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Abstract
To demonstrate the superiority of wake-induced vibration (WIV) in flow-induced vibration piezoelectric energy harvesting, a novel integrated 
dual-bluff-body piezoelectric energy harvester (PEH) was proposed in this paper. Wind tunnel experiments were conducted to investigate the 
impact of different cross-sectional shapes on the output performance of the device. The operational mechanism was analyzed using two-way 
fluid–structure interaction theory. Results show that the integrated structural design not only significantly improved the output performance of 
the PEH but also facilitated device miniaturization, overcoming the limitations of complex structures and challenges in miniaturization in 
existing technologies. Compared to vortex-induced vibration, the PEH driven by WIV achieved a 177.2% increase in maximum output voltage 
and a 66.7% expansion in effective operational range. Among the tested cross-sectional shapes, a circular interference column delivered the best 
performance under WIV, with maximum output power exceeding that of square and equilateral triangular cross-sections by 60.65% and 44.4%, 
respectively. Moreover, the second peak in energy conversion efficiency associated with the circular cross-section exhibited a coverage area 2.4 
times larger than that of a square cross-section, enabling stable energy output across a broad range of wind speeds. These findings offer 
important insights into the application of FIV in piezoelectric energy harvesting and provide strong support for the advancement of self-
powered technology.

Keywords  Piezoelectric energy harvester; Output performance; Wake-induced vibration; Energy conversion efficiency; Effective operational 
range

1  Introduction

In the field of nearshore sea surface monitoring, the rapid 
development of wireless sensor technologies has substan‐
tially increased the energy consumption of microelectronic 
components, highlighting the urgent need for self-powered 
technologies (Zuo et al., 2020). Among various approaches, 
flow-induced vibration (FIV) energy harvesting has attracted 

considerable attention due to its self-excitation and high 
sensitivity to microfluidic environments. This technology 
has demonstrated excellent energy-harvesting performance 
and broad application prospects in micro-scale devices 
(Latif et al., 2023).

FIV technology encompasses various vibration mecha‐
nisms, such as vortex-induced vibration (VIV), galloping, 
flutter, and wake-induced vibration (WIV). Leveraging 
these mechanisms, researchers have developed numerous 
flow-induced vibration piezoelectric energy harvesters 
(FIVPEHs) to improve the energy-harvesting efficiency of 
such devices. For example, by optimizing the effects of 
VIV, Wang et al. (2021) achieved a 15.6% increase in vibra‐
tion amplitude and a 31.3% improvement in displacement 
in their experimental setup. Wang et al. (2023a) successfully 
transformed the vibration mechanism of their device from 
VIV to galloping, resulting in a substantially broader oper‐
ating bandwidth and an increase in output power of up 
to 471.2%. Similarly, Eugeni et al. (2020) conducted flut‐
ter experiments by placing a cantilevered flag in a sub‐
sonic wind tunnel, achieving a maximum output power of 
1.12 mW from their test prototype. In another study, Farsi 
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et al. (2021) reported a 66% increase in vibration ampli‐
tude under WIV, resulting in a 300% improvement in out‐
put power. To further enhance the performance of piezo‐
electric energy harvesters (PEHs), numerous researchers 
have investigated various approaches across different vibra‐
tion mechanisms (Wang et al., 2020a). These approaches 
include constructing multi-degree-of-freedom systems 
(Franzini and Bunzel, 2018), introducing nonlinear electro‐
magnetic forces (Zhang et al., 2017), and optimizing the 
surface structures of bluff bodies (Hu et al., 2019).

Modifying the shape of the bluff body is a proven and 
effective approach to optimizing the performance of 
FIVPEHs. Changing the cross-sectional shape of the bluff 
body can substantially alter the dynamic behavior of the 
system (Yang et al., 2020). In a previous study, Abdelkefi 
et al. (2012) compared the output power of square, D-shaped, 
and triangular cross-sectional bluff bodies. They found that 
a triangular cross-section with a top angle of 30° performed 
better at low flow rates, whereas the D-shaped cross-sec‐
tional bluff body yielded superior performance at high 
flow rates. Additionally, Zhu et al. (2021) examined the 
effects of a trapezoidal bluff body cross-section on the 
energy-harvesting characteristics of the device. The output 
performance of the device was found to substantially vary 
under different flow field interferences. Wang et al. (2019) 
examined isosceles triangular bluff bodies with varying 
apex angles and found that obtuse-angled triangles are ben‐
eficial for galloping-based energy harvesting. Wang et al. 
(2020b) introduced novel PEHs featuring spindle and but‐
terfly-shaped bluff bodies. Flow field analysis revealed 
that these PEHs exhibited VIV at low wind speeds and 
transitioned to galloping at high wind speeds. Notably, the 
spindle-shaped cross-sectional bluff body with a narrow 
width ratio reduced the threshold wind speed by over 13% 
and increased the maximum voltage output by more than 
160%. Overall, these findings highlight that the energy-
harvesting performance is highly sensitive to different 
shapes of bluff bodies. Specifically, the cross-sectional 
shape plays a crucial role in the energy-harvesting perfor‐
mance of the device (Wang et al., 2020c).

Compared to enhancing the energy-harvesting character‐
istics of the device by altering the aerodynamic perfor‐
mance of a single bluff body, the introduction of a double-
bluff body model also leads to a notable improvement in 
energy-harvesting efficiency. For example, Zhao et al. 
(2021) investigated the energy harvesting of a wake-in‐
duced vibration piezoelectric energy harvester (WIVPEH) 
with a double-bluff body configuration, using inverted 
D-shaped, circular, and D-shaped cylinders as upstream 
interference columns. They found that the power densities 
of the three configurations were 43.2, 25.3, and 31 times 
higher than those without wake interference, respectively. 
The energy-harvesting performance of the WIVPEH with 
double bluff bodies was markedly superior to that of the VIV 

and galloping PEH without wake interference. Similarly, 
Zhang and Wang (2016) found that for the same energy-
harvesting device, WIV resulted in higher maximum power 
output and better energy-harvesting characteristics com‐
pared to VIV. However, their study was limited to evaluat‐
ing energy-harvesting performance with a specific upstream 
interference column shape. Wang et al. (2022) demonstrated 
through flow field analysis that the performance of a tan‐
dem bluff body system was influenced by the shape of the 
upstream bluff body on the waterward side. Their results 
showed that the output power of the PEH driven by WIV 
in a double-column flow was 111% higher than that of a 
single-column PEH. However, their device used a split 
arrangement that hindered miniaturization, making it unsuit‐
able for powering micro-sensors. 

