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ABSTRACT

Vortex-induced vibration (VIV) has emerged as a promising method for small-scale energy harvesting. This research explores the key param-
eters affecting VIV in a cylinder-cantilever beam system within a Reynolds number range of 400–7500. The investigation focused on identify-
ing the airflow velocity thresholds that initiate vibrations, measuring peak vibration amplitudes, and determining the critical airflow velocities
where vibrations are maximized. By systematically varying mass, stiffness, and cylinder diameter, we examined their distinct effects on system
behavior. Key outcomes indicate that larger cylinder diameters lead to increased vibration amplitudes and broader operational bandwidths,
while adding mass reduces the bandwidth. Higher stiffness boosts both the maximum amplitude and bandwidth, shifting these to higher air-
flow velocities. The lock-in regime was observed to initiate at a Strouhal number (St) between 0.175 and 0.197, with vibration cessation occur-
ring at an approximately consistent Strouhal number for each cylinder diameter. The peak vibration amplitude occurred at St� 0.16, with
fluctuations of less than 5% across all models. Additionally, the wake structure behind the cylinder and its behavior across the vibration band-
width were analyzed using flow visualization techniques. A hot-wire anemometer positioned downstream measured velocity fluctuations
from vortex shedding. These findings offer practical insights for optimizing VIV-based energy harvesting, linking wake behavior to amplitude
response and power output. This study contributes to the broader understanding of VIV energy harvesters and provides a foundation for val-
idating numerical models and enhancing the efficiency of sustainable energy systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0260317

NOMENCLATURE

A Amplitude of vibration (m)
A� Amplitude ratio
AR Cylinder aspect ratio
CA The ideal added mass coefficient
Cp Piezoelectric capacitance (F)
c Structural damping (kg/s)
D Diameter of the cylinder (m)

d31 Piezoelectric constant (pm/V)
f Vibration frequency (Hz)
fn Natural frequency of the vibrating structure (Hz)
fv Vortex shedding frequency (Hz)
hb Height of the beam (m)
hp Height of the piezoelectric patch (m)
ip Piezoelectric current (A)
k Structural stiffness (N/m)

k�S
33 Permittivity under constant strain (nF/m)
L Length of the cylinder (m)

Lb Length of the beam (m)
Lb/D Beam length to cylinder diameter ratio

l0 Distance between the beams’ fixed end and the piezoelectric
patch (m)

lp Length of the piezoelectric patch (m)
m� Mass ratio
mv Vibrating mass (kg)
P The instantaneous electrical power (W)

Popt The optimal power (W)
P� Dimensionless power
�P The average electrical power (W)
R Electrical resistance (X)

Ropt Optimal electrical resistance (X)
Re Reynolds number
St Strouhal number
T Vibration period (s)
t Time (s)
tb Thickness of the beam (m)
tp Thickness of the piezoelectric patch (m)
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U Absolute velocity (m/s)

Uc Cylinder velocity in cross-flow direction (m/s)
U1 Free stream velocity (m/s)
U� Reduced velocity
VL Voltage magnitude across a load resistance (V)

VLopt Optimal voltage magnitude across a load resistance (V)
Vp Voltage magnitude generated by the piezoelectric material (V)
vL Voltage across a load resistance (V)
Yp Elastic modulus of the piezoelectric patches (GPa)
y Deflection of the beam tip (m)
a Angle between absolute velocity and free stream velocity (�)
ep Strain at the half-thickness of the piezoelectric patch
f Damping ratio
h Electromechanical coupling coefficient (N/V)
� Kinematic viscosity of the fluid (m2/s)
q Fluid density (kg/m3)
x Angular frequency (rad/s)
xn Angular natural frequency (rad/s)
DU Bandwidth of vibration (m/s)

I. INTRODUCTION

Vortex-induced vibration (VIV) is a complex fluid–structure
interaction phenomenon that occurs when unsteady vortices shed
from a bluff body, such as a circular cylinder, leading to oscillatory
forces and vibration of the supporting structure.1 As the flow continues
past the cylinder, alternating vortices are formed–a process known as
vortex shedding–that can induce vibrations. VIV becomes particularly
significant when the frequency of vortex shedding approaches the nat-
ural frequency of the structure, potentially leading to large oscillations.
This synchronization, known as the lock-in phenomenon, occurs over
a specific range of reduced velocities and can significantly amplify the
oscillations in the system.2–4

The vortex shedding effect on a vibrating system has been exten-
sively investigated by various researchers.2,4–9 It has been observed that
the motion of the body can influence the instability mechanism that
results in vortex shedding. Consequently, the flow generated by vortex
shedding around a vibrating bluff body exhibits notable differences
from that around a fixed one.2

Historically, VIV has been treated as a problem to be avoided,
as excessive vibrations can lead to structural fatigue and failure.
However, recent research has shifted toward exploring VIV as a
method for harvesting energy from fluid flows, driven by advances
in low-power electronics and the increasing demand for sustainable
energy solutions.10–13 The use of piezoelectric materials has opened
new pathways for converting mechanical vibrations into electrical
energy, particularly for small-scale applications, such as remote sen-
sors.14,15 Fluid–structure interactions in energy harvesting systems
are highly dependent on both the dynamics of the flow and the
structural response, making the study of VIV critical in understand-
ing and optimizing these systems.

Researchers, such as Allen and Smits16 pioneered the study of flu-
idic energy harvesting by examining piezoelectric beams in oscillatory
flows. Their work demonstrated how flexible beams in fluid wakes can
be used to generate electrical energy. Taylor et al.17 and Yang et al.18

later expanded these concepts to ocean waves, illustrating the versatil-
ity of piezoelectric materials in harvesting energy from fluid motion.
Anton and Sodano19 further reviewed advances in piezoelectric energy

harvesting, highlighting significant progress in capturing mechanical
vibrations for power generation. Akaydin et al.20,21 explored energy
harvesting from highly unsteady fluid flows, emphasizing how fluid–
structure interactions could increase power generation by utilizing the
motion of bluff bodies in turbulent environments. Azadeh-Ranjbar
et al.12 investigated vortex-induced vibrations of finite-length cylin-
ders, revealing how the aspect ratio (AR) influences the lock-in regime
and broadens the effective energy harvesting envelope. Goushcha
et al.22 examined turbulent boundary layers, showcasing how vortex
shedding and wake dynamics enhance energy extraction using piezo-
electric materials.

