AST Advances in Science and Technology
\MRJ Research Journal

Advances in Science and Technology Research Journal, 2026, 20(6), 422-444
https://doi.org/10.12913/22998624/218215
ISSN 2299-8624, License CC-BY 4.0

Received: 2025.11.17
Accepted: 2026.04.15
Published: 2026.05.01

Design, analysis, and performance evaluation of a bladeless
vibration-based piezoelectric energy-harvesting wind turbine

Naseer Ahmad"®, Muhammad Jawad Rafique'®, Ammad Ejaz'®

! Department of Mechanical Engineering, University of Engineering and Technology, Lahore, 39161, Pakistan
* Corresponding author’s e-mail: nahmad@uet.edu.pk

ABSTRACT

This study investigates a bladeless wind turbine concept that converts wind-induced structural vibrations into
electrical energy through piezoelectric transduction. Three prototype configurations with different bluff body
geometries (cube, cylinder, and sphere) mounted on elastic masts were designed and tested. Computational simu-
lations including computational fluid dynamics (CFD) for aerodynamic forces and finite-element modal and har-
monic analyses in ANSYS were performed. Wind tunnel experiments at 6.94 m/s (25 km/h) were also conducted
to measure prototype voltage output. CFD analysis provided drag, lift, and axial forces for each geometry, while
modal analysis identified natural frequencies and mode shapes. A piezoelectric transducer was bonded to the
mast at the location of maximum deformation predicted by the third bending mode. Harmonic response simula-
tions estimated the voltage output, which was validated against experimental measurements. Results showed
that the cube-tipped mast produced the highest open-circuit voltage (~5 mV), followed by the cylinder (4 mV)
and the sphere (3 mV) at 6.94 m/s. The sphere-tipped design demonstrated the lowest drag and voltage output.
Numerical simulations from ANSY'S closely matched the experimental results, confirming the reliability of the
coupled CFD-FEA approach. Overall, the findings demonstrated the feasibility of bladeless wind energy har-
vesters and highlighted the influence of bluff body geometry on aerodynamic forces, structural response, and
harvested power. These results provide a foundation for optimizing piezoelectric wind harvesters toward higher
efficiency and practical deployment.

Keywords: piezoelectric energy harvesting, bladeless wind turbine, vibration-based energy harvesting, flow-in-
duced vibrations, vortex-induced vibration, computational fluid dynamics, finite element analysis.

INTRODUCTION 1. This dual functionality, combined with high

electromechanical efficiency and scalability to

Harvesting wind energy using bladeless,
vibration-based turbines offers a promising alter-
native to conventional rotary turbines [1, 2].
Unlike traditional bladed turbines, which involve
high maintenance, noise, and ecological hazards
(e.g., bird and bat strikes), bladeless systems rely
on flow-induced vibrations of a structural ele-
ment, eliminating complex moving parts [3, 4].
The oscillatory motion of these structures can be
converted into usable electrical energy through
piezoelectric materials. Piezoelectric materials
convert mechanical strain into electrical charge
(direct effect) [5] and deform under applied elec-
tric fields (converse effect) as illustrated in Figure
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the micro/nanoscale, makes them essential for
modern sensing, actuation, and energy-harvesting
technologies [6, 7]. and has made them central to
modern energy and sensor systems.

In recent years, the unique properties of
piezoelectric materials have been widely exploit-
ed in micro- and nano-electromechanical systems
(MEMS/NEMS). Their dual characteristics make
them highly versatile for sensing and actuation
in microsystems, offering precise control and
self-powered operation. Importantly, piezoelec-
tric transducers deliver high electromechanical
energy conversion efficiency and remain effec-
tive even as device dimensions shrink, providing
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Figure 1. Illustration of the piezoelectric effect: (a) direct effect — mechanical stress generates electrical voltage,
(b) indirect effect — applied voltage induces mechanical deformation in the piezoelectric material

superior scalability compared with electrostatic
actuators, whose force output decreases signifi-
cantly with miniaturization [8, 9].

The integration of piezoelectric thin films
onto silicon or flexible substrates has enabled the
fabrication of micro-sensors with high sensitiv-
ity and wide dynamic range, eliminating the need
for external power to generate signals [10-12].
For example, piezoelectric MEMS pressure sen-
sors and accelerometers can produce measurable
charges in response to very small stimuli, reduc-
ing reliance on power-intensive amplification and
enabling true self-powered operation [11]. On
the actuation side, piezoelectric devices achieve
high precision, fast response, and significant
force or displacement relative to their small size
[13-16]. MEMS piezo actuators such as piezo-
electric micromirrors and micro-positioners, offer
nanometer-scale motion control with bandwidths
spanning kHz to MHz, far exceeding the perfor-
mance of thermal or magnetic counterparts [17].

Beyond sensing and actuation, piezoelectric
materials are also attractive for micro-power gen-
eration because of their strong electromechanical
coupling and high energy density [18-20]. Piezo-
electric MEMS energy harvesters can convert
ambient vibrations or biomechanical motion into
electricity [21, 22], providing compact and cost-
effective solutions for scavenging wasted environ-
mental energy [23, 24]. These characteristics make
piezoelectric materials particularly well suited
for vibration-based energy harvesting, including
wind-induced oscillations where structural motion
is directly converted into electrical output. Recent
decades have seen growing interest in harnessing

flow-induced vibrations for power generation.
Vortex-induced vibration (VIV) harvesters are
among the most studied configurations. In a VIV
harvester, a bluff body (e.g. a cylinder) in a flow
sheds vortices alternately from its sides, creating
an oscillatory transverse force. When the vortex
shedding frequency (f) coincides or nearly coin-
cides with one of the structure’s natural frequen-
cies (f ), a lock-in phenomenon occurs, resulting
in large-amplitude synchronized oscillations.
Sarpkaya (2004) provides a critical review of the
VIV mechanism, explaining how the intrinsic
fluid-structure coupling leads to lock-in and how
parameters like Reynolds number and body shape
affect the vibration amplitude [25]. In essence, the
shed vortices impart periodic forces at frequency
f = St x (U/D), where St is the Strouhal number,
U the flow speed, and D a characteristic dimen-
sion of the bluff body. As the flow speed varies, f,
may pass through f , triggering resonance.
Flexible structures with attached piezoelec-
tric elements can convert these oscillations into
electrical energy. Akaydin et al. (2010) demon-
strated this by placing a piezoelectric polymer
beam in the wake of a cylinder; the beam’s oscil-
lations generated an AC voltage, but only within
a narrow bandwidth around resonance [26]. In
subsequent wind tunnel experiments, Akaydin et
al. (2012) varied the flow speed and observed the
performance of a self-excited piezoelectric har-
vester, noting that maximum power output occurs
in the lock-in region where the vibration frequen-
cy stays close to the structure’s eigenfrequency
despite changes in wind speed [27]. Abdelkefi et
al. (2016) further analyzed how parameters like

423



Advances in Science and Technology Research Journal 2026, 20(6), 422-444

Reynolds number and electrical load affect the
breadth of the lock-in zone and the harvester’s
efficiency [28]. These studies demonstrate that
VIV-based harvesters are effective but strongly
dependent on resonance, which limits perfor-
mance under variable wind conditions.

