sla,
the V. increases with increasing load resistance. This
is due to the power generation characteristics of piezo-
electric elements: in the absence of an external load,
the charges generated by the piezoelectric effect accu-
mulate and increase the electric field strength until the
balance is reached. Accordingly, the ability to gener-
ate additional charges is reduced. Introducing an ex-
ternal load resistor provides a discharge path, enabling
the piezoelectric material to continue generating
charges.

However, the P,,, does not increase monotonically
with R. As the R increases from 0.05 to 1.00 MQ, and
then to 10 MQ, P,, initially increases and then de-
creases. This occurs because, in the energy harvesting
system, the energy transfer efficiency is maximized
when the R matches the system’s dynamic imped-
ance. If the R is too low, significant energy is lost
within the system; if it is too high, the system cannot
efficiently transfer energy to the load. The variations
in P, suggest the existence of an optimal load resis-
tance that maximizes the P, . Fig. S1 shows that the
P, reaches a peak at a load resistance of 1.00 MQ. At
this optimal load resistance, the energy conversion ef-
ficiency is the highest and the maximum power out-
put is provided.

4 Output performance results

4.1 Influence of natural frequencies on output
performance

To optimize the mechanical and electrical per-
formance, the natural frequencies of both the sphere



system and the piezoelectric beam must be tuned.
This relationship can be described by a dimensionless
frequency (7), defined as the ratio of the natural fre-
quency of the sphere system (f)) to that of the piezo-
electric beam (f;), which is expressed as n=f./f,. To
elucidate the relationship, we vary the diameters of
the sphere (D) from 50 to 80 mm; meanwhile, we
vary the stiffness of the springs (k, and k,) from 6 to
16 N/m, respectively. The resulting calculations show
the relationships between sphere diameter, spring stiff-
ness, and natural frequency, as shown in Fig. S2 of
the ESM. Fig. S2a shows that the f, increases with in-
creasing spring stiffness, which also indicates that
larger sphere diameters strongly influence the natural
frequency. Fig. S2b illustrates the relationship be-
tween the piezoelectric beam length (L,) and its natu-
ral frequency (f;) for different beam widths (W,). Spe-
cifically, it shows that the £, decreases with increasing
L,, indicating a reduced stiffness of the piezoelectric
beam as length increases. Similarly, increasing the
beam width raises its natural frequency.

Fig. S2¢ shows the influence curve of dimension-
less frequency # on the VIV amplitude w, of the
sphere at a wind speed of 3.90 m/s. The natural fre-
quency of the sphere spring system depends on its di-
ameter (D) and the stiffness of the tension springs.
Larger sphere diameter and lower spring stiffness
tend to reduce the structure’s natural frequency. The
natural frequency of the piezoelectric beam is influ-
enced by its dimensions (length and width). Increas-
ing the beam length typically lowers its natural fre-
quency, whereas increasing the width raises it. At n=
0, the piezoelectric beam is treated as a rigid support
with infinite stiffness, resulting in a low vibration am-
plitude for the sphere. This indicates that with rigid
support, the sphere’s response to wind excitation is
constrained.

As 7 increases, the sphere’s amplitude first in-
creases slowly and then decreases rapidly. This trend
suggests an optimal dimensionless frequency at which
the sphere’s VIV response is maximized. At n=1.34,
the sphere’s amplitude peaks at 43.8 mm. This is be-
cause the matching of /. and f, leads to resonance,
which maximizes the energy transfer efficiency. It also
indicates that the coupling effect between the struc-
ture’s natural frequency and the sphere’s VIV charac-
teristics is optimized at #=1.34. When 7 exceeds 1.5,
the sphere’s amplitude decreases rapidly. This is due
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to the equivalent stiffness of the piezoelectric beam
being too low to maintain the sphere’s vibration mode,
resulting in reduced energy transfer efficiency.

In Fig. S2d, we present the relationship between
n and P, at U=3.90 m/s. As one can observe, the P,,
(190 uW) reaches a peak at #=1.34. This suggests that
when the natural frequency of the sphere system is
1.34 times that of the piezoelectric beam, the energy
transfer efficiency of the system is the highest, reflect-
ing optimal resonance. The lock-in region for the
spherical bluff body helps maintain the resonant
mode. Thus, by setting a fixed vibration frequency, the
system can operate at optimal performance. Fig. S2
indicates that resonance is essential to our proposed
piezoelectric energy harvesting system. By tuning the
natural frequencies of both the sphere system and the
piezoelectric beam, the maximum energy harvesting
efficiency can be achieved.