Recent studies have introduced innovative designs and configura-
tions to further optimize piezoelectric-based VIV harvesters. For
instance, research into slit-offset circular cylinders has demonstrated
significant amplification of VIV amplitudes, enhancing energy harvest-
ing efficiency at low Reynolds numbers.23,24 Hybrid systems combining
piezoelectric and electromagnetic transduction mechanisms have also
shown improved energy harvesting performance under VIV condi-
tions.25,26 Comprehensive reviews have summarized advancements in
flow-induced piezoelectric vibration energy harvesting, emphasizing
novel mechanisms and emerging applications.27,28 Experimental studies
have verified practical approaches for optimizing piezoelectric energy
harvesters employing circular cylinders.29–31 Additionally, aerodynamic
modifications to circular cylinders have been explored to improve aero-
elastic instability and efficiency in wind-based energy harvesters utiliz-
ing VIV.32 Recently, research has also explored multi-directional and
multi-modal VIV systems, highlighting their potential for significantly
enhancing energy harvesting efficiency from wind flows.33

Williamson and Govardhan4 provided an extensive overview of
VIV research, detailing amplitude branches and hysteretic transitions.
Khalak and Williamson34–36 characterized various VIV responses,
including initial, upper, and lower oscillation branches. Gabbai and
Benaroya6 proposed a first-principles approach using Hamilton’s prin-
ciple for deriving wake-body models for VIV, offering a physical foun-
dation. Tamura9 highlighted nonlinear features, such as self-excited
vibration, frequency lock-in, and delayed resonance, noting increased
amplitude response during lock-in.

The dynamic response of a cylinder with spanwise free-ends, sub-
jected to periodic vortex shedding and tip vortices, depends signifi-
cantly on the aspect ratio (AR), defined as the cylinder length-to-
diameter ratio.37,38 Additionally, studies of cylinders with one spanwise
free-end have characterized “end-cell-induced vibration (ECIV),” a
distinct phenomenon occurring alongside VIV at higher wind
speeds.39 Vortex shedding is less pronounced for bluff bodies with
lower AR, although it does not completely vanish. Bodies with smaller
aspect ratios exhibit weaker vortex shedding, limiting their potential
for significant oscillations.2,38 In our research, we examine cylinders
with aspect ratios ranging from 10 to 20.

Energy harvesting applications for cylindrical oscillators typically
target airflow velocities between 0 and 2m/s, aligning with typical
wind speeds encountered in outdoor and indoor environments, such
as heating, ventilation, and air conditioning (HVAC) systems.
Effective energy harvesting within this velocity range is crucial for
powering small-scale sensors and devices. The generated power by pie-
zoelectric harvesters depends on the square of displacement amplitude,
underscoring the importance of maximizing beam deflection. In
energy harvesting applications, not only is the amplitude of vibration
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crucial, but also the bandwidth of vibration (DU) is equally important.
The bandwidth of vibration refers to the range of airflow speeds within
which the system undergoes sustained vibrations. This range defines
the interval of airflow speeds over which the system remains in reso-
nance or lock-in, allowing for continuous oscillations and energy har-
vesting. A broader bandwidth of vibration indicates a greater
adaptability of the system to varying airflow velocities, enhancing its
potential for practical applications in environments with fluctuating
airflow conditions. This concept is analogous to the cut-in and cut-out
wind speeds in wind turbine applications. The cut-in speed represents
the minimum wind speed required to initiate power generation, while
the cut-out speed defines the maximum wind speed at which the tur-
bine safely operates. Similarly, the bandwidth of vibration in energy
harvesters represents the air velocity range within which the system
effectively generates energy. Expanding this bandwidth ensures that
the harvester remains operational across a broader range of airflow
conditions, thereby increasing its reliability and energy output under
variable wind environments.

In this study, we aim to deepen the understanding of the interac-
tions between fluid flow, structural mechanics, and energy harvesting
potential. Specifically, we investigate a model system consisting of a
circular cylinder attached to a cantilever beam subjected to steady air-
flow [Fig. 1(a)], allowed to vibrate in a crossflow direction. This system
has been examined by several researchers in the past,10–13 with particu-
lar focus on VIV responses, such as initial, upper, and lower branches
of oscillation, as observed in the seminal work of Khalak and
Williamson.34–36 Building on this foundation, our work focuses on the
experimental characterization of the effects of three key parameters:
cylinder diameter, system stiffness, and vibrating mass, on the perfor-
mance of this energy-harvesting system.

An essential aspect of our investigation involves studying the flow
structure behind the cylinder, as the wake is directly affected by vortex
shedding and, consequently, the vibration characteristics. To achieve
this, we employed advanced flow visualization techniques using fog
tracer particles, continuous laser illumination, and high-speed cam-
eras, which allowed us to capture the wake patterns and observe the
flow behavior in real time. Additionally, a hot-wire anemometer was
installed downstream of the cylinder to measure fluctuations in airflow
velocity due to vortex shedding. These techniques are crucial in under-
standing the fluid dynamics behind the cylinder, as the wake structure
not only determines the amplitude and frequency of vibrations but
also offers insights into optimizing the energy harvesting efficiency of
VIV systems.

This paper presents the experimental results that highlight the
importance of key system parameters, including cylinder diameter,
system stiffness, and mass, in governing the VIV response. The find-
ings from this research contribute to the broader understanding of
VIV as a promising mechanism for small-scale energy harvesting and
offer practical insights into optimizing such systems for enhanced
performance.

II. THEORETICAL BACKGROUND

The VIV phenomenon is usually observed when the Reynolds
number (Re), which is defined as Re ¼ U1D

� , where U1 is the uniform
flow velocity, D is the diameter of the cylinder, and � is the kinematic
viscosity of the fluid, exceeds a critical threshold of approximately
Re ¼ 40:1

The reduced velocity U� ¼ U1
fnD

, where fn is the natural frequency
of the vibrating structure, plays a key role in defining the lock-in
regime. Additionally, the mass ratio m� ¼ mv

qpD2L=4 and damping ratio

f ¼ c
2
ffiffiffiffiffiffi
mvk

p , where mv is the vibrating mass, q is the fluid density, L is

the length of the cylinder, c is the structural damping, and k is the
structural stiffness, are critical parameters influencing the VIV
response. The first natural frequency (fn) of the vibrating system can

be approximated by fn ¼ 1
2p

ffiffiffiffi
k
mv

q
.