Researchers have also investigated alternative
geometries and bio-inspired designs to enhance
wind energy harvesting. Lee et al. (2019) pro-
posed a leaf-inspired piezoelectric wind harvester
that mimics the fluttering of leaves to improve
energy conversion efficiency. Their biomimetic
device, implemented at MEMS scale, convert-
ed wind flow into electrical power and demon-
strated the viability of miniaturized piezoelectric
harvesters in arrays [29]. Other studies explored
transverse galloping phenomena: Abdelkefi et
al. (2012) developed an energy harvester using
piezoelectric and electromagnetic transducers on
a bluff body undergoing galloping oscillations
[30]. Galloping-based harvesters leverage aero-
dynamic instability of non-circular cross-sections
(e.g. square cylinders) to produce sustained oscil-
lations over a range of wind speeds [31].

A major challenge in flow-induced vibration
harvesters is their typically narrow bandwidth
of operation. Efficient energy extraction occurs
only near resonance over a limited wind speed
range. To broaden this, researchers have proposed
nonlinear and multi-modal designs. Masana and
Dagaq (2011) studied bistable oscillators and
showed that with sufficient excitation, a bistable
piezoelectric harvester can exhibit a much wider
frequency response than a linear system [32].
Similarly, magnetic coupling has been introduced
to achieve multi-stability: Naseer et al. (2019)
incorporated magnetic attractors in a VIV piezo
harvester to effectively extend the lock-in region
and boost power output. Their comparative
experiments demonstrated that a harvester with
magnetic attachments could sustain large oscilla-
tions over a broader range of wind speeds than
a linear design [33]. Dai et al. (2016) investigat-
ed the orientation of bluff bodies and found that
certain cylinder orientations relative to flow can
improve energy harvesting efficiency [34]. The
influence of mass ratio, damping, and spacing on
wake interactions has also been explored for tan-
dem cylinder configurations, indicating that mul-
tiple structures can be tuned to enhance or sup-
press vibrations [35]. These advances in literature
underscore the importance of geometry, mate-
rial nonlinearities, and multi-degree-of-freedom
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effects in optimizing wind-induced vibration
energy harvesters.

Beyond circular cylinders, other shapes and
vibration modes have been explored for enhanced
or broadband energy harvesting. Galloping oscilla-
tions of prismatic bodies (e.g., square or D-shaped
cross-sections) have also been used to drive piezo-
electric generators. These shapes can exhibit large
vibration amplitudes across wind speeds once the
critical onset speed is exceeded. Abdelkefi, Hajj
and Nayfeh (2012) reported a piezoelectric har-
vester using transverse galloping of a square bluff
body, and derived models for the electromechani-
cal coupling in such flow-induced oscillations
[30]. Galloping-based systems often produce low-
er-frequency, large-amplitude motion which can
be advantageous for piezoelectric strains, though
they too have an onset threshold and can become
non-synchronous at higher speeds.

Recent research has increasingly empha-
sized integrated computational approaches for
energy-harvesting structures. Abdelrheem et al.
demonstrated how combining FEM, CFD, and
BIM tools can optimize the structural response of
pre-stressed wind turbine towers, underscoring the
importance of multi-domain numerical methods
in capturing fluid—structure interaction behavior
[36]. Syed et al. conducted a comparative study
on various material and structural configurations
for piezoelectric energy harvesting, showing how
geometric and material selection directly affects
electrical output and mechanical strain distribu-
tion—an aspect closely aligned with the objectives
of the present study [37]. Additionally, Prasetyo et
al. investigated the effect of baffle-plate configura-
tions in gravitational water vortex turbines, illus-
trating how flow-control elements can significantly
modify vortex strength and stability [38]. Although
applied in a different context, their findings high-
light the broader principle that bluff-body geome-
try strongly influences downstream wake charac-
teristics, which directly connects to our explora-
tion of cube, cylinder, and sphere configurations.

Building on this prior work, the present
research focuses on a bladeless vibration-based
wind turbine that converts flow-induced oscilla-
tions into electricity via a piezoelectric element.
In this study, three different mast tip geometries—
a cube, a cylinder, and a sphere—are investigat-
ed to identify how bluff body shape influences
aerodynamic forcing and energy harvesting per-
formance. While others have studied cylin-
ders extensively, fewer works directly compare
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multiple bluff shapes under identical conditions.
Numerical simulation and experimental testing
are combined to provide a comprehensive evalu-
ation of these designs. CFD is used to determine
lift, drag, and axial forces on each prototype, and
finite-element modal/harmonic analyses are per-
formed to predict dynamic response and electri-
cal output. These are checked with wind tunnel
experiments of physical prototypes with piezo-
electric patches. The results will be used to under-
stand how to design the structure geometry and
modal properties to obtain the best piezoelectric
wind energy harvesting. The procedure, math-
ematical modelling, simulation and experimental
data and general evaluation of the design perfor-
mance are described below.

METHODOLOGY

A multi-step methodology combining design,
simulation, and experimental testing was imple-
mented to evaluate the performance of the blade-
less piezoelectric wind turbine with different
geometries. The flowchart as shown in Figure 2
outlines the comprehensive research methodolo-
gy adopted for designing, simulating, and experi-
mentally validating a bladeless vibration-based
piezoelectric wind turbine. It integrates concep-
tual design, computational modeling, and experi-
mental evaluation to assess performance across
different bluff body geometries.

The conceptual diagram provided in Figure 3
depicts the basic operation principle of the pro-
posed bladeless vibration-based piezoelectric
wind energy harvester. The system comprises of

a bluff body placed on the tip of an elastic can-
tilever rod which is fixed at one end. The flow-
ing air sheds alternating vortices around the
sides of the bluff body, which as a result cause
transverse vibrations of the structure caused by
vortex-induced vibrations (VIV). They are gov-
erned by vibrations, resulting in an elastic rod,
which is sensitized with a surface mounted piezo-
electric sensor at the point of the highest strain
energy. The direct piezoelectric effect transforms
the mechanical strain on the piezoelectric mate-
rial into electrical charge and produces a volt-
age output across the electrodes of the material.
The study is anchored on this conceptual set up
which offers a small, maintenance free method of
harnessing wind energy without rotating blades
or lubricated joints that typically require servic-
ing, with an orientation towards simplicity and
environmental friendliness. However, long-term
durability, fatigue behaviour, and environmental
degradation were not evaluated here and remain
important areas for future investigation.