Overall, the vibration mode of the PEH and the aerody‐
namic shape of the bluff body play a crucial role in deter‐
mining the output performance of the device. While exist‐
ing studies have extensively explored PEHs, research on 
energy harvesting using WIV is lacking, with most exist‐
ing work focusing on split-type layouts. These designs 
often suffer from complex structures and challenges related 
to miniaturization. Aiming to address these limitations, 
this study proposed an integrated double-bluff body PEH 
based on WIV. By adjusting the device structure, the canti‐
lever load could be adjusted, effectively improving the out‐
put performance of the PEH and expanding its effective 
operating range. Additionally, the design simplified the 
structural size and the installation method, making it highly 
conducive to device miniaturization. A WIV energy har‐
vesting experimental platform was developed to assess the 
vibration response and output performance of the PEH under 
different WIV configurations, using two-way fluid–struc‐
ture interaction (FSI) theory for analysis. This study revealed 
the response mechanism of the PEH under VIV and WIV 
conditions and clarified the influence of the cross-sectional 
shape of the interference column on the output perfor‐
mance of the PEH under WIV. The findings of this study 
contribute to the development of highly efficient energy-
harvesting system configurations that can meet the self-
powering demands of micro-sensors in the information 
age, offering valuable insights for the design of future 
FIVPEHs.

2  Methods and experiments

2.1  Experimental lnstallation

A wind tunnel test bench was constructed to investigate 
the energy-harvesting performance of the integrated double-
bluff body PEH based on WIV, as shown in Figure 1.

The principal diagram of the wind tunnel experiment, 
conducted in air, is shown in Figure 1(a). An axial-flow 
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fan draws air from the left end of the tunnel, with wind 
speed regulated by adjusting the fan speed. The external 
airflow is then rectified using a honeycomb network to 
form a stable flow field. Upon reaching the bluff body 
model in the middle of the wind tunnel, the flow generates 
a corresponding excitation. This excitation causes the defor‐
mation of the piezoelectric oscillator model, which, in turn, 
generates electrical signals that are transmitted to an exter‐
nal circuit. A hot-wire anemometer is used to measure 
the wind speed of the incoming flow, while a laser dis‐
placement sensor (GC05-200NW) records the vibration 
signal of the response column. The data acquisition card 
(DH5922D) collects the electrical and vibration signals 
generated by the PEH.

Aiming to facilitate a clear comparison of the power 
generation performance across different PEH configura‐
tions, the influence of complex post-processing circuits 
was excluded. Instead, an external circuit comprising a 
light-emitting diode (LED) in parallel with a pure resistor 
was adopted. The resistor was set to 1 MΩ, a value that 
provided near-maximum power output across all tested 
wind speeds and closely matched the measured internal 
impedance of the PEH. This setup ensured reliable and 
consistent comparative results. Based on this principle, a 
wind tunnel test bench was constructed to evaluate the per‐
formance of the PEHs, as shown in Figure 1(b). Following 
the experiment, the time- and frequency-domain responses 
of the PEH were analyzed and calculated using a data anal‐

ysis system (DHDAS). Aiming to ensure accuracy, each 
data point was averaged over three separate measurements.

In WIV energy harvesting experiments, the blockage 
rate of the model is a crucial parameter, representing the 
ratio of the model’s cross-sectional area relative to the cross-
sectional area of the test channel. A high blockage rate can 
lead to airflow distortion, thereby compromising the accu‐
racy of experimental results. The blocking rate (β) is calcu‐
lated using the following equation (Sun et al., 2021):

β =
Ai

At

× 100% (1)

where Ai represents the projection area of the IPEH perpen‐
dicular to the incoming flow, and At denotes the circular 
cross-sectional area of the test channel. Based on the calcu‐
lations, the blocking rate of IPEH ranged from 0.059% to 
1.005%, which was well below the critical threshold of 
5% required to prevent flow obstruction, indicating the 
reliability of the test bench.

2.2  Experimental model

2.2.1 Test subject
The integrated double-bluff body model proposed in 

this study, shown in Figure 2(a), comprises an interference 
column (fixed column), response column, cantilever beam, 
and piezoelectric material. The interference column is posi‐

Figure 1　Working principle and physical connection diagram of the WIVPEH
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tioned upstream, while the response column is placed 
downstream. The passage of the fluid flow through the 
interference column generates a wake in the area behind it. 
The wake interaction on the surface of the response col‐
umn induces substantial vibration, which, in turn, forces 
cantilever beam deformation. This deformation of the can‐
tilever beam leads to the deformation of the piezoelectric 
material, generating an electrical signal. In this way, the 
integrated double-bluff body energy harvester converts fluid 
kinetic energy into electrical energy under WIV. Compared 
to existing double-bluff body WIV devices (Du et al., 
2024), this integrated layout eliminates the need for exter‐
nal support structures, simplifying the design and enabling 
easier miniaturization. The fixed end functions efficiently, 
supporting the integration and enhancing overall system 
performance. Thus, the device can easily adjust the flow 
direction to select different vibration mechanisms, even 
when only one end is fixed. In the opposite arrangement, 
the response column of the double-bluff body device was 
positioned upstream, as shown in Figure 2(b). As fluid 
flows over its surface, alternating vortex shedding occurs, 
inducing an alternating lift force on its surface, resulting in 
VIV of the response column.

A wind tunnel experiment was subsequently conducted 
to examine the factors influencing the performance of the 
integrated double-bluff body energy harvester. In this experi‐
ment, the interference column was fabricated from resin 
using 3D printing, while the response column was con‐
structed from rigid foam. The two columns were connected 
by a cantilever beam made of pure aluminum. A piezoelec‐
tric material (MFC) was attached to the root of the cantile‐
ver beam and connected to an external circuit via wiring. 
The entire energy-harvesting module was mounted on a 
fixed base through the interference column and positioned 
inside a Plexiglas wind tunnel. The structural parameters 
of the integrated double-bluff body are listed in Table 1.

Additionally, the piezoelectric oscillator was tested in 
air, neglecting air damping. An impulse force was applied 
to the response cylinder, and its free-decay vibration was 
recorded over one second at a sampling rate of 2 000 Hz. 
The free-decay curves obtained from the experiment and 
the simulation are presented in Figure 3.