To calculate the average power generated by a piezoelectric
energy harvester, the relationship between the beam tip movement
and the voltage generated across the piezo element must be considered.
The deflection of a piezoelectric beam (y) is proportional to the voltage
(Vp) generated by the piezoelectric material, as given by the simplified
relationship Vp ¼ � h

Cp
y, where Cp is the piezoelectric capacitance and

h is the electromechanical coupling coefficient.20 The instantaneous

electrical power (P) over a resistor is calculated as P ¼ V2
L
R , where VL is

the voltage across a load resistance R. The average electrical power (�P)
over a time (t1 � t0) period is then defined as �P ¼ 1

t1�t0

Ð t1
t0
Pdt.

A stationary cylinder placed in the airflow induces vortex shed-
ding [Fig. 1(b)], and the shedding frequency (fv) depends on both the
upstream airflow velocity and the cylinder diameter. This relationship

can be expressed through the Strouhal number,40 St ¼ fvD
U1

. For a sta-

tionary cylinder, it is well known that at Reynolds numbers (Re) of
1000 and higher, St remains constant at around 0.18–0.2.2 This con-
stant St implies that an increase in airflow velocity leads to a propor-
tional increase in vortex shedding frequency.

However, for a cylinder that is allowed to vibrate in the crossflow
direction, the so-called “lock-in” phenomenon occurs in which the fre-
quency of the vortex shedding matches the natural frequency of the
system over a relatively wide range of airflow velocities, i.e., the St
decreases with increasing airflow velocity over this lock-in range.
Outside the lock-in regime, however, the vortex shedding frequency
approximately matches the vortex shedding frequency for the flow
passing a stationary cylinder.2,36 Figure 2 shows a typical amplitude
response (A) of a vibrating cylinder with increasing airflow velocity
(the details of this experiment will be discussed below).

Initially, the cylinder is at rest and as the incoming airflow velocity
increases, the vortex shedding frequency increases; the cylinder starts to
vibrate as the vortex shedding frequency approaches the structural nat-
ural frequency of the system. The vibration amplitude increases rapidly
as the vortex shedding frequency nears the structural resonance of the
system at which point the system enters the “lock-in” regime. During
lock-in, the cylinder experiences large vibration amplitudes. Along with
the large amplitude response observed during the lock-in regime, there
is a notable effect where the vortex shedding frequency (fv) synchro-
nizes with the natural frequency of the system (fn).

4 This synchroniza-
tion is a defining characteristic of the lock-in regime and allows for
resonance between the fluid forces and the structural vibrations in a
wide range of airflow velocities. During this phase, the Strouhal number

can be calculated using the formula St ¼ fD
U1

, where f¼ fn¼ fv.
As the upstream fluid velocity further increases, there is a jump

in vortex shedding frequency, marking the end of the lock-in regime.
In the post-lock-in regime, the vortex shedding frequency once again
follows the constant Strouhal number law.12,41,42
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Vibrating piezoelectric systems subjected to harmonic excitation
are well-understood, and the generated power can be shown to be pro-
portional to the square of the amplitude of the displacement.43 The
coupling between the fluid-flow and the structural system that causes
this displacement, however, is not well understood since it involves a
complex interaction of vortex-shedding around a moving bluff-body.
The goal of the present research is to investigate the effects of critical
structural parameters (i.e., mass and stiffness) and geometric parame-
ters (i.e., cylinder diameter) on the amplitude response of a model
bluff-body vibrating system.

III. MATERIALS AND METHODS

Figure 3 depicts the schematic and specific details of the energy har-
vester utilized in this study. The harvester’s configuration allows for the
replacement of the bluff body at the end of the cantilevers by different
diameters (D) of cylinders, the adjustment of stiffness (k) by modifying
the length of the beams (Lb), and the adjustments of vibrating mass (mv).

The cylinder was supported by two beams positioned at the top
and bottom ends, outside the wake region, to reduce potential interfer-
ence with the airflow. To further minimize the impact of these sup-
ports on the wake flow and the system’s vibrations, the beams were
shielded from the airflow by hoods (Fig. 4).

The aluminum beams have the following characteristics: a density
of 2730kg/m3, an elastic modulus of 69GPa, a width of 12.5mm, a
thickness of 1.5mm, and an adjustable length ranging from 450 to
550mm.

A strain gauge, bonded near the clamped end of one beam, is
used to capture the strain in the beam. Calibration was performed to
correlate strain gauge readings (in volts) with beam displacement (in
millimeters) and to determine the system’s static stiffness for each
beam length. A custom-built jig enabled the application of known
forces to the system in the Y direction while measuring the displace-
ment of the cylinder axis in the same direction. During each calibra-
tion, nine data points were recorded, including the zero position (no
force applied) and four points in each positive and negative Y direc-
tion. As expected, the results showed a near-perfect linear relationship
between force and displacement (r2> 0.999 for all cases), as well as
between strain gauge readings and displacement (r2> 0.999 for
all cases). The slope of the force–displacement dataset allowed for the

determination of the system’s static stiffness (k) and allowed strain
gauge output to be converted to cylinder displacement. The strain
gauge was connected to a strain indicator “MM120-001469” (Micro-
Measurements Inc.). The output from the strain indicator was
recorded using a MATLAB interface via an NI-6008 (National
Instruments Inc.) data acquisition card at a 1000Hz sampling rate.
The recorded data were then used to calculate the amplitude and fre-
quency of vibration. The strain gauge output was also utilized in the
free vibration tests to determine the natural frequency of the harvester
and its damping ratio. A 60-s signal from the strain gauge was
recorded during each of these tests. The signals were processed to iden-
tify peaks and their locations using neighborhood comparison and first
derivative evaluation, followed by the calculation of the vibration peri-
ods, Ti ¼ ðti � ti�1Þ. The natural frequency of vibration was deter-
mined by taking the inverse of the average cycle period. In this study,
the natural frequencies of the oscillators ranged from 1.62 to 2.43Hz.

FIG. 1. Energy harvesting system: (a) harvester configuration and (b) vortex shedding behind a cylinder.

FIG. 2. Typical amplitude response of a vibrating cylinder (diameter of 40 and
400mm long), with a 15.75 N/m stiffness beam, and a 70 g vibrating mass.
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The same set of peaks was used to calculate the damping ratio of the
oscillators using the logarithmic decrement method. The structural
damping ratio varied from 0.12% to 0.19%, with an average of 0.15%.

The cylinders were 3D printed from polylactic acid (PLA) plastic,
each was printed in two sections, which were then assembled into one
piece. They are designed to be hollow inside with strengthening ribs, as
illustrated in Fig. 5.