Geometric modelling

Three scaled prototype masts were designed,
each consisting of a flexible cantilevered rod with
a different bluff body at the free end: (1) a cube,
(2) a circular cylinder, and (3) a sphere. All three
masts shared the same rod dimensions and were
made of the same material (a lightweight acrylic
sheet) to ensure consistent structural properties.
The bluff bodies were sized with comparable
characteristic diameters: the cube measured 18
x 18 x 18 mm, the sphere had a diameter of 18
mm, and the cylinder had a diameter of 18 mm

1. Concept Development
* Concept of vibration-based bladeless
turbine bluff bodies

* Use of piezoelectric transduction to
convert mechanical strain > electrical

v

beam

2. Design & Geometric Modelling
* Three prototypes: Cube, Cylinder, Sphere

* Flexible mast modelled as cantilever

energy * Piezoelectric (PZT-4) patch bonded at
mode 3 antinode (maximum strain point)

3. Computational Simulation (ANSYS)
* CFD Simulation - ANSYS Fluent)
* Simulate airflow at 6.94 m/s
* Modal Analysis - ANSYS Workbench
¢ Determine natural frequencies and
mode shapes (Mode 1 - 4)
* Harmonic Response Analysis
¢ Simulate voltage generation in
piezoelectric patch

v

v

4. Experimental Validation (Wind Tunnel

Test)

* Wind tunnel speed: 6.94 m/s (25 km/h)

* Measure open-circuit voltage for cube,
cylinder, sphere prototypes

* Use oscilloscope for millivolt-scale
readings

* Compare with simulation results

voltages

5. Data Analysis & Comparison
* Compare CFD, FEA, and Experimental

* Identify geometry with best performance
> . Cube > Cylinder > Sphere

Figure 2. Methodology flowchart illustrating the stepwise process of design, simulation,
and experimental validation
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Piezoelectric Sensor

Elastic Rod =—
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Figure 3. Conceptual diagram of the bladeless
piezoelectric wind harvester

with a height of 18 mm. In this configuration, the
cube, cylinder, and sphere alter both the effective
tip mass and the unsteady aerodynamic forcing,
so the observed dynamic response reflects the
combined structural-aerodynamic effect of each
geometry. The rod material, dimensions, and
boundary conditions were kept identical in all
cases, ensuring that the bluff body shape (and its
associated mass and wake characteristics) is the
primary variable, and thus providing a controlled
basis for comparing the three prototypes. Figure

4 shows the dimensions of all three prototypes.
A thin piezoelectric transducer (PZT-4 type) was
surface-bonded near the top of the rod (just below
the bluff mass) at the location of maximum defor-
mation identified from the modal analysis (spe-
cifically, the antinode of the third bending mode).
The PZT-4 transducer polled in the thick direc-
tion and wired to an external circuit for voltage
measurement. The PZT-4 material used in this
study had a density of approximately 7500 kg/
m?. Each bluff body was made from acrylic sheet
and attached rigidly to the rod tip. The commer-
cially available 3 mm acrylic sheet exhibits a
tensile strength of 72 MPa, a flexural strength of
about 112 MPa, and a Young’s modulus of nearly
3.2 GPa. These properties make it a strong yet
lightweight material suitable for structural and
experimental applications. The base of the rod
was clamped to mimic a cantilever boundary con-
dition. Three-dimensional models of each proto-
type were created in ANSYS Design Modeler as
shown in Figure 5, and a surrounding computa-
tional fluid domain was constructed to simulate
wind tunnel flow conditions.

Computational fluid dynamics (CFD)

CFD simulations were performed in ANSYS
Fluent to analyze the airflow around each proto-
type and compute aerodynamic force coefficients.
Each geometry (cube, cylinder, sphere on rod)
was placed in a virtual wind tunnel domain with
defined inlet, outlet, and wall boundary condi-
tions. For each case, the steady-state solver was
employed to converge the flow field. The drag
(F,), lift (F)), and axial (F,) forces were recorded
via ANSYS reports for each geometry.

a 18,00 — b

la—— 3.00

16.00

100,00

3,00

Figure 4. Dimensions of prototypes when bluff body is: (a) cube, (b) cylinder, (c) sphere
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Figure 5. 3D Models of Prototypes when bluff body is: (a) cube, (b) cylinder, (c) sphere

The computational fluid domain was con-
structed, as shown in Figure 7, following standard
wind tunnel simulation guidelines to minimize
boundary effects and ensure realistic flow devel-
opment [39-41]. To ensure the airflow behavior
around the model was accurate, the computational
domain was configured to the specific dimensions.
The domain was configured such that the entrance
region was extended to four times the bluff body’s
characteristic length. This configuration allows
the airflow to develop before reaching the turbine.
A downstream region of the domain to eight times
the characteristic length allows the computational
domain to capture the wake, flow streamlines, and
velocity. The sides of the domain include a clear-
ance of four times the characteristic length to miti-
gate wall effects and flow interference.

All cases utilized a Hex-Dominant volume
mesh with local refinement around the mast and
bluff body to accurately capture the shear lay-
ers and the near wake. This approach resulted in
a predominately hexahedral core with transitional
Tet/Pyr/Wedge cells around areas of complex cur-
vature and the boundary-layer growth region. The
computational domain employed named boundary
features of inlet, outlet, symmetry, and wall (mast
and bluff body). The meshing approach taken for
cube, cylinder, and sphere shapes geometries pro-
vided both numerical accuracy and computational
sufficiency for the subsequent CFD simulations.
Each of the three cases was assigned a consistent
global element size of 5 mm. To accurately cap-
ture the boundary-layer effects and flow separation
phenomena, a refined near-wall mesh of 0.025 mm
was implemented. Table 1 highlights the meshing

Table 1. Meshing characteristics

characteristics. The orthogonal quality remained
above the minimum acceptable limit of 0.85, with
the cube prototype attaining a peak quality of
0.9435, followed by the cylindrical prototype at
0.9372, and the sphere prototype with a quality of
0.8838, thus within acceptable bounds. As a result
of well-structured mesh with skewness and distor-
tion within an acceptable range, stable convergence
was achieved, leading to dependable outcomes
in the prediction of aerodynamic forces and the
assessment of flow fields. Figures 6, 7 and 8 show
the meshing of the three models with the mast con-
figured as a cube, cylinder, and sphere, respectively.

All three bluff-body configurations (cube, cyl-
inder, and sphere) were analyzed in ANSYS Fluent
under the same boundary conditions. A pressure-
based RANS solver with the Standard k—e tur-
bulence model and standard wall functions was
employed. Given the geometric simplicity of the
bluff bodies and the focus on comparative aero-
dynamic trends rather than detailed transient vor-
tex dynamics, the &— model offered an appropri-
ate balance between accuracy and computation-
al cost. The computational domain was defined
with a uniform inlet velocity of 6.944 m-s™ (25
km-h™), a zero-gauge pressure outlet, and sym-
metry boundaries on the remaining far-field
planes; the mast and bluff-body surfaces were
treated as no-slip walls. Symmetry boundary
conditions were applied on the lateral surfaces to
approximate free-stream conditions. Because the
computational domain was extended to four times
the bluff body diameter on each side, the wake and
shear layers did not interact with the side bounda-
ries, making symmetry a valid approximation for

Case Ele(rglgggls)ize Ng; m’;::: Zlfgh Nodes Elements Orthogonal quality

Cube 5mm 0.025 mm 162,602 162,106 0.9435
Cylinder 5 mm 0.025 mm 164,793 164,676 0.9372
Sphere 5mm 0.025 mm 160,491 168,655 0.8838
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Figure 6. Mesh generation of the computational domain with cube-shaped bluff body
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Figure 7. Mesh generation of the computational domain with cylinder-shaped bluff body
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Figure 8. Mesh generation of the computational domain with sphere-shaped bluff body
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an isolated body. The bluff body was used as the
characteristic dimension for the Reynolds number
because it is the primary source of flow separa-
tion, vortex shedding, and unsteady aerodynamic
forcing in the system. To determine whether the
flow was laminar or turbulent, the Reynolds num-
ber was calculated as follows:

pVD
Reynolds No. =R, =——

u
_ 1.225 X 6.9444 x 0.018 1)
e 1.8x 1075

R, = 8506 (Turbulent Flow)