Fig. S3 of the ESM shows the fast Fourier trans-
form (FFT) of the output power signal at U=3.90 m/s
for various dimensionless frequencies #. This plot il-
lustrates the effect of frequency ratio on electrical per-
formance by presenting the FFT of the output power
signal, which indicates the resonant frequency of the
piezoelectric beam. In Fig. S3a, when the wind speed
is 3.90 m/s and the dimensionless frequency is 0.569,
the average output power of the energy harvester
reaches a peak of 11.11 Hz. This indicates that at this
frequency ratio, the harvester’s vibration frequency
aligns with the vortex shedding frequency caused by
the wind, leading to efficient energy conversion. At
other frequencies, the output power fluctuates less,
suggesting that these frequencies do not synchronize
with the fluid-induced vibration, resulting in reduced
energy conversion efficiency. Looking at Fig. S3b,
with a wind speed of 3.90 m/s and a dimensionless
frequency of 1.34, the average output power of the en-
ergy harvester reaches a peak at 14.22 Hz. At this fre-
quency ratio, the harvester synchronizes with the vor-
tex shedding frequency at a higher range, achieving
efficient energy conversion.

Comparing Figs. S3a and S3b, it is evident that
the frequency ratio affects the resonant frequency of
the device. According to Govardhan and Williamson
(1997), VIVs of a sphere exhibit a self-locking effect.
Specifically, within a certain frequency range, the
vibration amplitude of the sphere significantly in-
creases, leading to the resonance. However, when the
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excitation frequency deviates from this range, the vi-
bration amplitude of the sphere sharply decreases, re-
sulting in almost no vibration. Near the resonant fre-
quency, energy transfer efficiency is maximized, en-
abling vibrational energy effectively transfer to the
cantilever beam and yielding significant electrical out-
put. Conversely, at non-resonant frequencies, reduced
vibration amplitude decreases the energy transfer effi-
ciency, significantly reducing the cantilever beam’s
deformation and power generation capability. This ex-
plains why only one significant resonance peak is ob-
served in the FFT spectrum.

To summarize the effect of frequency ratio on the
resonant frequency, Figs. 6a and 6b show the change
in vibration frequency ( /') with wind speed as the di-
mensionless frequency varies. Inspecting Figs. 6a and
6b, we can see that at a constant dimensionless fre-
quency 7, the relationship between vibration frequency
and wind speed is approximately linear. Additionally,
the smaller the dimensionless frequency 7, the lower
the wind speed required to initiate vibration. Figs. 6¢
and 6d depict the change in the average output power
P,,, with wind speed under different dimensionless
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frequencies. Clearly, as the dimensionless frequency #
increases, the lock-in region shifts rightward, causing
the peak output power to shift accordingly. This oc-
curs because a larger dimensionless frequency # corre-
sponds to a higher natural frequency of the structure,
which requires a higher flow rate to achieve the same
excitation frequency.

Comparing Figs. 6¢ and 6d reveals that when 7
ranges from 0.971 to 1.473, the output power is rela-
tively high, indicating optimal energy harvesting effi-
ciency within this range. The coupling vibrations be-
tween the piezoelectric beam and the sphere system
influence each other. This interaction optimizes vi-
bration patterns and energy transfer at specific di-
mensionless frequencies, improving output perfor-
mance. At #=1.341, the output power reaches peaks
of 189.72 uW (theoretically) and 188.75 uW (experi-
mentally), indicating that this dimensionless frequency
provides optimal resonance conditions and maximizes
the coupling effect between the piezoelectric beam
and the sphere system. This comparison between the
experimental and theoretical values helps validate the
theoretical model.
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Fig. 6 (a and b) Variation of the vibrational frequency ( /) with the wind speed at various dimensionless frequencies (17);
(c and d) variation of the average output power (P, ) with wind speed at various dimensionless frequencies (1)
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Fig. 7 shows the variation of the aero-electro-
mechanical efficiency ., of the proposed energy har-
vester as a function of load resistance, for different di-
mensionless frequencies 7. P; is the input mechanical
power extracted from fluid flow. The formula for
aero-electro-mechanical efficiency v, is provided in
Section S3 of the ESM. As the resistance R increases
from 0.05 to 10.00 MQ, v, initially increases and
then decreases. This occurs because, at low R values,
the output voltage is relatively low, reducing the en-
ergy harvester’s efficiency. However, as load resis-
tance increases to an optimal value, the output voltage
reaches its maximum. The peak v, is found at R=
1 MQ, with a peak value of 1.05%. When 7<1.34, in-
creasing the value of # results in a higher v, . How-
ever, when 7 exceeds 1.34, a further increase in #
leads to a decrease in w,,,. This is because an exces-
sively high # value causes the energy harvester’s vi-
bration mode to misalign with the fluid flow charac-
teristics, reducing the energy conversion efficiency.