The peak value was substituted into the formula to cal‐

culate the damping ratio ζ,

ζ =
1

2πn
ln ( An

An + 1 ) (2)

where An denotes the amplitude of the nth cycle. The experi‐
ment used n = 1. The calculation yielded a damping ratio 
of 0.07 for the PEH wake oscillator, which was then used 
in the subsequent two-way FSI simulation.

2.2.2 Cross-sectional shape of interference column
Previous studies have shown that the cross-sectional 

shape of the interference column plays a crucial role in 
influencing the vibration and energy-harvesting character‐
istics of the device (Wang et al., 2023b). In the present 
study, a new double-bluff body model was developed by 
altering the cross-sectional shape of the upstream interfer‐
ence column. As shown in Figure 4, these configurations 
are labeled DBB1, DBB2, and DBB3 from left to right. 
DBB1, DBB2, and DBB3 corresponded to the double-
bluff body arrangements where the cross-sectional shapes 
of the interference column are circular, square, and triangu‐
lar, respectively. The fluid flowing through the interfer‐
ence columns with different cross-sectional shapes gener‐
ates different wake patterns, causing the response column 

Figure 2　Schematic of the test cases

Table 1　Size parameters of integrated double bluff body WIVPEH

Parameter

ρb (kg/m3)

Sc/Wc/Hc (mm)

SMFC /WMFC /HMFC (mm)

ρr (kg/m3)

Dr/Hr (mm)

ρi (kg/m3)

DBB1: Di /Hi (mm)

DBB2: Si /Hi (mm)

DBB3: Si /Hi (mm)

Li (mm)

Value

2 700

13.5/20/0.5

35/8/0.5

34.3

45/70

1 150

30/160

30/160

30/160

30

Figure 3　Free vibration attenuation curve
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to exhibit different vibration patterns. A comprehensive set 
of wind tunnel tests was conducted to explore the effective‐
ness of these bluff body designs for optimal wind energy 
harvesting.

In the experiment, the stiffness and damping of the can‐
tilever beam structure were kept constant in the VIV and 
WIV configurations. Additionally, the size of the bluff body 
used in both excitation mechanisms was identical. When 
the cross-sectional shape of the interference column was 
altered, the characteristic length and effective inflow area 
remained unchanged to ensure consistency across all tests.

2.3  Uncertainty analysis of experimental results

Before the formal experiment, the hot-wire anemometer 
and the laser displacement sensor were calibrated (Wang 
et al., 2025). First, an alternating wind speed test was con‐
ducted in the channel without the experimental model. The 
results showed a strong positive linear correlation between 
wind speed and frequency (U = 0.382f − 0.35), which veri‐
fied the performance of the axial flow fan and the accuracy 
of the hot-wire anemometer. The laser displacement sensor 
was then used to measure the structural displacement of 
the model during the wind tunnel experiment. The experi‐
mental results shown in Figure 5 indicated that the output 
voltage of the sensor increased proportionally with dis‐
placement, demonstrating excellent linearity and confirm‐
ing the reliability of the sensor.

To ensure the accuracy of the experimental data, analyz‐
ing the uncertainty of the results was crucial. Each test 
result was derived from the average of 100 data points col‐

lected during the experiment. Taking vibration displace‐
ment as an example, the standard deviation (SX) and the 
uncertainty (ER) of the experimental results were calculated. 
The equations used are as follows (Wu et al., 2025):

SX =
1

n − 1∑i = 1

n ( )Xi − Xavg

2

(3)

ER = ±
tn − 1SX

Yavg n
× 100% (4)

where Xavg is the average of the experimental results and t 
is the confidence factor; for 95% confidence, t ≈ 1.984. n 
is the number of tests.

System uncertainty (ES):

ES = ± ( )fm

t

2

+ ( )fc

t

2

(5)

Combined uncertainty (E):

E = ± ER
2 + ES

2 (6)

where fm is the measurement error of the data acquisition 
card, and fc is the measurement error of the laser displace‐
ment sensor.

Taking DBB1 as an example, the uncertainty analysis of 
the experimental results was conducted, as shown in Table 2. 
The analysis revealed that, as the wind speed varied, the SX 
of the vibration displacement remained below 0.271, while 
the ER stayed below 0.004. These values fall within the ac‐
ceptable range, confirming that the experimental results 
are highly reliable and accurate.

2.4  CFD setup of PEH

2.4.1 Governing Equations
The interaction between the fluid and the structure in 

the wake is central to this study. Thus, the fluid control 
equations were described using the Arbitrary Lagrangian–
Eulerian (ALE) coordinates. The continuity equation and 
Navier–Stokes (N–S) equation in ALE coordinates can be 
expressed as follows (Zhang et al., 2024):

∇ ⋅ (uf − um ) = 0 (7)

ρ f

∂uf∂t + ρ f ((uf − um ) ⋅ ∇) = ∇ ⋅ (σ f ) (8)

where ρf is the fluid density, uf is the fluid velocity, t is the 
time, and um is the grid velocity.

The piezoelectric energy harvesting based on WIV was 
modeled as a two-way FSI process. In the numerical cal‐
culations for two-way FSI, data were exchanged between 
the fluid and solid domains through the coupling surface 

Figure 5　Histogram of laser displacement sensor calibration

Figure 4　Interference column section model
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on the device. At this coupling surface, the displacements 
and velocities of the fluid and solid domains were equal. 
Within each time step, the fluid and structural equations 
were solved iteratively, with strict enforcement of dis‐
placement and stress continuity at the interface. Forces 
were transmitted from the fluid domain to the solid domain, 
and displacements were transmitted from the solid domain 
to the fluid domain, all through the fluid – solid coupling 
surface. Aiming to ensure the accuracy of data transmis‐
sion in the two-way FSI process, the calculation formula 
for the fluid stress tensor σf is as follows (Sarviha and 
Barati, 2023).

σ f =  −pI + Muf 
é
ë
êêêê∇uf + (∇uf ) Tù

û
úúúú (9)

In the two-way FSI calculation process described above, 
the fluid and solid domains must meet boundary condition 
conservation and force balance conditions on the fluid–solid 
coupling surface. The formula is presented as follows 
(Zhang et al., 2025).

df = ds, uf = us (10)

nσ f = nσs (11)

In the coupled solution, the motion equation of the PEH 
is derived from Hamilton’s principle and solved together 
with the ALE form of the N–Stokes equations (Duan et al., 
2022).