Transition to turbulent wake flow in bluft bod-
ies occurs at relatively low Reynolds numbers
because the separated shear layers become unsta-
ble soon after detachment. For circular cylinders,
experimental and numerical studies consistently
show that turbulent vortex shedding develops for
R,>2 x 10° [42-44], as the separated shear layers
transition rapidly to turbulence. Since operating
Reynolds numbers were 8506, the flow lies well
within the turbulent regime where turbulent vortex
shedding dominates, supporting the use of a turbu-
lence model. Table 2 summarizes the CFD bound-
ary conditions applied in ANSYS, including inlet
velocity, outlet pressure, wall constraints, and fluid
properties. Figure 9 illustrates the boundary condi-
tion setup, showing velocity inlet, pressure outlet,
symmetry planes, and no-slip wall regions.

Velocity Inlet, >

U =6.944 m/s 4L
300K

2002

2009

Symmetry

T

Modal analysis

A modal analysis of the mast (rod plus
attached mass) was conducted in ANSYS Work-
bench to determine its natural frequencies and
mode shapes. A 3D finite-element model of the
structure was created, with the rod meshed using
hexahedral elements and the tip mass as a rigid
body. The same material properties (elastic modu-
lus and density) from the CFD analysis were used
in the modal analysis. In the modal analysis, the
piezoelectric transducer was included as part of
the structural model so that its mass and stiffness
contributions were properly considered. However,
the electromechanical coupling was not activated

Table 2. Boundary conditions

ltem Setting
Inlet Velocity inlet, 6.9444 m/s
Outlet Pressure outlet, 0 Pa gauge
Side/Top/Bottom Symmetry (slip)
Walls No-slip (mast + bluff body)
Turbulence model Stanc_iard k-, standard wall
function
Convergence criteria 1e-05
Temperature 300 K
Solver Steady (3D)
Density of air 1.225 kg/m?®
Viscosity of air 1.8x10% Pa-s

™

Pressure Outlet,
0 Pa, 300 K

Cube Bluff Body

Slip Wall

Piezoelectric Sensor

Figure 9. Computational domain and boundary conditions for the CFD simulation
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Bluff Body

Vv

Multimeter to record the voltage

Figure 10. Schematic representation of the wind tunnel experimental setup for piezoelectric wind turbine testing

during this step because the purpose of the modal
analysis was solely to determine the natural fre-
quencies and mode shapes of the mast—bluff body
system. At this stage, the transducer functions
purely as a passive structural layer rather than
an active piezoelectric component. The bound-
ary condition at the base was fixed. The analysis
extracted the first several modes for all prototypes.

Harmonic analysis

An electromechanical harmonic analysis was
performed using ANSYS to compute the voltage
output of the piezoelectric transducer. The modal
analysis results (natural frequencies and mode
shapes) were used for this step. An equivalent
aerodynamic force is applied to the mast, sweeping
through a range of frequencies around the expect-
ed vortex shedding frequency and higher modes.
The piezoelectric transducer was modelled with
the full piezoelectric constitutive matrices (using
PZT-4 properties as defined in the ANSYS engi-
neering data). For each natural mode, the steady-
state structural response and the resulting open-cir-
cuit voltage across the transducer electrodes were
computed. From this, the peak voltage output was
identified, which typically occurred near the funda-
mental bending resonance. Nonlinear multi-modal
coupling effects are not explicitly modelled here
and are identified as an avenue for future work.

Experimental testing

Experiment was carried out in a controlled
wind tunnel to measure the actual performance of
each prototype. The experiments used a low-speed
wind tunnel with a test section large enough to
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avoid significant blockage effects. Each mast pro-
totype (cube, cylinder, sphere-tipped prototype)
was mounted one at a time in the test section with
the base clamped rigidly. The experiment is per-
formed at a wind speed of 6.944 m/s. At this speed,
the corresponding Reynolds number based on bluff
body diameter was on the order of 10*. The oscilla-
tions of the mast were noted, and the induced volt-
age in the piezoelectric transducer was recorded by
a multimeter. For the bladeless piezoelectric wind
turbine, the wind tunnel schematic and experimen-
tal setup are shown in Figure 10.

Mathematical modelling

Structural dynamics

In this section, the mast with tip mass is repre-
sented by an equivalent SDOF oscillator in modal
coordinates, which corresponds to a single bend-
ing mode of the cantilever. This lumped model is
used only to provide a compact description of the
mass—stiffness—damping balance and to interpret
resonance behaviour. A lumped-parameter model
is given by:

meqy(t) + Ceqy(t) + keqy(t) = Flift(t) @)

where: y(¢) is the transverse displacement (in the
direction of wind force), m,, 1s the modal
mass (which includes the rod’s distributed
mass and the tip mass contribution), ¢, is
the damping (from structural and aerody-
namic sources), and keq 1s the effective stiff-
ness of the mast. The natural frequency is:

1 |k
fn Py —

21 Mg

3)
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where: &k, is equivalent stiffness of the system
(N/m), m,, is equivalent mass of the sys-
tem (kg). For a cantilever beam of length
L with a tip mass M, an approximate for-
mula for the first bending frequency is:

_ 1.8752 El

= 4
Y7 2m12 | [mL + 0.242ML @)

where: E1 is the flexural rigidity of the rod and m
the mass per length of the rod.

The 1.875 factor is the first-mode eigenvalue
for a uniform cantilever without tip mass [45],
and the 0.242 M term is an approximation for
the tip mass effect (increasing the modal mass).
Higher modes have eigenvalues 4.694 (second
bending) and 7.855 (third bending) for a bare can-
tilever [45], but the heavy tip mass lowers these
frequencies significantly and also alters mode
shapes. The exact eigenvalue problem was solved
via FEA modal analysis rather than using closed-
form approximations. The modal damping ratio
¢ for the fundamental mode was small, estimated
at about 1% from free decay in still air. Aerody-
namic damping in cross-flow VIV can be nega-
tive (excitative) near lock-in, effectively absorbed
into the forcing term F(¢) in the above equation.

Piezoelectric coupling and voltage
generation

The geometric model of the bladeless piezo-
electric wind turbine consists of a bluff body
mounted on a flexible mast, with a piezoelectric
transducer attached near the region of maximum

oscillation Tip mass (m)

Air Velocity ~""\p Bluff Body
N

strain. The bluff body interacts with the air entering
to provide the mast with vortex-induced vibrations.
The vibrations cause deformation in the bonded
piezoelectric element resulting in electrical volt-
age generation using the direct piezoelectric effect.
The simplified schematic as demonstrated in Fig-
ure 11, depicts the aerodynamic interaction pro-
cess, structural deformation and resultant process
of electromechanical energy conversion. When
the mast oscillates, the bonded piezoelectric trans-
ducer experiences cyclic strain. Under open-circuit
conditions, a charge accumulates on the electrodes,
resulting in a voltage. The piezoelectric constitu-
tive equations (in strain-charge form) are:

Sij = st T + diijEr )
D; = dgq T + €3 Ex (6)

where: Si], is strain, 7, stress, E, electric field, D,
electric displacement, SiEjkl compliance
(elastic flexibility) at constant electric
field, dki/' the piezoelectric strain coeffi-
cients, and eiTk the permittivity (dielectric
constant at constant stress) [45].