The experiments for this research were conducted in the large-
scale atmospheric wind tunnel facility of the Mechanical Engineering
Department at the City College of New York (CCNY). This open-
ended suction-type wind tunnel has a test section of 1.2� 1.2m2 cross
section and 8.4m long working area. It is powered by a 20 b.h.p. elec-
tric motor with fine speed control that provides up to 15m/s free-
stream velocity in the test section. The experimental setup was
positioned 7m downstream of the entrance of the test section (as
shown in Fig. 6). All tests were performed within a Reynolds number
range of 400–7500, covering the full range of vibration for all oscillator
configurations. Transparent side walls and a top viewport allowed for
the use of flow visualization equipment, including a high-speed camera
and a continuous laser. The NOVA R3-4K high-speed camera, paired
with Photron FASTCAM Viewer (PFV4) software, recorded images at
a resolution of 4096� 2304 pixels at 250 frames per second. A
DHOM-H-532-1000 laser provided strong laser illumination of
532nm to capture vortex shedding, with beam intensity controlled by
a DC power supply with an adjustable voltage output ranging from 0
to 5V. Additionally, a Magnum 1200 fog generator, using JEM PRO-
FOG fluid, produced dense vapor droplets for flow visualization. A
DANTEC CTA hot-wire 56C17 probe, positioned 4 diameters down-
stream and 1.5 diameters to the side of the cylinder axis, was used to

measure airflow fluctuations due to vortex shedding at a scan rate of
1000Hz.

In this study, cylinders with a height of 400mm and three differ-
ent diameters (20 , 30 , 40mm) were employed. The cylinders were
mounted on the double-beam support structure with three different
beam lengths (i.e., 450, 498 and 546mm). The cylinder masses were
adjusted for each beam length, resulting in three total vibrating masses:
70, 80, and 90 g. The experiments covered independent variations of
each parameter, resulting in a total of 27 harvester configurations.

For each experiment, the system’s response to different airflow
velocities was recorded. The range of airflow velocities, spanning from
0 to 2.0m/s, adequately covered the vibration intervals for all parame-
ter variations. The step size in airflow velocities was 0.02m/s, with a
3-min interval given for the system to reach a steady state at each air-
flow velocity.

The cylinder diameters and airflow velocities mentioned above
correspond to a Reynolds number range of 400–7500, chosen for its
practical relevance in small-scale energy harvesting, such as in HVAC
systems where typical airflow velocities are between 0 and 2m/s, and
restricted space could limit cylinders diameters to less than 40mm.
This Reynolds number range encompasses the transitional and early
turbulent regimes, where vortex shedding is sufficiently strong to
induce effective VIV.

IV. RESULTS AND DISCUSSION

The typical behavior of the harvester can be described as follows
(refer to Fig. 2): there is no vibration at low airflow velocities, marking
the pre-lock-in regime. In the lock-in-regime, vibration initiates with a
small increase in airflow velocity. For example, in the case of a 40mm
cylinder, with 15.75N/m stiffness beams, and a 70 g vibrating mass,
the vibration starts at an airflow velocity of 0.49m/s with an amplitude
of 2.7mm (initial branch). Vibration amplitude then reaches its maxi-
mum amplitude at 0.61m/s, peaking at 24.1mm.

Notably, the amplitude attains its maximum value (peak ampli-
tude) within a very narrow range of airflow velocities. The further
increase in airflow velocity beyond the maximum point results in a
decrease in vibration amplitude. The amplitude reduction occurs over
a wider range of airflow velocities (lower branch); for instance, the
peak vibration was observed at 0.61m/s with a 24.1mm amplitude
and finishes at 1.2m/s (i.e., the end of the lock-in regime). In the post-
lock-in-regime, the amplitude of vibration again becomes negligibly
small.

A. Effects of the cylinder oscillator mass

Increasing the mass of the harvester, while keeping other parame-
ters constant, leads to a reduction in the natural frequency of vibration.
Consequently, as predicted by the constant Strouhal number for a sta-
tionary cylinder, resonance occurs at a lower airflow velocity compared
to lighter cylinders, a hypothesis confirmed by the experimental results
shown in Fig. 7.

Heavier cylinders initiate vibration slightly earlier than their ligh-
ter counterparts. The experiments revealed that, in terms of the
Strouhal number, the vibration commenced (beginning of the lock-in
regime) at St ¼ 0.186–0.197 for all three different masses. This result
aligns with studies of stationary cylinders, which indicate St ¼ 0.180–
0.200 for the wake vortex frequency. As expected, vibration initiatesFIG. 3. Detailed design of the energy harvester model.
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when the vortex shedding frequency approaches the natural frequency
of the system.

It was observed that mass change not only shifts the location of
the peak amplitude but also affects its magnitude. For example, in the
case of a 40mm diameter cylinder on a 451mm long beam, the peak
amplitude of vibration decreased from 24.1mm for a 70g mass to
21.3mm for a 90 g mass, as shown in Fig. 7. Figure 7(a) presents the
amplitude of vibration as a function of airflow velocity, while Fig. 7(b)
illustrates the same results using dimensionless parameters, with the
amplitude ratio plotted against the reduced velocity.

The end of the lock-in regime for the 40mm cylinder occurred at
St ¼ 0.080–0.085. This consistent value of St introduces a significant
difference in terms of the absolute value of the airflow velocity. The
onset of the lock-in regime varies from 0.49 to 0.45m/s for the 70 and
90 g harvesters, respectively. The end of the lock-in regime ranges
from 1.20 to 1.00m/s for the 70 and 90 g harvesters, respectively.

Maintaining a constant St for the initiation and conclusion of the lock-
in regime suggests that reducing the mass of the harvester will lead to a
wider velocity window of the lock-in regime.

B. Effects of the stiffness of the oscillator system

Changes in the system stiffness result in alterations to the natural
frequency of the system. In this study, the variation in stiffness was
achieved by adjusting the length of the beams and measured by the
free-vibration testing described above. The impact of these stiffness
changes is demonstrated in Fig. 8, which compares the results for a
40mm diameter cylinder with a 70 g mass on three different beam
lengths. Figure 8(a) shows the amplitude of vibration as a function of
airflow velocity, while Fig. 8(b) depicts the same data in dimensionless
terms, plotting the amplitude ratio against the reduced velocity. The
peak amplitude increases and shifts to higher airflow velocities for the
shorter (i.e., stiffer) beams, reflecting the increase in the natural fre-
quency of the system.