Msd̈ + Csḋ + Ksd = σ f + σs (12)

where Ms, Cs, and Ks are the equivalent mass, equivalent 
stiffness, and equivalent damping of the solid domain, 
respectively.

2.4.2 Boundary condition
As illustrated in Figure 6, a three-dimensional computa‐

tional model of the energy harvester was established.
The computational domain, shown in Figure 6(a), had 

dimensions of 30Di × 10Di × 3.1Di. The center of the inter‐
ference column was positioned 5Di away from the left 
inlet and 25Di away from the right outlet. The left side of 
the domain was set as a velocity inlet, the right side as a 
pressure outlet, and the walls were assigned a no-slip 
boundary condition. To enhance computational efficiency 

and accuracy, the fluid domain model was meshed using 
structured grids. Considering the importance of the near-
wall region in fluid dynamics, a boundary layer was added 
near the model. The first layer height was set at 10−4 m, 
with a growth ratio of 1.2, as shown in Figure 6(b). To 
ensure a one-to-one correspondence between the nodes of 
the structure and fluid domains, the structural domain was 
discretized into a hexahedral grid, as depicted in Figure 6(c).

Owing to the vibration of the model, turbulence emerged 
in its vicinity. In this study, large eddy simulation (LES) 
was used as the numerical calculation method, with a dimen‐
sionless wall distance of y+ = 1. This value was chosen to 
provide a balanced resolution across the viscous sublayer, 
the buffer region, and the near-wall laminar zone (Yao et al., 
2025). This value effectively captured small-scale vortical 
structures near the wall, while preventing excessive grid 
refinement that would increase computational costs. At the 
low Reynolds numbers near the onset of WIV, this approach 
accurately resolved the turbulent structures (Tong et al., 
2014). The transient solution was obtained using the Smago‐
rinsky–Lilly sub-grid model with a coefficient Cs = 0.1 
(Lysenko et al., 2023). The flow field medium was set as air 
at room temperature (20 °C). During the discretization pro‐
cess, the finite volume method was applied to discretize the 
control equations, and the PISO algorithm was used to man‐
age the transient coupling between the pressure and velocity 
fields. A second-order implicit reverse iteration time-step‐
ping scheme was employed for time integration, and the con‐
vection term was discretized using the QUICK scheme. The 
wall boundary layer was assumed to be fully turbulent and 
was resolved using LES. The convergence criterion for 
residual monitoring was set to 10−6, and the time step was 
determined to be 0.005 s. No divergence or periodic oscilla‐

Table 2　Uncertainty analysis of experimental results

v (m/s)

1

2

3

4

5

Xavg (mm)

0.728

7.708

12.085

16.288

19.756

SX

0.014

0.082

0.152

0.211

0.271

n

100

100

100

100

100

DOF (n−1)

99

99

99

99

99

t

1.984

1.984

1.984

1.984

1.984

ER

±0.004

±0.002

±0.002

±0.003

±0.003

fm

0.000 5

0.000 5

0.000 5

0.000 5

0.000 5

fc

0.036

0.036

0.036

0.036

0.036

ES

±0.018

±0.018

±0.018

±0.018

±0.018

E

±0.018 5

±0.018 3

±0.018 3

±0.018 3

±0.018 4

Figure 6　Computational domain and grid division
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tions were observed during the coupling process, ensuring 
the stability of the coupled system.

The boundary layer thickness of the bluff body wall sub‐
stantially influenced vortex shedding and flow-induced 
forces. When U = 4 m/s, the grid independence verifica‐
tion results of the WIVPEH under different boundary layer 
thicknesses are shown in Table 3. The results showed that 
vibration displacement and flow field pressure increased 
with the boundary layer thickness. The minimum error 
was 1.46%, and the maximum error was 2.69%. Consider‐
ing the balance between calculation time and resources, 
the grid with a boundary layer thickness of 15 was selected 
for subsequent analysis.

2.5  Date reduction

The vibration displacement and output voltage under 
each operating condition were recorded using a data acqui‐
sition card. To ensure the accuracy of the experimental 
results, the displacement and voltage data for each work‐
ing condition were measured in three separate groups and 
then processed using the three-time average method (Wang 
et al., 2025).

Xavg =
X1 + X2 + X3

3
(13)

Vavg =
V1 + V2 + V3

3
(14)

To reveal the vibration and energy-harvesting charac‐
teristics of the system at different frequencies and opti‐
mize the design of the energy-harvesting device, a fre‐
quency-domain analysis of the collected signal was per‐
formed. Assuming a time-domain signal a(n) with N 
sampling points, where n = 0, 1, 2, … , N − 1, the Fast 
Fourier Transform (FFT) equation was applied (Al-Al‐
weet et al., 2025).

A(k ) = ∑
n = 0

N − 1

a ( )n ⋅ e
− 2πi

N
kn

, k = 0, 1, 2, ⋯, N − 1 (15)

where A(k) is the amplitude of the signal at frequency fk, e 
is the base of the natural logarithm, and i is an imaginary 
unit.

The frequency fk could then be calculated using Eq. (15).

fk =
k
T

(16)

where k is the frequency-domain serial number, and T is 
the total time of the signal.

The collected vibration and electrical signals are input into 
Eqs. (14) and (15), leading to the derivation of Eqs. (16) 
and (17).

Ax( f ) = FFT{X (t )} (17)

Av( f ) = FFT{V (t )} (18)

where Ax( f ) is the vibration amplitude, Av( f ) is the voltage 
amplitude, X(t) is the vibration displacement at time t, and 
V(t) is the output voltage at time t.

To accurately evaluate the performance of the system, 
the root mean square (RMS) value of the vibration dis‐
placement of the response column under different working 
conditions was used to assess the vibration characteristics, 
while the RMS value of the output power of the energy-
harvesting module was used to evaluate the energy-har‐
vesting characteristics. Therefore, the RMS value of the 
output power is defined as Prms, calculated using the fol‐
lowing equation (Wang et al., 2025).

Prms =
V 2

rms

R
(19)

where Vrms is the RMS value of the output voltage of the 
energy harvester, and R is the external resistance. Vrms can 
be calculated using the following equation (Siriyothai and 
Kittichaikarn, 2023).

Vrms =
1
T ∫0

T

V ( )t 2
dt (20)

Correspondingly, the RMS value Xrms of the vibration 
displacement of the response column was calculated using 
Eq. (20).