For a unimorph cantilever transducer in the
31 mode (piezo transducer oriented such that it
is strained axially (1-direction) by bending along
the beam length, generating an electric field in
thickness (3-direction)), a simplified one-dimen-
sional model can be used. The bending of the
beam causes a longitudinal strain €  in the piezo
layer. The open-circuit voltage V can be related
to the strain by:

V=- (ﬂ) Exx (7)

T
€33

Mcchanical Stress

Deformation in the Piezoelectric
Transducer Resulting in Voltage
Generation

i H
H H
Q‘ :
i
h -
1 T
H
H
!
H H
1
H

(Length of beam)

Qg

e — N _
lp(Thlckness of Piezo Material)

Figure 11. Schematic representation of the geometric model showing voltage generation
through piezoelectric transducer
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to first order [45]. Here, d,, is the piezoelectric
constant (~5.2 x 10" m/V for PZT-4), Y the
Young’s modulus of the piezo (~6.3 x 10'° Pa
for PZT-4), t the thickness of the piezo layer
(our patch ~0.5 mm), el; the permittivity in
the thickness direction ( el; = 5.6 x 10° F/m for
PZT-4), and € is the effective average strain in
the patch. The piezoelectric voltage generation
mechanism in this study is based on the d: effect,
where mechanical stress in the x-direction causes
electric displacement in the z-direction. The total
charge Q generated on the piezoelectric elec-
trodes due to this effect is given by:

where: D, is the electric displacement in the
z-direction, A is the electrode area.

The electric displacement D, is related to the
stress 7 through the piezoelectric constant d, | as:

D3 = d31Tyx %)
Substituting this into the Equation 8:
Q= dsy [ Teeda (10
A

The voltage generated across the piezoelec-
tric transducer is given by:

Q
V==
- (1)
where: C is the capacitance of the piezoelectric
transducer.
T
€334
c =332 (12)
tp

Combining the above equations:

(d31 fA Txdi) d31tp
V= T =— J- T, xdA (13)
€334 €334 Jy
t

p

Assuming uniform stress over the transducer,
and using Hook’s Law,

Ty = Ypexx (14)
Substituting in Equation 13,
da1ty f
V= Y, €xdA
e )y v 1

Where € is uniform over the area (valid
assumption for thin or small patches located in
high-curvature regions):
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ds3,Y,t dz Yt
V=< 1P p)ExxXA=< 3::Tp p>exx(16)

T
g33 X A 33

In our design, the transducer is located where
the bending curvature (hence strain) is largest.
The strain € _is proportional to the beam curva-
ture x(x) at that location:

€xx = K(X) Xy, (17)

where: Y, is the distance from the neutral axis to
the piezo layer.

Thus, voltage is ultimately proportional to
bending curvature (and thus proportional to
deflection for small vibrations). The finite-ele-
ment harmonic analysis directly computes this
via the coupled-field elements, but the above
relation provides a useful approximation. In sum-
mary, the mathematical model ties together the
fluid dynamics, the structural dynamics, and the
electromechanical coupling (voltage ~ strain).
This provides a framework to interpret the results
that follow.

RESULTS

The cube-shaped bluff body prototype exhib-
its the classic footprint of a sharp-edged bluff
body. Velocity contours show immediate fixed
separation at the leading edges and the formation
of strong corner vortices, with little reattachment
on the lee faces. The separated shear layers are
relatively thick and undergo three-dimensional
roll-up, feeding a broad, high-deficit recirculation
zone that persists several cube widths downstream
before recovering. The alternating wake structures
are evident but less phase-coherent than in the
circular case, which manifests in the frequency
domain as a broadened peak in the lift spectrum
with appreciable sideband content. Aerodynami-
cally, the cube produces the highest time-averaged
drag and substantial fluctuating lift of the three
geometries. However, the reduced spectral purity
means it provides strong excitation potential but a
less “clean” lock-in compared to a cylinder. Fig-
ure 12 presents the velocity contours around the
cube-shaped bluff body from side and top views,
highlighting wake formation and flow separation.

For the cylinder-shaped bluff body proto-
type, the velocity contours reveal a stagnation
region at the nose, forming two comparatively
thin, symmetric shear layers. Figure 13 depicts



Advances in Science and Technology Research Journal 2026, 20(6), 422-444

the velocity contours around the cylinder-shaped
bluff body from side and top views, showing
symmetrical wake.

The sphere-shaped bluff body shows the
most streamlined behavior. Contours indicate
a strong stagnation at the forward pole, fol-
lowed by later separation than for the cylin-
der, yielding a shorter recirculation region
and smoother shear layers. The wake was the
narrowest of the three and exhibits the fastest
velocity recovery. Figures 14 show the veloc-
ity contours around the sphere-shaped bluff
body from side and top views.

Table 3 compares the steady aerodynamic
force components obtained from CFD for the
three geometries at a wind speed of 6.94 m/s.
All prototypes experienced a dominant drag
force in the flow direction and much smaller lift
and axial forces (axial meaning along the mast
axis, here vertical). The sphere-topped mast had
the lowest drag (about 0.084 N), as expected
given the sphere’s streamlined shape and lower
drag coefficient. The cube, with its bluff profile,
produced the highest drag (~0.090 N), roughly

7% higher than the sphere. The cylinder was
intermediate (~0.085 N). The lift forces were
an order of magnitude smaller than drag for all
shapes. For the sphere, ANSYS force reports
gave mean drag of = 0.08422 N, mean lift =
0.00403 N, and axial force of = 3.70 x 10* N
at 6.9444 m s'. The cube generally registers
the highest mean drag due to its sharp-edged
separation and a sizeable unsteady lift, yet
with a broader spectral peak than the cylinder,
indicating less regular shedding. At the tested
wind speed of 6.94 m/s, the cube generates the
strongest aerodynamic forcing due to its sharp-
edged separation and high drag, making it the
most effective exciter of the mast. The cylin-
der produces slightly lower forcing but exhibits
more coherent vortex shedding, resulting in a
moderate yet stable excitation response. The
sphere, with its streamlined flow and weak sep-
aration, provides the lowest excitation ampli-
tude. It should be noted that this ranking (cube
> cylinder > sphere) reflects the behavior at
the tested Reynolds number; changes in wind
speed can modify vortex-shedding coherence

Figure 13. Velocity contour around the cylindrical-shaped bluft body: (a) side view, (b) top view
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Figure 14. Velocity contour around the sphere-shaped bluff body: (a) side view, b) top view

and frequency alignment, and thus the relative
excitation efficiency of the bluff bodies may
vary under different flow conditions.