For the 451mm long beams with a 70 g mass, the natural fre-
quency of the system was 2.43Hz, whereas for the 546mm long
beams, it was 1.85Hz. The system with 546mm beams initiated vibra-
tion at 0.40m/s and concluded at 0.92m/s. In contrast, the system
with 451mm beams commenced vibration at 0.49m/s and concluded
at 1.20m/s.

For all beam lengths, the onset of the lock-in regime occurred at
St¼ 0.188–0.197, and the end of the lock-in regime was observed at St
¼ 0.080–0.085. These St values remained relatively constant for differ-
ent masses of the system, as discussed earlier. It appears that the natu-
ral frequency of the system influences the window of the lock-in
regime, whereas the mass or stiffness of the system alone does not.

C. Effects of the diameter of the cylinder oscillator

Figure 9 displays the outcomes of experiments conducted on
three harvesters with varying cylinder diameters (i.e., 20, 30 and
40mm), but identical in terms of stiffness and mass (i.e., k¼ 15.75N/m
andmv¼ 70 g). The experimental results highlight a significant variation
in both the peak amplitude and the lock-in regime window for cylinders
with different diameters.

The diameter of the cylinder appears to exert the most pro-
nounced effect on vibration. For harvesters identical in stiffness, mass,

FIG. 4. The cylinder and beam mounting
structures used in the present study.

FIG. 5. Three-dimensional (3D) printed cylinder model with inner structural details.
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and natural frequency, a nearly fivefold change in peak amplitude is
observed with just a twofold change in diameter.

Despite the diverse diameters, the initiation of the lock-in regime
consistently follows St¼ 0.175–0.197. However, the termination of the
lock-in regime is found to be diameter-dependent and remains con-
stant for each diameter (i.e., independent of mass and stiffness). The
study revealed that the end of the lock-in regime occurred at St ¼
0.145–0.155 for a 20mm cylinder, St ¼ 0.125–0.134 for a 30mm
diameter, and St ¼ 0.080–0.085 for a 40mm diameter. Remarkably,
these values remain consistent across various combinations of stiffness
and masses in the system.

A key observation is that larger cylinder diameters lead to signifi-
cantly higher vibration amplitudes and wider lock-in regime windows.
As the beginning of the lock-in regime remains constant for any cylin-
der diameter, the end of lock-in shifts to higher airflow velocities.
Furthermore, the diameter of the cylinder, by influencing the end of
the lock-in window, becomes a determinant of the width of the lock-in
regime. Details of these observations will be discussed in the following
sections.

D. The peak amplitude of vibration

The peak amplitudes (A�
peak) of vibration for all cases are illus-

trated in Fig. 10. Based on these results, it is evident that an increase in
the mass of the harvester leads to a nearly proportional decrease in the
maximum amplitude of vibration. The variation in the stiffness of the
system (beam length) also influences the maximum amplitude. As
depicted in Fig. 10, stiffer systems exhibit higher peak amplitudes for
all masses and diameters. The effect of system stiffness diminishes for
smaller diameters of the cylinders, becoming nearly negligible in the
case of a 20mm diameter. Figure 10 illustrates that cylinder diameter
has a large effect on vibration amplitude.

As previously mentioned, the mass ratio m� has a significant
effect on the vibrational behavior. For the case of a 70 g vibrating mass
and 15.75N/m stiff oscillators, the mass ratio is 113, 208, and 458 for
cylinder diameters of 40, 30, and 20mm, respectively. From the varia-
tion in mass ratio, we can draw the following conclusion: a higher
mass ratio leads to a reduction in both the peak vibration amplitude
and the vibration bandwidth.

FIG. 6. Experimental setup in the wind
tunnel test.

FIG. 7. Amplitude response of a 40mm
diameter cylinder on a 451mm long beam
with three different masses (mass ratio):
(a) vibration amplitude (mm) vs air velocity
(m/s) and (b) amplitude ratio (A� ¼ y

D) vs

reduced velocity U� ¼ U1
fnD

� �
.
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A comparison of our results with experimental data from Ref. 44
is shown in Fig. 11, where the peak amplitude is plotted against the
mass-damping parameter. The added mass is defined as
ma ¼ CAqpD2L=4, where CA represents the ideal added mass coeffi-
cient, which is equal to 1.0 for a circular cylinder oscillating trans-
versely in an ideal, incompressible fluid.45 As shown in the plot, there
are three distinct groups of data points, each corresponding to a differ-
ent oscillator diameter studied in the experiments. These groups
appear because changing the cylinder diameter, while keeping mass
constant, significantly affects the mass ratio i.e., m� ¼ mv

qpD2L=4, even

though the structural damping ratio i.e., f ¼ c
2
ffiffiffiffiffiffi
mvk

p remains nearly the

same. The mass ratio of the oscillators across all configurations ranged
from 113 to 603 (113–150 for a 40mm diameter, 208–267 for a 30mm
diameter, and 458–603 for a 20mm diameter) while the structural
damping ratio varied from 0.12% to 0.19%, with an average of 0.15%.
For instance, doubling the diameter results in a fourfold increase in
mass ratio. Specifically, decreasing the cylinder diameter from 40 to
20mm increases the mass ratio by approximately 300%. By contrast,
the mass variation in our experiments was limited to around 30%
across all tests. Additionally, while the stiffness of the system was
adjusted by altering the length of the beams, this did not substantially

affect the mass ratio. The equivalent vibrating mass (mv) at the cylinder
axis varied by only about 3 g with changes in beam length, which is
minor compared to the total vibrating mass range of 70–90g.

E. Location of the lock-in interval

A summary of the lock-in interval in terms of Strouhal number
for all cases can be seen in Fig. 12. The initiation of vibration (start of
the lock-in regime) consistently occurred at St ¼ 0.19 on average
across all 27 harvesters. This indicates a constant Strouhal number at
the beginning of vibration. The peak amplitude was consistently
reached at St¼ 0.161 on average for all harvesters. This result suggests
a constant Strouhal number at the point of peak amplitude. Note that
the fluctuations in the St at lock-in start, especially for the smaller
diameter (D¼ 20mm) cylinder, could be due to the difficulty in deter-
mining a consistent start of vibration for the relatively small ampli-
tudes of the vibration.