Xrms =
1
T ∫0

T

X ( )t 2
dt (21)

The energy-harvesting module experiences lateral vibra‐
tion displacement under the action of FIV, with the corre‐
sponding force applied to the piezoelectric fiber material 
through the cantilever beam, facilitating the conversion of 
fluid kinetic energy into electric energy. Therefore, to ana‐
lyze the impact of different vibration modes of the double-
bluff body model and the cross-sectional shape of the 
upstream interference column on the kinetic energy-har‐
vesting performance of the fluid in the energy-harvesting 
module, the relative increase in the multiple Pm of the RMS 
value of the output power is introduced (Wang et al., 2025).

Table 3　Grid independence verification of PEH

Grid

Ⅰ

Ⅱ

Ⅲ

Boundary

10

15

20

X 
(mm)

13.11

12.95

12.99

Relative 
error (%)

2.69

1.79

0

Pressure
(Pa)

12.02

12.16

12.34

Relative 
error (%)

2.59

1.46

0
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Pm =
Pmax − Pmin

Pmin

(22)

where Pmax is the RMS value of the larger output power 
under different configurations of the double-bluff bodies, 
and Pmin is the smaller RMS value.

In the WIV piezoelectric energy-harvesting process, the 
fluid kinetic energy input power Pf is defined as follows 
(Farsi et al., 2021):

Pf =
1
2
ρ f  U

3 Hr(Dr + 2Xmax ) (23)

where Xmax is the maximum displacement of the response 
column, and Hr(Dr + 2Xmax) is the projection area of the 
oscillation interval of the response column. The energy 
conversion efficiency is calculated using the following 
equation (Ding et al., 2015):

η =
Prms

Pf

× 100% (24)

3  Results and discussion

Considering the typical offshore wind speeds and aim‐
ing to avoid the vibration effect caused by excessive fan 
speed, the low wind speed range of 0–6 m/s was selected 
to examine the vibration displacement, output voltage 
power, and energy conversion efficiency of the PEH under 
different cross-sectional shapes (Liu et al., 2025).

3.1  Numerical method validation

After conducting an uncertainty analysis to confirm the 
experimental accuracy, the numerical results were com‐
pared with the experimental data, as shown in Figure 7. 
The vibration displacement of DBB1 increased with wind 
speed, reaching its maximum value at U = 6 m/s, where 
the relative error between the simulation and experimental 
results was 3.9%. The maximum relative error of 4.9% 
occurred at U = 4 m/s. These errors remained within the 
acceptable range reported for similar structural vibration 
studies (Wu et al., 2021), indicating that the numerical 
method accurately captured the system vibration character‐
istics. This verification process also confirmed the validity 
of neglecting geometric nonlinearity under the current 
operating conditions.

3.2  Optimal configuration selection

3.2.1 Comparison between WIV and VIV
The curves of vibration displacement and output voltage 

of the PEH in terms of wind speed under different vibra‐
tion modes are shown in Figure 8. Vibration displacement 
and output voltage under VIV initially increased and then 
decreased as the wind speed increased, displaying a notice‐

able “lock-in region” that restricted the effective operating 
range. In this “lock-in region,” the vortex shedding fre‐
quency of the PEH closely matched the natural frequency 
of the structure, which remained around 7 Hz. The simula‐
tion data showed that the vibration response of the PEH 
was mainly governed by the first-order bending mode. 
Referring to Figures 8(a) and (b), when the wind speed 
ranged from 2.2 m/s to 3 m/s, the vibration displacement 
and output voltage of the PEH under VIV were temporarily 
higher than those under WIV. However, at a wind speed of 

Figure 8　Vibration displacement and output voltage of WIV and 
VIV with the change of wind speed

Figure 7　 Comparison of DBB1 experiment and simulation 
displacement results
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3 m/s, the peak values under VIV were only 6% and 8.7% 
higher than those under WIV, respectively, indicating that 
the performance improvement was modest. Consistent 
with previous research, the wake VIV and wake galloping 
occurred successively in the PEH within the 0–6 m/s wind 
speed range.

At a wind speed of 3.25 m/s (Re = 6 600), the system 
reached the wake galloping threshold. Simultaneously, the 
periodic vortex shedding frequency from the interference 
cylinder aligned with the first-mode natural frequency of 
the structure. When Re exceeded 6 600 (U > 3.25 m/s), the 
system continued to be dominated by the first bending 
mode, with no mode splitting or activation of higher bend‐
ing modes. This phenomenon was due to the fact that the 
equivalent stiffness of the aluminum cantilever beam was 
matched to the mass of the response cylinder, which caused 
the natural frequencies to concentrate near the first mode. 
Finite element analysis predicted the second bending 
mode at approximately 49 Hz, which was well above the 
maximum vortex shedding frequency (≤10 Hz) within the 
test range. The stable, periodic wake excitation provided 
by the interference cylinder focused its energy on the first 
mode and lacked the broadband or impulsive components 
necessary to excite higher modes.

Additionally, the free-decay test shown in Figure 3 pro‐
duced a decay curve with a single dominant frequency and 
no beating. The FFT results confirmed that the energy was 
confined to the first bending mode band. The first-mode 
frequency calculated by finite element analysis was 8.6 Hz, 
which differed from the experimental FFT peak of 8.789 Hz 
by less than 2%, further confirming the dominance of the 
first mode. Under these conditions, the vibration displace‐
ment of the cantilever and the output voltage of the PEH 
increased rapidly (Wang et al., 2025). When compared to 
VIV, under WIV, the displacement increased by 200.1%, 
the output voltage rose by 177.2%, and the effective oper‐
ating range expanded by 66.7%, notably enhancing the 
energy-harvesting capability.

To objectively compare the output performance of the 
integrated double-bluff body piezoelectric energy harvester 
under WIV and VIV, the study employed qualitative and 
quantitative analyses. The qualitative analysis was con‐
ducted through an LED brightness experiment, as shown 
in Figure 9.

The real-time vibration state of the double-bluff body 
model and the real-time brightness of the external circuit 
LED were depicted from top to bottom under a wind speed 
of 5.75 m/s. Figures 9(a) and (c) show the experimental 
phenomena under VIV, while Figures 9(b) and (d) show 
the experimental phenomena under WIV. Notably, the vibra‐
tion displacement of the model under VIV was substantially 
smaller than that under WIV. During this time, the LED 
remained off. In contrast, the LED emitted steady light under 
WIV. From a qualitative perspective, this observation indi‐

cates that the output performance of the PEH was better 
under WIV.