Modal analysis and frequencies

The findings of the modal analysis performed
with ANSYS offer valuable information on the
dynamic behavior of the three prototypes with
different bluff body geometries (cube, cylinder,
and sphere). Of note, the modal frequencies in
the first four modes are most helpful in charac-
terizing the wind-related dynamic response of
the structures (i.e. wind-induced dynamic vibra-
tions). In Mode 1, the sphere prototype had the
highest natural frequency (~ 85 Hz), followed
by the cube (~ 75 Hz), and then the cylinder (~
70 Hz). This suggests that the mast configura-
tion with a sphere was structurally stiffer, and
was able to better resist low frequency vibra-
tions. This is likely due to the sphere’s geom-
etry which is symmetrical and streamlined. On
the other hand, the cylinder is more symmetri-
cal compared to the other shapes, but in the
first mode, it has lower stiffness and/or different
mass distribution allowing it to offer slightly less
resistance. The same pattern is observed in Mode
2, where the sphere again has the highest fre-
quency at 447 Hz, which is significantly greater
than the cube’s 350 Hz and the cylinder’s 370
Hz. The higher frequency observed in the sphere

suggests that higher-order bending modes are
more pronounced in less bluff geometries, likely
due to lower drag-induced displacements.

Mode 3 also exhibits a curvature pattern
that produces strong bending gradients at the
piezoelectric location, causing the PZT layer to
undergo larger alternating tensile—compressive
strains per vibration cycle than in the lower or
higher modes. The combined effects of closer
frequency alignment with the vortex-shedding
excitation and higher modal curvature result in
significantly higher strain energy being trans-
ferred to the piezoelectric material, which
explains the pronounced voltage amplification
observed at this mode. In this study, Mode 3 was
the most important mode because, at the tested
wind speed of 6.94 m/s, highest model curvature
is produced along the rod span, resulting in the
highest modal strain and electrical output. This
dominance of Mode 3 is specific to the tested
Reynolds number; however, at different wind
speeds, the shedding frequency and frequency
alignment may shift, potentially altering which
mode is most strongly excited. For the sphere,
Mode 3 occurs at 700 Hz, which is higher than
the cylinder (~ 640 Hz) and the cube (~ 620
Hz). This is significant in regard to piezoelec-
tric energy harvesting because the piezoelec-
tric transducer responds strongly to strain, and
Mode 3 exerts more strain on the mast than the
other modes. In Mode 4, all prototypes exhibit

Table 3. Aerodynamic force comparison (CFD results at 6.94 m/s)

Bluff body geometry Drag force F (N) Lift force F_ (N) Axial force F, (N)
Cube 0.090 N 0.005N 0.0004 N
Cylinder 0.085N 0.004 N 0.00037 N
Sphere 0.084 N 0.004 N 0.00037 N

434



Advances in Science and Technology Research Journal 2026, 20(6), 422-444

significantly higher frequencies. Again, the
sphere led with 1161 Hz reflecting its structural
rigidity. The cylinder followed with 912 Hz,
while the cube registered ~900 Hz. These high-
frequency modes are typically less relevant for
energy harvesting unless extremely high wind
speeds are present. However, they still indicate
the robustness of each structure under extreme
dynamic loading. Table 4 presents the natural
frequencies for all cases.

The mode shapes indicated that the maxi-
mum curvature for Mode 1 was at the tip, while
for Mode 3 it peaked along the span of the mast.
In our design, placing the piezo transducer at
the Mode 3 antinode (where deformation is
high) was intended to capture significant strain
energy from mode contributions. Tables 5, 6,
and 7 show the different mode shapes for the
bluff bodies configured as a cube, cylinder, and
sphere, respectively.

Piezoelectric voltage output

The most important performance indicator
was the electrical output from the piezoelectric
transducer. Simulations were conducted using
the aerodynamic forces derived from the CFD
analysis. The harmonic response analysis in
ANSYS showed that various bluff body geom-
etries affected the voltage produced by the piezo-
electric transducer. The voltage values in Table 8
were taken from the harmonic response analysis
conducted in ANSYS concerning different bluff
body geometries. The electrical output from the
piezoelectric transducer was estimated for every
mode under aerodynamic loading. Modes 1 and
2 recorded relatively lower voltages for all pro-
totypes, while Mode 3 produced the highest out-
put, confirming it as the most effective for energy
harvesting. Although Mode 4 showed a decline in
output relative to Mode 3, it was still higher than
Modes 1 and 2. The drop in voltage after Mode 3

Table 4. Mast natural frequencies (ANSYS modal analysis)

Prototype Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz) Mode 4 (Hz)
Cube ~75 ~350 ~620 ~900
Cylinder ~70 ~370 ~640 ~912
Sphere ~85 ~447 ~700 ~1161

Table 5. Mode shapes of the prototype with cube-shaped bluff body

Mode shapes of the prototype with cube-shaped bluff body

Mode 1

Mode 2

o

Mode 1 when bluff body is cube

a0 a0

Mode 2 when bluff body is cube

Mode 3

Mode 4

Mode 3 when bluff body is cube

Mode 4 when bluff body is cube
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Table 6. Mode shapes of the prototype with cylindrical-shaped bluff body

Mode shapes of the prototype with cylindrical-shaped bluff body

Mode 1

Mode 2

o e sy

Mode 1 when bluff body is cylinder

o o oy

Mode 2 when bluff body is cylinder

Mode 3

Mode 4

o o oo

Mode 3 when bluff body is cylinder

Mode 4 when bluff body is cylinder

Table 7. Mode shapes of the prototype with sphere-shaped bluff body

Mode shapes of the prototype with sphere-shaped bluff body

Mode 1

Mode 2

v
aim) z‘/Ll x

Mode 1 when bluff body is sphere

oo
oo

Mode 2 when bluff body is sphere

Mode 3

Mode 4

Mode 3 when bluff body is sphere

oom

ooss

Mode 4 when bluff body is sphere

is primarily related to the deformation pattern of
the higher modes. A piezoelectric patch generates
voltage only when it undergoes mechanical strain,
and the strain distribution along the rod depends
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on the curvature shape of each mode. While Mode
3 produces strong bending at the patch location,
the higher modes exhibit much smaller curvature
and deformation in that region. As a result, the
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Table 8. Voltage values at different modes

Mode Cube (mV) Cylinder (mV) Sphere (mV)
Mode 1 2.505 1.914 1.288
Mode 2 2.906 2.088 1.771
Mode 3 5.145 4.1813 3.227
Mode 4 4.008 2.958 2.415

piezoelectric layer experiences significantly less
strain, and the voltage output naturally decreases.
This geometric reduction in strain dominates the
response, even before considering additional fac-
tors such as reduced aerodynamic forcing or higher
structural damping at elevated frequencies. These
observations are supported by Figure 18, which
depicts the voltage trends for all four modes.
Among the different types of masts, the cube-
tipped mast produced the greatest voltage output

(~ 0.005145 Volts), the cylinder-tipped mast was
in the second position (~ 0.00418 Volts), and the
sphere-tipped mast produced the least output (~
0.00322 Volts) as shown in Figure 15, 16 and 17
respectively. Such results correlate well with the
dynamics of wakes produced and the spatial flow
separation associated with each form. Cubes pro-
duced strong, unsteady aerodynamic vortex and
aerodynamically supersensitive mast port deflec-
tions. This results in large piezoelectric transducer

0.000

0070(m) Z/L‘ X
]

0.018

0.053

Figure 15. Simulated voltage output with cube bluff body

0.070(m)

0018

0.053

Figure 16. Simulated voltage output with cylindrical bluff body
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0.000

0.080(m)
]

0020

Figure 17. Simulated voltage output with sphere bluff body

strains. As the cylinder was more aerodynamical-
ly refined, the flow oscillation patterns changed to
more stable and symmetrical, and thus, moderate.
The strongest flow of the sphere was associated
with the smoothest wake, thus flow unsteadi-
ness was at a minimum, which explains the small
strains and low voltage output results.