We next show variation curves of the electro-
mechanical efficiency (y,,) of the designed energy
harvester with respect to the load resistance at different
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Fig. 7 Variation of the aero-electro-mechanical efficiency
(¥,.,) with load resistance at various dimensionless
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dimensionless frequencies, as presented in Fig. 8. P,,
is the average mechanical power. The expression for
the v, is given in Section S3. Notably, the trends for
w., and ., are similar, both peaking at R=1 MQ.
This is because the resistance value aligns with the dy-
namic characteristics of the structure, thereby optimiz-
ing the energy conversion efficiency. However, ., ex-
hibits significantly higher values, with a peak reach-
ing 28.4%. This indicates that the process of convert-
ing mechanical energy from the piezoelectric beam in-
to electrical energy is more efficient than the process
of converting fluid energy into electrical energy. v, is
a measure of the efficiency of converting piezoelec-
tric vibrations into electrical energy, and it tends to
have a higher value since it only considers the electro-
mechanical conversion step. On the other hand, vy,
describes the entire energy conversion process, includ-
ing fluid-driven sphere vibration, sphere-driven piezo-
electric beam vibration, and ultimately the conversion
of piezoelectric beam vibrations into electrical energy.
Consequently, y,.. might be influenced by energy
losses in the earlier stages of the energy conversion
process.
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Fig. 8 Variation of the electro-mechanical efficiency (¥,,)
with load resistance at various dimensionless frequencies:
(a) #<1.000; (b) #>1.000
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4.2 Influence of wind direction on output
performance

To investigate the output performance in multi-
ple wind directions, the inflow angle () of the device
is adjusted by an indexing dial in the experiment.
With the base of the sample mounted on an indexing
plate, the direction of the device with respect to the
flow can be controlled by an indexing dial. When the
inflow direction aligns with the line connecting the
sphere and the support column, the angle 6 is consid-
ered as 0°. Changing the angle 6 indicates a change in
the inflow direction.

The open-circuit voltage V. and average output
power P, are recorded at various angles. Figs. 9a and
9c show how the ¥, and P, vary with wind direction
at three typical wind speeds. The results were recorded
at 12 evenly-spaced angles increasing in a 30° inter-
val. The figures reveal that both ¥ and P,, exhibit
180° symmetry, indicating that the energy harvester
has strong adaptability to different wind directions. It
is only in the range of 150°<A<210° that there is a sig-
nificant drop in output performance. When the & is be-
tween 150° and 210°, the sphere is positioned behind
the support column. The support column obstructs the
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airflow toward the sphere, causing a change in the air-
flow pattern around the sphere. This alteration affects
the relationship between the lift and drag forces, re-
ducing the vortex force acting on the sphere. As a re-
sult, the vibration mode of the sphere changes from
vertical to horizontal. When the sphere’s vibration
mode becomes horizontal, the piezoelectric beam can-
not bend, and thus the piezoelectric effect cannot oc-
cur, leading to a decrease in energy conversion effi-
ciency. Figs. 9b and 9d show the time history curves
of the ¥, and P,, for different wind directions, at a
wind speed of U=3.90 m/s. When 0°<6<120° and
240°<6<360°, the ¥, and P,, fluctuate by no more
than 5.5%, indicating that the energy harvesting per-
formance is relatively stable across different wind
directions. For example, the open-circuit voltage is
36.8 V at 0=0° and 4.9 V at 0=300°, a difference of
only 5.1%.

5 Conclusions

A novel piezoelectric energy harvesting device
was proposed, which utilizes VIVs of a sphere cou-
pled with a piezoelectric beam to capture wind energy
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Fig. 9 (a) Variation of the output open-circuit voltage with inflow angle @ at three representative wind speeds; (b) time
history curves of peak open-circuit voltage of various angles at U=3.90 m/s; (c) variation of the average output power
with inflow angle 6 at three representative wind speeds; (d) time history curves of the average output power of various

angles at U=3.90 m/s



from varying directions. First, a coupled dynamic the-
oretical model describing the vibration behaviors and
the electrical performance of the energy harvester was
developed. The impact of the frequency ratio between
the elastic-supported sphere and the piezoelectric beam
on the electrical power and lock-in region was investi-
gated, revealing the coupled effect between the sphere
and beam oscillations. Moreover, experimental results
showed that this new piezoelectric device can harvest
wind energy from multiple incoming flow directions.

The fluid forces acting on the sphere to produce
VIV behavior were determined through a wake oscil-
lator model. Then, a coupled dynamic model was con-
structed to analyze vibration responses and interac-
tions between the sphere and the piezoelectric beam.
These models were validated by experimental results.
Our theoretical and experimental results indicated that
the frequency ratio between the sphere and the piezo-
electric beam has a strong impact on the electrical per-
formance of the energy harvester. When the frequency
ratio was 1.34, the average output power reached a
peak of 190 uW at a wind speed of 3.9 m/s. Addition-
ally, the output voltage of the energy harvester was
consistent across varying wind speeds and flow direc-
tions. This was especially true in the lock-in region,
where the peak output voltage varied by less than
5.5%.
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