In contrast, the conclusion of the lock-in regime varies with the
diameter of the cylinders. Notably, the 40mm diameter cylinder
vibrates for over a wider range of flow velocities than the 30 and
20mm cylinders across various combinations of stiffnesses and
masses.

FIG. 8. Amplitude response of a 40mm
diameter cylinder with 70 g vibrating mass
on the 451, 498, and 546mm long beams:
(a) vibration amplitude (mm) vs air velocity
(m/s) and (b) amplitude ratio A� vs
reduced velocity U�.

FIG. 9. Amplitude response of the oscilla-
tors on 451mm long beams, with 70 g
vibrating mass, and three different cylinder
diameters: (a) vibration amplitude (mm) vs
air velocity (m/s) and (b) amplitude ratio
A� vs reduced velocity U�.
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Assuming a constant Strouhal number at the initiation and con-
clusion of vibration for a fixed-diameter harvester, we can derive the
following relationship

DU 0

DU 00 ¼
U 0
2 � U 0

1

U 00
2 � U 00

1
¼

f 0nD
St2

� f 0nD
St1

f 00n D
St2

� f 00n D
St1

¼
f 0n
St2

� f 0n
St1

f 00n
St2

� f 00n
St1

¼
f 0n

1
St2

� 1
St1

� �

f 00n
1
St2

� 1
St1

� � ¼ f 0n
f 00n

; (1)

DU 0

DU 00 ¼
f 0n
f 00n

: (2)

where DU 0— bandwidth of the harvester with natural frequency of
vibration f 0n, DU

00—bandwidth of the harvester with natural frequency
of vibration f 00n , U1—free stream velocity at initiation of vibration,
U2—free stream velocity at conclusion of vibration, St1—Strouhal
number at the initiation of vibration, and St2—Strouhal number at the
conclusion of vibration.

The dependence of the lock-in interval on the natural frequency
of the system is shown in Fig. 13(a). As illustrated, for oscillators with
a 40mm diameter cylinder, the initiation of vibration follows a nearly
constant Strouhal number at St¼ 0.186 (linear fit). A similar pattern is
observed at the conclusion of vibration, which also follows a nearly
constant Strouhal number, but at a different value of St¼ 0.081 (linear
fit). The slopes of the solid lines in the plot represent these Strouhal
numbers. As the amplitude of vibration increases, the distance between
the initiation and conclusion lines widens, resulting in a broader vibra-
tion bandwidth.

FIG. 10. Peak amplitude of the vibration as a function of vibrating mass and beam stiffness: (a) 40 mm cylinder diameter; (b) 30 mm cylinder diameter; and (c) 20 mm cylinder
diameter.

FIG. 11. Peak amplitude of the vibration vs a collection of the experimental data in
Ref. 44.

FIG. 12. The positions of the initiation, peak, and conclusion of vibration for harvest-
ers with varying diameters.
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Figure 13(b) presents the collection of all 27 oscillators, illustrat-
ing the relationship between each oscillator’s natural frequency and its
vibration bandwidth for each cylinder diameter studied. The plot
shows that an increase in natural frequency leads to a corresponding
increase in vibration bandwidth. Additionally, the slope of the approxi-
mation (solid) line decreases with increasing cylinder diameter, sugges-
ting that larger cylinders tend to exhibit a broader lock-in interval.

This result demonstrates that changes in the natural frequency of
the harvester lead to proportional changes in vibration bandwidth.
This outcome aligns with the effect of mass ratio,4 as increasing the
natural frequency of a cylinder oscillator is achieved by reducing the
vibrating mass, thereby lowering the mass ratio. Figure 14 illustrates
the effect of mass ratio on the initiation and conclusion of vibration for
the 27 oscillator configurations. The initiation of vibration appears
largely independent of the mass ratio, occurring at a reduced velocity
of approximately 5.2–5.4. In contrast, the conclusion of vibration shifts
to significantly higher velocities as the mass ratio decreases, indicating
a substantial increase in the bandwidth of vibration with lower mass
ratios. The plot includes least squares fits for the effect of mass ratio on
the reduced velocities at the initiation and conclusion of vibration.
Additionally, when the natural frequency is altered by adjusting the
beam length, corresponding changes in bandwidth are observed.
Oscillators with identical mass and cylinder diameter display a wider
vibration bandwidth at higher natural frequencies, achieved by using
shorter beams.

Consequently, harvesters with a higher natural frequency will
exhibit a wider range of airflow velocities over which they vibrate (i.e.,
a larger lock-in region), with the lock-in occurring at higher airflow
velocities.

F. Flow visualization and analysis of cylinder wake

The wake flow structure was captured using a high-speed camera
in combination with a continuous laser illumination and fog tracer sys-
tem. This setup captured the flow structure for the oscillator

configuration with the highest amplitude response: a 40mm diameter,
70 g vibrating mass, and 15.75N/m stiffness, resulting in a natural fre-
quency of 2.43Hz. A hot wire anemometer was located downstream of
the cylinder to capture velocity fluctuation frequencies, predominantly
caused by vortex shedding from the cylinder surface.

The experiment spanned the entire vibration bandwidth, with a
focus on key points of interest: the initial branch (low amplitude), ini-
tial branch (high amplitude), peak amplitude, lower branch (high
amplitude), and lower branch (low amplitude), as shown in Fig. 15.

No vortex formation was observed in the wake close to the
cylinder surface (i.e., within X/D ¼ 1.5) during the pre-lock-in regime.
This result was confirmed by the hot-wire readings [Fig. 16(a)]. It is
suggested that when the airflow velocity is low, the cylinder with a
finite length may not be able to trigger the rolling up of shear layers,
disrupting the formation of classical Karman vortex street structure in
the wake flow.2 However, even without a dominant frequency in the
wake, the system enters resonance at a Strouhal number of 0.19,
marking the beginning of the lock-in regime, where the frequency
of vortex shedding matches the natural frequency of the system
[Figs. 16(b) and 16(c)].

After the onset of the lock-in regime, a further increase in airflow
velocity leads to a sharp rise in the amplitude response. At this point, a
single vortex is shed from the cylinder surface during each half-cycle
of the vibration. As the system approaches the peak of vibration, more
intense vortex formation occurs closer to the cylinder surface.

At the peak of vibration, the formation of vortex pairs becomes
clearly visible, occurring every half-cycle. This phenomenon takes
place very close to the downstream surface of the cylinder, which can
create the most significant pressure fluctuations and result in the peak
vibration response.