Experimental results

The experiment was conducted in a closed-
circuit subsonic wind tunnel available in the labo-
ratory. The free-stream velocity was maintained
at 25 km/h (6.944 m/s) for all tests to ensure
comparability with the numerical simulations.
Three bluff body prototypes were fabricated with
To ensure

identical characteristic dimensions.

—ao— Cube (mV)
.OF —=— Cylinder (mv)
—a— Sphere (mV)

Voltage (mV)
N w w » » w
n =) n = [ =)

»
=]

15F

uniformity, the masts were manufactured from the
same structural material and had identical lengths
and cross-sections across all cases. This ensured
that any differences in electrical output could be
attributed directly to prototype geometry rather
than mast properties. A commercial piezoelectric
transducer was bonded to the mast at the location
of maximum strain energy as identified from the
third mode shape in the modal analysis. Figure
19 shows the prototypes with cube, cylinder, and
sphere bluff body geometries attached to piezo-
electric transducers. The open-circuit voltage
across the PZT transducer was recorded using a
high-sensitivity oscilloscope with millivolt resolu-
tion. The wind tunnel tests for each prototype were
conducted under steady-state flow conditions, with
data acquisition spanning 60-90 seconds for each

Moclie 1 Moclie 2

Moc.ie 3 Moclle 4

Modes

Figure 18. Voltages produce at different modes for different prototypes
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Figure 19. Prototypes

run. Multiple runs were performed per prototype to
establish repeatability and to capture the inherent
variability in flow-induced vibrations.

Figure 20a presents the experimental setup
with the cube-shaped bluff body, Figure 16 (b)
shows the setup with a cylindrical-shaped bluff
body, and Figure 16c illustrates the setup with a
spherical-shaped bluff body.

The shape of the prototype had a direct impact
on measuring the output voltage. The cube-
shaped prototype produced a maximum output of
5 mV with a satisfactory steady amplitude during
several measurements. The cylinder prototype
produced a slightly lower output of 4 mV. The
weakest prototype was the sphere with a maxi-
mum voltage output of 3 mV, the smooth surface

of the sphere created an early, though symmetri-
cally, flow-separation.

The cube, cylinder and sphere prototype
shapes in the comparative analysis produced a
clear and consistent order of performance: cube,
cylinder, sphere. The cube was most effective at
harvesting energy, with high voltage output, due
to its high drag configuration, while the cylin-
der was of balanced design. The sphere was the
least effective, having smooth aerodynamics
which caused flow suppression. The relative per-
formance trends of the three prototypes (cube >
cylinder > sphere) were consistent between the
experimental and numerical results, although the
absolute voltage values for the sphere showed a
noticeable discrepancy. This is likely because the

Figure 20. Experimental setups: (a) mast with cube bluff body, (b) mast with cylindrical bluff body, and (c) mast
with spherical bluff body
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sphere produces very weak aerodynamic excita-
tion. Possible contributors include unmodeled
turbulence in the wind tunnel, compliance in the
adhesive bonding layer, and additional structur-
al or aerodynamic damping in the experimental
setup. These factors can reduce strain transmis-
sion to the piezoelectric transducer, which dispro-
portionately affects the sphere due to its already
low forcing levels.

Comparison between experimental and
ANSYS results

Analyzing the results obtained from experi-
mentation and ANSYS for the generation of volt-
age shows the unique aecrodynamic and structural
dynamics of the three prototypes differentiated the
performances. The cube prototype had the high-
est output, with the experimental and simulated
results being 5 mV and 5.145 mV, respectively.
This can be explained by the cube having sharp
edges that lead to powerful vortex shedding and
elevated pressure drag. The coupled aerodynamic
unsteady loads produced by lift drag and edge
vortex structures of the cube interacted effective-
ly with the mast vibrational modes, most notably
Mode 3, where the piezoelectric transducer was
positioned. The consistent correlation of experi-
mental and simulated results further validates the
energy harvesting performance of the cube geom-
etry. The cylinder prototype was balanced in its
behavior, achieving 4 mV in experiments and
4.181 mV in simulations. The good agreement in
experimental and numerical data also validated

Voltage (mV)

Cube

Cylinder

the CFD-harmonic coupling method to simu-
late this case. The sphere prototype, in contrast,
produced the lowest voltage output in its experi-
ments at about 3 mV, with the ANSYS prediction
being 3.227 mV. The sphere prototype produced
the lowest voltage because its smooth, stream-
lined shape generates weak and poorly defined
vortex shedding, resulting in low fluctuating lift
forces and minimal strain transfer to the piezo-
electric layer. This reduced aerodynamic excita-
tion explains both the lower experimental output
and the underprediction observed in the numeri-
cal model. Moreover, several potential sources of
experimental noise can have effect on the results,
including adhesive-layer compliance, slight cable
vibrations, and turbulence variations within the
wind tunnel, which can particularly affect the
low-voltage measurements obtained from the
sphere prototype. The voltage output was also
tabulated in Table 9, which compares simulated
and experimental outputs.

Overall, the results established a clear per-
formance hierarchy: cube > cylinder > sphere.
The graph, shown in Figure 21, compares experi-
mental and ANSY S-simulated voltages for cube,

Table 9. Simulated vs. experimental piezoelectric
voltage output

Prototype Experimental (mV) ANSYS (mV)
Cube 5 5.145
Cylinder 4 4.181
Sphere 3 3.227

B Experimental {(mV)
. ANSYS (mV)

Sphere

Figure 21. Comparison of experimental and ANSYS results
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cylinder, and sphere geometries, showing close
agreement between both results. This comparison
underscored the importance of prototype geom-
etry in optimizing piezoelectric energy harvesting
under crossflow excitation.

Several peer-reviewed studies have report-
ed experimental data for piezoelectric harvest-
ers with cubes, cylinders, and spheres — often
showing output in the low millivolt range for
small devices, which is consistent with the user’s
results. Akaydin et al. (2010) were among the
first to place piezoelectric beams in the wake of
a cylinder and measured only on the order of tens
of millivolts under high wind speeds [26]. In one
configuration, a small PVDF piezo-film behind a
2.5 cm cylinder produced an open-circuit voltage
of about 14 mV at 20.7 m/s wind speed [46] —
an extremely low output, but enough to prove the
VIV harvesting concept. This indicates that with-
out resonance (or at a very small scale), the raw
voltages can be quite small. Likewise, Nguyen et
al. (2019) tested various mini-bluff shapes with
a thin piezoelectric membrane and obtained only
nanowatt power levels. Their prototype yielded
under 15 mV across a load in all cases [47].