The quantitative analysis of the voltage signals in the 
LED brightness experiment is shown in Figure 10. Notably, 
the output voltage of the PEH under both vibration mecha‐
nisms stabilized after 22 s, confirming the feasibility of the 
integrated double-bluff body model for piezoelectric energy 
harvesting. Compared to the output voltage of 0.4 V under 
VIV, the output voltage under WIV reached 6.4 V, a remark‐
able increase of 15 times. This remarkable enhancement 
was due to the presence of the interference column, which 
increased the fluid excitation force in the wake. Conse‐
quently, this phenomenon increased the vibration displace‐
ment of the response column, generating a higher voltage 
output (Liu et al., 2020).

Aiming to comprehensively evaluate the energy output 
in the LED brightness experiment, Figure 11 presents the 
power output data of the PEH under VIV and WIV. Under 
VIV, the power output of the PEH was only 0.017 µW, 
which was insufficient to reach the LED’s rated power of 
0.028 µW, resulting in an unlit bulb. In contrast, under 

Figure 9　Luminance comparison of LED under WIV and VIV

Figure 10　Output voltage variation of the energy-harvesting module 
under WIV and VIV
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WIV, the output power of the PEH reached 14.048 µW, 
which was 823.5 times higher than under VIV, demonstrat‐
ing a notably better output performance.

Regarding the electrical signal output, the working 
mechanism of the PEH is elucidated from the perspectives 
of vibration displacement and flow field, as shown in 
Figure 12. From Figure 12(a), the PEH underwent single-
period motion under VIV and WIV. The vibration displace‐
ment under WIV was 29.364 mm, which was 3.6 times 
higher than that under VIV (6.403 mm), correlating with a 
higher output voltage and power. This substantial differ‐
ence in performance can be explained from the flow field 
perspective, as shown in Figure 12(b). Under WIV, the 
response cylinder experienced not only the direct impact 
of the oncoming flow but also the interaction of unsteady 
vortex structures in the wake of the interference cylinder. 
This cylinder provided additional energy input for the vibra‐
tion of the response cylinder, further enhancing its vibra‐
tion response (Assi et al., 2013). In contrast, under VIV, 
the vortex shedding generated by the PEH was relatively 
weak. Consequently, the velocity gradient was not as pro‐
nounced and was mainly concentrated around the sides of 
the cantilever, extending downstream toward the fixed 
end. This weaker interaction limited the vibration displace‐
ment and the energy output. Therefore, the flow under 
VIV was unable to induce sufficient deformation of the 
piezoelectric material to generate electrical signals. In con‐
trast, the interference cylinder enhanced the velocity gradi‐
ent on both sides of the cantilever. The shed vortices rapidly 
traveled downstream along the cantilever, impacting the 
surface of the response cylinder and creating localized 
high-pressure areas. This phenomenon ultimately generat‐
ed a substantial pressure difference along the vibration 
direction of the response cylinder, which amplified its 
vibration response and facilitated a higher electrical output.

The FFT analysis of the vibration displacement and out‐
put voltage of the PEH under VIV and WIV is shown in 
Figure 13, illustrating the correlation between the two. As 
shown in Figure 13(a), the dominant vibration frequencies 

of the PEH were 7.813 Hz under VIW and 8.789 Hz under 
WIV, with the latter being slightly higher. This finding 
indicates that under WIV, the response cylinder had a 
shorter vibration period of the response cylinder was and the 
response and a more intense response, which is consistent 
with the analysis results shown in Figure 12. Figure 13(b) 
further confirms that the dominant frequencies for vibra‐
tion displacement and output voltage were identical, appear‐
ing as a single prominent peak without notable harmonics 
or subharmonics. This observation confirms that, in the 
corresponding dominant mode, the stable periodic vibra‐
tion of the response cylinder was effectively converted 
into electrical energy via the piezoelectric material (Dong 
et al., 2019), supporting the working mechanism described 
in Figure 12(b).

The study highlighted that during the design phase of 
the cantilever PEH, the addition of an upstream interfer‐
ence column effectively improved the overall output per‐
formance of the energy harvester. When compared to the 
VIV of a single cylindrical device, the WIV mechanism 
not only increased the amplitude but also the vibration fre‐
quency of the response column. Consequently, the output 
power of the energy harvester under WIV was consider‐
ably higher than that under VIV (Wang et al., 2020d).

Figure 12　Vibration displacement variation at the cantilever beam 
end under WIV and VIV

Figure 11　Comparison of energy-harvesting characteristics of PEH 
in WIV and VIV

1169



Journal of Marine Science and Application 

3.2.2 Comparison between DBB1–DBB3
By modifying the cross-sectional shape of the interference 

column, the study further explored the vibration response 
and output performance of the PEH under WIV. Figure 14 
illustrates the relationship between vibration displacement 
and output voltage for DBB1–DBB3 as a function of wind 
speed. As wind speed increased, displacement and voltage 
also showed an upward trend. In Figure 14(a), the vibra‐
tion displacement of the PEH with different cross-section‐
al shapes alternately increased with wind speed. Specifically, 
the displacement of DBB1 gradually surpassed that of DBB2 
and DBB3 between 3–3.25 m/s and continued to rise with 
increasing speed, reaching a peak at 6 m/s. Figure 14(b) 
shows that the output voltage followed a similar trend to 
the vibration displacement. After 3.25 m/s, DBB1 exhibited 
superior output performance. At 6 m/s, the output voltage 
of DBB1 was 26.84% and 20.38% higher than that of DBB2 
and DBB3, respectively. Notably, when the Re > 6 600, the 
vibration displacement and output voltage of DBB1 consis‐
tently outperformed those of DBB2 and DBB3.

Aiming to effectively understand how the cross-sectional 
shape of the interference column affects the energy-har‐
vesting characteristics under WIV, the vibration response 
under wake excitation was analyzed. Figure 15 shows the 
variation in vibration displacement of the response column 
under WIV at a wind speed of 5.75 m/s for the DBB1 –

DBB3 models. The vibration behavior of all three models 
under WIV stabilized, showing a single-cycle motion. 
Although the fluid flow interacting with the bluff body, 
having different cross-sectional shapes, impacted the vibra‐
tion of the downstream response column, the vibration 
period remained nearly constant. The variations in the shapes 
of the interference column notably altered the vortex shed‐
ding modes behind the bluff body. A stronger vortex shed‐
ding mode resulted in a more complex vortex structure, 
which induced periodic pressure fluctuations in the wake, 
thereby intensifying the vibration response of the bluff 
body (Ding et al., 2015). The vibration displacements 
for DBB1, DBB2, and DBB3 were measured at 29.364, 
21.233, and 22.892 mm, respectively. When compared to 
DBB2 and DBB3, the vibration displacement of DBB1 
increased by 38.3% and 28.3%, respectively. Thus, the 
modification of the cross-sectional shapes of the interfer‐
ence column had a remarkable effect on the vibration char‐
acteristics of the models, with DBB1 exhibiting the highest 
vibration amplitude among the three studied models.