After reaching peak vibration, further increases in airflow velocity
lead to a reduction in amplitude response. As shown in Fig. 15, the
vortex pairs shift further downstream. As airflow velocity continues to
increase in the lower branch, the vortex formation moves even further

FIG. 13. The lock-in interval: (a) vibration initiation and conclusion as a function of natural frequency of the systems for the 40mm diameter cylinder and (b) vibration bandwidth
for all studied oscillators.
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downstream. As a result, the pressure variations on the cylinder surface
associated with the wake vortices become less significant, reducing the
fluctuating side forces that drive the vibrations.

As the system exits the lock-in region, a weak peak frequency at
5.8Hz was observed in the downstream wake [Fig. 16(d)], correspond-
ing to a Strouhal number of 0.15. This result aligns with the data pre-
sented in Ref. 38 for finite-length stationary cylinders.

With an increase in vibration amplitude, the kinematics of the
oscillator in the crossflow direction also changes, while the frequency
of vibration remains constant, equal to the natural frequency of the
system. The vibrational motions of the oscillator generate an induced
velocity, i.e., Uc, which fundamentally alters the effective incoming
flow directions (the angle a between the freestream velocity and the
absolute velocity) as well as the airflow velocity magnitude [Fig. 17(a)].
As the amplitude grows, the cylinder’s wake increasingly rotates
around the cylinder axis, exposing it more to the ambient flow.

In the case of peak vibration for the oscillator with the highest
amplitude in the experiments, the freestream velocity was 0.61m/s,
with a vibration amplitude of 24mm. This oscillator had a natural fre-
quency of 2.43Hz, resulting in a maximum velocity (at the midpoint
of its motion) of 0.37m/s, which is comparable to the freestream veloc-
ity. The angle a reached a maximum of 31� at this midpoint velocity
and decreased to zero as the oscillator moved toward its limiting posi-
tion, where the velocity dropped to zero.

Two distinct vortex-shedding patterns are observed in the wake
of a vibrating cylinder. In the “2S” regime, each cycle of cylinder
motion generates two single vortices on alternating sides, forming a
classic K�arm�an vortex street. In contrast, the “2P” regime involves the
formation of two pairs of vortices per cycle, with each half-cycle pro-
ducing a pair of vortices on either side of the cylinder. These regimes
represent different modes of vortex shedding, influenced by flow
parameters and the vibration characteristics of the cylinder.4 Both
regimes were observed in the current research: the “2S” regime
appeared in the initial branch of the cylinder’s oscillation until the
amplitude reached A� ¼ 0.4. Beyond this amplitude, the system shifted
to the “2P” vortex formation regime, which persisted until the end of

FIG. 14. Effect of the mass ratio m� on the initiation and conclusion of the cylinder
vibration.

FIG. 15. Visualization of the flow behind the cylinder oscillator at different air velocities (40 mm diameter cylinder, 70 g vibrating mass, and 15.75 N/m stiffness).
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the lock-in region. In the post-lock-in region, no evident vortex struc-
tures were observed within a distance of approximately six cylinder
diameters downstream.

Based on high-speed camera recordings of the wake, a hypothesis
was developed to explain this wake behavior, which requires further
validation through particle image velocimetry (PIV) measurements.

As the cylinder begins to vibrate, its dynamic motions signifi-
cantly increase the likelihood of shear layer roll-up. For instance,
as the cylinder moves upward from its lowest point during

vibration [Fig. 17(b)], the shear layer previously formed on the cyl-
inder’s lower surface is intensified by the more energetic incoming
flow (due to the fleeing of the cylinder), inducing the formation of
a pair of vortices in the wake flow [Fig. 17(b)]. At moderate ampli-
tudes, where the cylinder’s velocity and angle a are relatively small,
only one vortex becomes exposed to the ambient flow when the
cylinder changes its direction of motion. This exposed vortex, on
the side opposite to the cylinder’s movement (the outside vortex),
sheds from the cylinder surface, while the other vortex (the inside

FIG. 16. Frequency spectrum from the hot wire, located four diameters downstream and one diameter to the side of the cylinder (40 mm diameter cylinder, 70 g vibrating mass,
and 15.75 N/m stiffness).

FIG. 17. Smoke visualization of the cylinder wake: (a) cylinder wake orientation and (b) vortex pair in the cylinder wake.
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vortex) remains hidden by the cylinder body. This configuration
results in the “2S vortex”mode.

As the amplitude increases further, a increases (up to 31� in the
current research), and both vortices become exposed to the ambient
flow when the cylinder changes its direction of motion, allowing a pair
of vortices to shed from the cylinder surface, marking the transition to
the “2P vortex” mode. This mode results in larger vibrations due to
greater net energy input, and with further increases in airflow velocity,
it drives the system to peak vibration.

As the airflow velocity continues to rise, the formation of vortex
pairs progressively shifts downstream. This downstream movement
likely reduces pressure fluctuations on the cylinder surface, leading to
a decrease in net energy input per vibration cycle. This behavior
explains why increased air velocities eventually lead to a reduction in
vibration amplitude, marking the end of the lock-in interval. At this
stage, the vortex-shedding frequency falls out of sync with the natural
frequency of the system, leading to a loss of resonance, and further
increases in airflow velocity no longer sustain significant vibrations.

G. Oscillator energy conversion

To estimate the energy generated by vortex-induced vibrations
(VIV) of the cylinder, we model the vibrating system as a single
degree-of-freedom oscillator coupled with a piezoelectric generator.11

Though a number of energy generation circuits have been proposed in
the literature,46 estimates for generated electrical power are often calcu-
lated assuming a purely resistive electric load resistance R.11,47 When
Kirchhoff’s current law (KCL) is applied to the piezoelectric energy
harvester, the derived load voltage is given by

h
dy
dt

þ Cp
dvL
dt

þ vL
R

¼ 0: (3)

Here, h is the electromechanical coupling parameter, y is the tip
displacement, Cp is the piezo capacitance, and vL is the load voltage.