On the other hand, when resonance is
achieved or when using larger piezo patches, the
output increases. For a cube-shaped bluff body
on a cantilever, Ewere et al. (2014) observed
galloping-induced voltages of a few volts, but at
relatively high wind speeds (~9—11 m/s) [48]. In
the VIV regime at lower speeds, the same square
prism produced much smaller voltages (0.1-0.2
V) until galloping occurred. The reported 5 mV
for a cube likely corresponded to a small-scale
setup in the pure vortex shedding regime, before
any large amplitude galloping occurs. Such
magnitudes are indeed reported in literature: for
example, Bhuyan et al. (2013) built a micro-scale
piezo harvester with a D-section bluff body (half-
cylinder) in a 200 x 150 x 150 pm? channel. At a
flow speed of 5 m/s, their device generated about
2.9 mV (open-circuit) from the piezoelectric can-
tilever [49]. This is almost exactly in the range
of the user’s cube result, confirming that a few
millivolts is a reasonable output for a tiny piezo
under those conditions.

For a cylindrical bluff body, numerous studies
have documented outputs on the order of tens of
millivolts up to a few volts, depending on scale.
In a combined theoretical and experimental study,
Abdelkefi etal. (2013) reported that a piezoelectric
cylinder-harvester could reach a peak voltage of a

few volts at resonance, but produced very low out-
put (<0.1 V) off-resonance [30]. Ambrozkiewicz
et al. (2022) performed wind tunnel tests on a can-
tilever with a 25 mm diameter cylinder and found
the RMS voltage reached about 0.9 V at 5 m/s
(with peaks over 1 V). However, with larger tip
masses, the voltage dropped below 5 mV across
the entire range [50]. This agrees with our experi-
ment of 4 mV for a cylinder in presumably a non-
optimized case — if the system’s mass or damping
is unfavourable, the vibrations (and hence voltage)
remain very small. Notably, that study showed that
increasing the cylinder’s diameter from 20 mm to
25 mm raised the voltage output (due to greater
aerodynamic force) and shifted the optimal speed.
However, a further increase to 30 mm caused the
device to stiffen and produce lower voltage overall
[51]. The implication is that moderate bluff size
and low damping yield the best millivolt-to-volt
level response.

For the sphere, experimental data are scarcer.
The omnidirectional sphere harvester by Zhang et
al. (2023) demonstrated ~180-250 pW of power
(with a resistive load) in the 3-8 m/s range. This
corresponded to roughly 0.1 — 0.2 V across the
load, assuming a mega-ohm range resistor based
on the relation P = V?/R Indeed, they reported suc-
cessfully powering a wireless sensor node with the
device [52], implying the sphere-harvester pro-
duced on the order of a few volts AC which was
then rectified — but this was achieved by an opti-
mized spring-mass system. In a simpler configu-
ration (sphere rigidly on a cantilever), the output
would be much smaller. Encouragingly, an array or
“formation” of bluff bodies can amplify the effect:
a recent study on MEMS-scale harvesters showed
that placing devices in a 3 x 3 grid of cylinders
increased the power of the center harvester by
up to 2x via constructive interference of vortices
[29]. Although that study used cylinders, a simi-
lar concept could apply to spheres, where multiple
spheres could influence each other’s wakes.

With further optimization (e.g. using a larg-
er piezo patch, tuning the natural frequency, or
employing multiple bluff bodies), other studies
have boosted outputs into the volt range [51]. For
instance, an “apple-shaped” bluff body, optimized
via topology methods, achieved about 8 V at 5
m/s in a lab test. Similarly, a cylinder with bio-
inspired surface protrusions yielded nearly 20 V
at just 2 m/s [53]. These represent state-of-the-art
improvements. At the fundamental level, peer-
reviewed literature confirms that simple cube,
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cylinder, and sphere-based piezo harvesters can
indeed generate only a few millivolts in baseline
conditions. Moreover, the proposed bladeless
harvester is conceptually scalable, but practical
implementation would require redesigning the
mast dimensions, piezoelectric area, and aero-
dynamic shape to maintain favourable frequency
alignment at larger sizes. Scaling also demands
improved power-conditioning circuits and dura-
bility assessments to ensure consistent perfor-
mance under real atmospheric conditions.

LIMITATIONS

While this study provides valuable insight
into how bluff-body geometry affects the perfor-
mance of a bladeless piezoelectric wind harvester,
several limitations should be acknowledged. The
CFD simulations were performed using a steady-
state RANS model, which cannot fully capture
the unsteady nature of vortex shedding and may
smooth out fluctuations that influence vibration
strength. Additionally, the experimental work
was conducted at only one wind speed because
the wind tunnel available at the university oper-
ates at a fixed velocity setting; although this
ensured consistent testing, it prevented explora-
tion of resonance shifts, lock-in behaviour, or
performance under varying flow conditions. The
millivolt-level voltage outputs were also sensitive
to small uncertainties such as cable movement or
adhesive flexibility, which may have introduced
minor variations in measurement. Moreover,
The CFD-FEA approach assumes idealized flow
conditions, perfect structural bonding, and lin-
ear material behavior, which do not fully capture
real-world effects such as turbulence fluctuations,
adhesive compliance, mounting imperfections,
and nonlinear damping.

CONCLUSIONS

This work explored the potential of a blade-
less wind energy harvester that utilizes piezoelec-
tric transduction to convert aerodynamic forces
into electrical energy. Three bluff body geom-
etries — cube, cylinder, and sphere — were ana-
lyzed through a combination of CFD, FEA, and
wind tunnel experiments. Among the prototypes,
the cube configuration delivered the highest volt-
age output (~5 mV), followed by the cylinder (~4
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mV) and the sphere (~3 mV). The cube’s sharp
geometry induced stronger aerodynamic load-
ing, enhancing structural response and improv-
ing energy conversion. In contrast, the sphere
exhibited reduced drag and consequently the low-
est voltage output. The close agreement between
numerical simulations and experimental mea-
surements confirmed the reliability of the cou-
pled CFD-FEA methodology. Overall, the study
established the feasibility of bladeless wind har-
vesters and emphasizes the critical role of bluff
body geometry in optimizing acrodynamic forc-
ing, structural dynamics, and power generation.

Future work can expand on this study in sev-
eral directions. Since the current wind tunnel
operates at a fixed speed, conducting experiments
in facilities with variable-speed capability would
allow a fuller investigation of resonance, lock-in
behaviour, and performance across different flow
regimes. Complementing this with time-depend-
ent CFD approaches such as URANS or LES
would provide a more realistic picture of vortex
shedding and fluctuating aerodynamic forces than
the steady-state model used here. Incorporating
frequency-domain measurements and improved
turbulence models would also deepen understand-
ing of device behaviour. Finally, investigating
long-term stability, fatigue, and environmental
effects would help move the bladeless piezoelec-
tric wind harvester closer to practical and durable
real-world deployment.
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