Given that the vibration displacement directly influences 
the output voltage and power of the PEH, Figure 16 shows 
the variation in output voltage of the response column 
when the incoming wind speed was 5.75 m/s. The output 
voltage from the three different bluff body models remained 

Figure 14　Vibration displacement and output voltage of DBB1 –
DBB3 with the change of wind speed

Figure 13　 FFT diagram of the energy harvester oscillator under 
WIV and VIV
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stable, displaying consistent waveforms throughout the test. 
Among these models, DBB1 achieved the highest maxi‐
mum output voltage of 6.4 V, while DBB2 and DBB3 
reached output voltages of 4.5 and 5.2 V, respectively. 
This discrepancy in voltage levels can be attributed to the 
superior aerodynamic performance and vibration response 
of the DBB1 model compared to the DBB2 and DBB3 
models (Zhu et al., 2019).

The changes in vibration displacement and output volt‐
age were clearly synchronized, with both parameters exhib‐
iting similar trends across the different models. A compari‐
son of the output voltage among the three models revealed 
the following relationships: from DBB2 to DBB3, the vibra‐
tion displacement increased by 12.4%, which resulted in 
an 11.7% increase in output voltage. Similarly, from DBB3 
to DBB1, the vibration displacement increased by 16.9%, 
corresponding to a 14.6% increase in output voltage. Despite 
the different wake excitation effects produced by DBB1–
DBB3, a larger vibration displacement consistently corre‐
lated with a higher output voltage. Specifically, the WIV 
caused by the DBB1 model at a specific flow rate resulted 
in a stronger vibration response compared to that of the 
DBB2 and DBB3 models.

Based on the output voltage data of the DBB1–DBB3 
models shown in Figure 16, the comparison of output per‐

formance is illustrated in Figure 17. Figure 17(a) presents 
a comparison of the energy-harvesting characteristics 
among DBB1, DBB2, and DBB3. The Prms of the DBB1 
model was 14.048 µW, which was 18.2% and 35.7% higher 
than that of the DBB3 and DBB2 models, respectively. 
While the energy-harvesting characteristics varied across 
the DBB1, DBB2, and DBB3 models, all showed improve‐
ments when the response column was positioned upstream.

Aiming to compare the energy-harvesting characteris‐
tics of the DBB1–DBB3 models, the output power growth 
relative to that of a single cylindrical bluff body was calcu‐
lated and defined as Pm, as shown in Figure 17(b). Evidently, 
the energy-harvesting characteristics of DBB1 increased by 
a factor of 825.4, while those of DBB2 and DBB3 increased 
by factors of 607.8 and 697.9, respectively. This enhance‐
ment is attributed to the upstream interference column, 
which effectively improves the energy-harvesting charac‐
teristics of the device. By altering the shape of the interfer‐
ence column, higher energy output can be achieved under 
the same operating conditions (Wang et al., 2023a).

Based on the research results, DBB1 demonstrated higher 
energy output than the DBB2 and DBB3 models, with 
increases of 35.7% and 18.2%, respectively. Therefore, 
DBB1 was identified as having the best energy-harvesting 
performance and was chosen as the optimal model for this 

Figure 15　Vibration displacement variations in the response column 
across the DBB1–DBB3

Figure 16　Output voltage variations across the DBB1–DBB3

Figure 17　Comparison of output performance among the DBB1–
DBB3
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study. Additionally, the analysis results confirmed the sub‐
stantial impact of the interference bluff body shape on the 
vibration and energy-harvesting performance of the device.

3.3  Flow Field Evolution

In this experiment, the displacement amplitude repre‐
sents the bending degree of the piezoelectric cantilever 
beam. A large displacement amplitude corresponds to a 
large bending deformation of the cantilever beam, result‐
ing in a high output voltage. Aiming to explain this phe‐
nomenon comprehensively, an analysis from the perspec‐
tive of the flow field is required. Therefore, four typical 
velocities were selected to demonstrate the synergistic effect 
of the vortex shedding process on energy collection perfor‐
mance, as shown in Figure 18.

Notably, the presence of the cantilever beam caused 
shedding of vortices from the interference cylinder to gen‐
erate velocity gradients on both sides of the beam. These 
velocity gradients became more pronounced as the flow 
velocity increased, thereby inducing substantial vibration 
in the downstream response cylinder. When the flow veloc‐
ity was relatively low, the influence range of the interfer‐
ence cylinder’s wake was relatively small, and the vortex 
shedding phenomenon weakened noticeably as the down‐
stream distance increased. However, as the flow velocity 
increased, the vorticity flux in the wake also increased. 
With higher vorticity, the vortex shedding became faster, 
resulting in an enhanced excitation force generated by the 
fluid on both sides of the response cylinder, which causes 
a larger vibration displacement (Wang et al., 2025). 
Therefore, the greater the vorticity flux on both sides of 
the response cylinder, the larger the vibration displace‐
ment and, consequently, the higher the output voltage, as 
shown in Table 4. Specifically, when the flow velocity was 
3 m/s, the vorticity flux on both sides of the response cylin‐
der was 0.07 m²/s, the vibration displacement was 12.1 mm, 
and the system output voltage was 1.49 V. As the flow 
velocity increased to 6 m/s, the vorticity flux increased by 

11.29 times, the vibration displacement increased by 
2.67 times, and the output voltage increased by 2.01 times. 
Notably, as the vorticity flux increased, the vibration 
displacement of the response cylinder also substantially 
increased, thereby enhancing the output voltage of the PEH 
(Du et al., 2024).