By applying the Fourier transform to (3) and solving for the load
voltage magnitude (VL), we obtain

VL ¼ xhARffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xCpRð Þ2 þ 1

q : (4)

Here, the tip displacement y is assumed to be harmonic with
amplitude A. The magnitude of the electrical power delivered to the
load is given by the equation

P ¼ VL
2

R
¼ xhAð Þ2R

xCpRð Þ2 þ 1
: (5)

Assuming a weakly electromechanically coupled system, optimal
power transfer occurs when47

Ropt ¼ 1
xCp

: (6)

By substituting Ropt into the power equation, we derive

Popt ¼
VLopt

2

Ropt
¼ xh2A2

2Cp
: (7)

The optimal non-dimensional power can then be expressed as

P�
opt ¼ Popt

Cp

xnh
2D2

¼ 1
2

A
D

� �2
x
xn

� �
: (8)

In the lock-in regime, the system vibrates at its natural frequency
(resonance condition), so x

xn
¼ 1, and Eq. (8) simplifies to

P�
opt ¼

1
2

A
D

� �2

: (9)

Equation (9) shows that the optimal power output is proportional
to the square of the amplitude ratio. Using this relationship, the
dimensionless power corresponding to the peak amplitude cases for all
27 energy harvester configurations was plotted against the mass ratio
(see Fig. 18).

As shown in Fig. 18, the power output decreases significantly as
the mass ratio increases. This trend arises because the mass ratio affects
the peak amplitude of vibration, and the squaring of the amplitude
ratio in the power output equation further amplifies the effect. These
findings underscore the importance of maximizing the oscillator’s
vibration amplitude in energy harvesting applications.

As an example of power output of the harvester, we utilize a har-
vester configuration similar to the one investigated in Ref. 11, where a
piezoelectric element is bonded to the face of the beam near the
clamped end.

We consider the case of the maximum vibration amplitude
observed in this study (cylinder diameter: 40mm, beam length:
450mm, vibrating mass: 70 g), where the peak amplitude reached
24.1mm.

To estimate the power output, a piezoelectric patch made of
PZT-5A is investigated with the following parameters: length lp ¼
31.8mm, width hp ¼ 25.4mm, thickness tp ¼ 0.267mm, and Young’s
modulus Yp ¼ 66GPa. The patch is bonded at a distance of l0 ¼ 2mm
from the fixed end of the beam. The capacitance of the patch is given
by

Cp ¼ k�S
33 hplp
tp

; (10)

where k�S
33 ¼ 13.28 nF/m is the permittivity of the piezoelectric under

constant strain.11

The piezoelectric current ip, which is related to the trip deforma-
tion, is then expressed as11

FIG. 18. Dimensionless power output at peak amplitude vs mass ratio: full circles—
experimental values of the peak amplitude for the 27 energy harvester configura-
tions, solid line—approximation of data from Ref. 44.
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ip ¼ h
_

_y ¼ �d31Yphp
@

@t

ð lpþl0

s¼l0

ep s; tð Þds
 !

; (11)

where d31 ¼ �190 pm/V is piezoelectric constant, ep s; tð Þ
¼ 3y Lb�sð Þ hb�hpð Þ

2L3b
is the strain at the mid-height of the piezoelectric

patch. Throughout this derivation, the presence of the piezoelectric
patch is assumed not to contribute any meaningful stiffness or damp-
ing to the system and thus does not affect the maximum displacement
or resonant frequency of the harvester.

By substituting the strain expression for a cantilever beam at the
location of the piezoelectric patch, the electromechanical coupling
coefficient h is obtained as

h ¼ �d31Yphp
3 tb þ tpð Þ

2L3b
Lblp �

l0 þ lp
� �2

2
þ l20

2

" #
: (12)

The optimal power output is determined by substituting Cp, h, A,
and x (equal to xn in the lock-in regime) into Eq. (7). For the maxi-
mum vibration amplitude observed in this study, the optimal power
output was found to be 1.8mW. Note that the harvested power can be
increased by attaching additional piezoelectric patches to the beams.

V. CONCLUSIONS

This paper investigated the critical parameters influencing a
vortex-induced vibration (VIV) energy harvester and provided insights
into the complex wake dynamics associated with the oscillator’s ampli-
tude response. A systematic experimental study was conducted to eval-
uate the effects of bluff body dimensions, vibrational stiffness, and
mass on the vibration behaviors of the VIV energy harvester system.
In addition, high-speed flow visualization is also conducted to eluci-
date the transition of wake modes and the resulting impact on vibra-
tion amplitude, which directly governs the energy harvesting through
the system.

The experimental results confirmed classical VIV behavior, char-
acterized by distinct pre-lock-in, lock-in, and post-lock-in stages. It
was observed that the peak vibration amplitude, a key determinant of
the energy output, is highly sensitive to changes in model parameters.
Specifically, an increase in the vibrating mass led to a reduction in the
peak amplitude and shifted its occurrence to lower airflow velocities.
Conversely, a reduction in mass not only increased the peak amplitude
but also widened the lock-in window, allowing energy harvesting over
a broader range of flow conditions. Additionally, the systems with
increased stiffness or lower mass reached peak amplitudes at higher
flow velocities, as predicted by Strouhal number considerations, with
stiffer systems generally exhibiting larger amplitudes.

Cylinder diameter was found to significantly influence both the
peak amplitude and the width of the lock-in regime. The cylinder oscil-
lators with larger diameters produced higher peak amplitudes and
broader lock-in ranges. Notably, the initiation of lock-in occurred con-
sistently at Strouhal numbers between 0.175 and 0.197, while the ter-
mination was diameter-dependent—occurring at lower Strouhal
numbers for larger cylinders. These findings indicate that both the nat-
ural frequency (affected by mass and beam length) and the cylinder
diameter are critical in tuning the vibration bandwidth and optimizing
energy harvesting performance.

High-speed flow visualization and hot-wire anemometry further
revealed that vortex shedding dynamics change with airflow velocity.
In the lock-in regime, a sharp increase in vibration amplitude was
accompanied by the shedding of a single vortex per half-cycle at mod-
erate amplitudes and the formation of vortex pairs at peak amplitudes,
which likely enhanced pressure fluctuations. Beyond the peak, vortex
shedding shifted downstream, diminishing the pressure fluctuations in
the cylinder’s boundary layer and, consequently, reducing the vibration
amplitude.

The power output analysis demonstrates that the energy gener-
ated by the VIV harvester, when coupled with a piezoelectric genera-
tor, is critically dependent on the oscillator’s vibration amplitude. The
optimal, non-dimensional power output is proportional to the square
of the amplitude ratio, indicating that reducing the mass ratio—which
increases the vibration amplitude—significantly boosts harvested
power. This study demonstrated that the proposed piezoelectric energy
harvesting system achieves an optimal power output of 1.8mW at
maximum vibration amplitude which should be sufficient to power
small-scale electronic devices. These findings provide a robust founda-
tion for future research aimed at further optimizing VIV energy
harvesters.
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