The qualitative analysis shown in Figure 18 and the 
quantitative data listed in Table 4 revealed that, as the flow 
velocity increased, the vortex shedding frequency (  fs  ) 
gradually synchronized with the vibration frequency (  fv  ) 
of the wake oscillator. Within this synchronized range, the 
Strouhal number stabilized between 0.07 and 0.11, corre‐
sponding to the locked-in regime induced by vortex shed‐
ding, with no clear vortex merging observed. Although the 
cantilever beam disturbed the wake and prevented the for‐
mation of the typical 2S or 2P pattern, the vortices contin‐
ued to detach in a periodic alternating sequence. This peri‐
odicity was clearly indicated by the stable Strouhal num‐
ber. The observed Strouhal range matched the characteris‐
tic values reported in (Wang et al., 2020b) for cantilevered 
structures undergoing periodic VIV. Consequently, even 
though the 2S or 2P pattern did not appear, the periodic 
features of the atypical vortex structure could still be clas‐
sified and identified through this stable Strouhal range. 
From the perspective of the flow field, this analysis is con‐
sistent with the pattern shown in Figure 14 and further 
clarifies the working mechanism of the PEH under WIV as 
the flow velocity changes.

3.4  Performance analysis of PEH

As the wind velocity changes, the complex flow field 
environment notably affects the vibration characteristics of 
the response column, thereby affecting the output perfor‐
mance of the device. Aiming to comprehensively evaluate 
the output performance of the device in practical applica‐
tions, Figure 19 illustrates the relationship between output 
power and energy conversion efficiency for DBB1–DBB3 
across different wind speeds.

As shown in Figure 19(a), the output power of DBB1–
DBB3 increased with rising velocity. This trend was attrib‐
uted to the higher maximum oscillating lift that the response 
column could withstand as the wind speed increased, 
leading to greater power output (Yan et al., 2021). Over 
the range of low to medium wind speeds, the output 

Table 4　Effect of flow velocity on PEH performance metrics

U (m/s)

3

4

5

6

Vorticity 
flux (m2/s)

0.07

0.18

0.39

0.86

X (mm)

12.11

14.53

21.32

32.32

V (V)

1.49

2.26

3.15

4.49

fs (Hz)

7.30

7.90

8.62

8.90

fv (Hz)

8.20

8.48

8.73

8.80

St

0.110 0

0.090 0

0.077 6

0.070 0

Figure 18　Velocity contours (left) and Vorticity contours (right) in 

(a–b) 3 m/s, (c–d) 4 m/s, (e–f) 5 m/s, and (g–h) 6 m/s
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power of the three devices fluctuated alternately. Between 3 
and 3.25 m/s, the output power of DBB1 successively 
exceeded that of DBB3 and DBB2. Once the wind speed 
exceeded 3.25 m/s, the output power of DBB1 stabilized 
at a high level. At a wind speed of 4 m/s, the output power 
of DBB3 surpassed that of DBB2. Notably, at wind 
speeds below 4 m/s, the advantageous output power inter‐
vals for the three devices were relatively short, making it 
difficult to accurately assess their output performance. 
However, as the wind speed increased, the relationship 
between the output power of the devices became rela‐
tively stable. At a wind speed of 6 m/s, the output power 
of all three devices reached their respective maxima. At 
this point, the output power of DBB1 was 20.13 µW, 
which was 60.65% and 44.4% higher than that of DBB2 
and DBB3, respectively.

Equations (19)–(24) show that the energy conversion 
efficiency of the PEH is directly proportional to the square 
of the output voltage and inversely proportional to the cube 
of the wind speed. As wind speed increased, the fluid kinet‐
ic power input also increased with the cube of the velocity 
( Pf ∝ U 3 ), while the electrical output power grew with the 
square of the wind speed ( Prms ∝ V 2

rms ∝ U 2 ). The disparity 
between these growth rates resulted in an initial rise in con‐

version efficiency, followed by a rapid decline at higher 
speeds, as shown in Figure 19(b). The first peak in ener‐
gy conversion efficiency occurred at 0.25 m/s. Although 
this was not yet the critical wind speed for WIV, the dif‐
ference in size between the response cylinder and the in‐
terference cylinder caused the downstream response cyl‐
inder to operate under its own VIV. However, after this 
first peak, it quickly disappeared, failing to provide sta‐
ble energy output for the micro-sensor. As wind speed 
continued to increase, DBB2 and DBB1 successively 
reached their respective second peaks. Notably, the sec‐
ond peak of DBB1 was 23.4% higher than that of DBB2, 
and its coverage area was 2.4 times larger, enabling 
DBB1 to maintain a more stable energy output over a 
broader range of wind speeds.

4  Conclusions

In this study, an integrated double-bluff body PEH was 
introduced to enhance energy harvesting using WIV. The 
output performance of the PEH was evaluated under differ‐
ent vibration modes and cross-sectional shapes of the inter‐
ference column through wind tunnel experiments. Addi‐
tionally, the working mechanism of the PEH was explained 
based on two-way fluid–structure interaction theory. The 
following conclusions were drawn:

1) The output performance of the PEH under WIV was 
significantly improved. Compared to VIV, the maximum 
vibration displacement of the PEH under WIV increased by 
200.1%, the maximum output voltage increased by 177.2%, 
and the effective working range expanded by 66.7%.

2) When the interference column had a circular cross-
section, the PEH exhibited the best performance under 
WIV. Compared to square and equilateral triangular cross-
sections, the maximum output power of the PEH with a 
circular cross-section increased by 60.65% and 44.4%, 
respectively.

3) The evolution of the flow field demonstrated that the 
energy-harvesting characteristics of the device were sensi‐
tive to variations in the incident wind speed. As the wind 
speed gradually increased, the vibration displacement and 
output power of the integrated double-bluff body model 
increased rapidly.

4) When the cross-section of the interference column 
was circular, the energy output of the PEH became highly 
stable. Compared to the square cross-section, the energy 
conversion efficiency at the second peak increased by 
23.4% for the circular cross-section. Additionally, the peak 
coverage range expanded by 2.4 times, allowing stable 
energy output across a wider operating range.

This study investigated the piezoelectric energy harvesting 
under low wind speed conditions ranging from 0 to 6 m/s. 
The results confirmed the energy harvesting advantages of 

Figure 19　Output power and energy conversion efficiency
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the DBB1 structure. Future work aims to enhance the test 
setup to extend the wind speed range and incorporate non‐
linear beam theory to improve model accuracy under large 
displacement conditions. Additionally, the energy conver‐
sion process will be further analyzed to examine the impact 
of mechanical–electrical phase characteristics and imped‐
ance matching on conversion efficiency. Machine learning 
techniques are also planned to optimize the piezoelectric 
thickness and resonator topology for better performance in 
complex settings (Jalali et al., 2024).
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