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Abstract

Efficient energy harvesting from open-channel flows offers a sustainable solution for
powering distributed sensing systems in water infrastructure. This study investigates a
piezoelectric wake-excited membrane vortex-induced vibration (VIV) energy harvester
through a combined numerical and mechanical approach. The device features an upstream
cylindrical bluff body that generates a periodic vortex street, exciting a downstream flexible
membrane equipped with surface-mounted piezoelectric patches. A one-way coupled
CFD–FEM framework implemented in ANSYS was employed to assess the effects of mem-
brane length, material stiffness, and flow conditions on hydrodynamic loading, structural
deformation, and deformation power. Results show that membrane length mainly affects
oscillation amplitude and force levels, whereas material stiffness has a stronger influence
on membrane deformation and RMS mechanical power. Among the investigated materials,
low-stiffness polyethylene yields the highest deformation power, while none of the anal-
ysed configurations reaches a full lock-in condition within the explored parameter range.
Complementary mechanical analysis revealed that the stiffness of commercial piezoelectric
patches significantly reduces local strain, thereby constraining the practically harvestable
energy in the present baseline configuration. Spectral power density analysis identified
the dominant shedding frequency and its harmonics, confirming that the flow response
is governed by a coherent periodic excitation. These findings highlight key design trade-
offs in wake-excited membrane harvesters and provide useful guidance for the future
optimisation of self-powered hydraulic monitoring systems.

Keywords: vortex-induced vibration; piezoelectric energy harvesting; fluid-structure
interaction; open-channel flows; self-powered devices

1. Introduction
Efficient management of water resources has become a pressing global priority,

driven by population growth, urbanisation, climate change, and the need to protect pub-
lic health [1,2]. In this context, modern water networks—both pressurised and open-
channel—are primarily designed to deliver water and provide a service [3]. However, they
also contain substantial untapped hydraulic energy that often remains unexploited because
conventional turbine systems are not always technically or economically suitable [4,5]. In
parallel, real-time monitoring of water networks has become indispensable. Leakages and
losses not only waste a valuable resource but also increase operational costs and, in some
cases, exacerbate scarcity in regions already under water stress. Furthermore, water quality
monitoring—especially the IoT-based technologies—is essential to ensure compliance with
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public health regulations, preventing contamination events that could have severe societal
and economic consequences [6].

The strategic importance of water management is recognised both at the international
and national levels. On a global scale, the most prominent reference is the United Nations
2030 Agenda for Sustainable Development [7], in which Goals 6, 7, 11, 12, and 13 are
closely interconnected. Together, they promote integrated solutions that combine respon-
sible water use with renewable energy deployment, resilient infrastructure, and climate
adaptation. At the national level, the Italian example illustrates how these global priorities
can be translated into concrete actions. The ambitious investment programmes under
the Piano Nazionale di Ripresa e Resilienza (PNRR) [8] allocate substantial resources to
large-scale interventions aimed at replacing and upgrading ageing networks to reduce
leakage rates—which in some areas exceed 40% of the supplied volumes—enhancing the
climate resilience of water infrastructures to withstand extreme events such as prolonged
droughts and intense rainfall, deploying advanced digital monitoring and control systems
based on distributed sensors and real-time data management platforms, and integrating
distributed energy recovery technologies to valorise the kinetic energy available in water
flows. The overarching objective is to create a more efficient, sustainable, and self-sufficient
water management system, aligned with national environmental strategies and European
Union policies on resource efficiency and decarbonisation.

In this context, technologies that combine enhanced operational monitoring with local
generation of renewable energy without dependence on the electrical grid are poised to
play a pivotal role in shaping the future of water infrastructure. Therefore, the untapped
energy potential of pressurised and open-channel water networks represents a significant
opportunity. This potential can be harnessed to strengthen operational monitoring through
distributed sensor nodes, communication devices, and control units capable of acquiring
and transmitting continuous, high-resolution data on flow conditions, leak detection,
and water quality, while simultaneously enabling the recovery of local renewable energy
from the kinetic energy of flowing water.

Currently, batteries remain the most common energy source for distributed monitoring
systems. While chemical batteries are widely used and provide a reliable power supply,
they suffer from intrinsic limitations. Their finite lifespan requires periodic replacement
and maintenance, both of which are costly and logistically complex in remote or buried
installations [9–13]. Their production and disposal also entail environmental impacts,
and there is always the risk of hazardous substance leakage. Moreover, although the aver-
age power demand of distributed hydraulic monitoring systems is typically in the milliwatt
range, transient peak loads associated with wireless communication and data transmission
can be significantly higher [14]. These peaks may accelerate battery degradation and reduce
service life, particularly in remote or buried installations where maintenance interventions
are costly.

In contrast, self-powered or energy-harvesting technologies convert externally avail-
able energy into usable electricity, thereby reducing dependence on batteries in distributed
monitoring systems. Relevant sources include solar radiation [15], thermal gradients [16],
wind [17], salinity differences [18], and kinetic flows [19]. Such systems represent a promis-
ing solution for long-term and low-maintenance monitoring, especially in applications
where external power supply or battery replacement is difficult or costly. Furthermore,
advances in micro-electromechanical systems (MEMS) have drastically reduced the power
requirements of sensors, communication modules, and control electronics, enabling op-
eration in the milliwatt or even microwatt range. This technological progress makes it
increasingly feasible to power such devices using compact embedded energy harvesters
integrated into existing infrastructure.
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Among the available harvesting mechanisms, vortex-induced vibrations (VIV) are
particularly attractive in hydraulic environments due to their ability to convert steady flow
energy into sustained structural oscillations, which can then be transduced into electricity
via piezoelectric materials. This study focuses on a specific class of devices—cylinder-wake-
excited piezoelectric membranes for open-channel applications—which are addressed
in detail in Section 2. Section 3 details the case study and its corresponding numerical
model, while Section 4 presents and discusses the CFD–FEM simulation results, including
the mechanical analysis and the effects of the piezoelectric patches. Finally, Section 5
summarises the main findings and highlights possible directions for future research.

2. State-of-the-Art on Cylinder-Wake-Excited Piezoelectric Membrane
VIV Energy Harvesters

Vortex-induced vibrations occur when a bluff body placed in a fluid flow sheds
vortices in an alternating pattern, generating oscillatory lift forces perpendicular to the flow
direction. The vortex shedding frequency fs follows the Strouhal relationship:

fs =
St U

D
(1)

where St is the Strouhal number, U is the free-stream velocity, and D is the characteristic
dimension of the bluff body.

The fluid–structure interaction can be described through the reduced velocity:

Ur =
U

fnD
(2)

where fn is the natural frequency of the structure.
The lock-in (or synchronization) phenomenon occurs when the vortex shedding fre-

quency approaches the structural natural frequency ( fs ≈ fn). Under this condition,
the shedding process synchronizes with the structural motion, leading to sustained os-
cillations. Although often considered undesirable in engineering applications, this phe-
nomenon can be exploited for energy harvesting by converting mechanical oscillations into
electrical energy.

VIV energy harvesters can be broadly classified according to the energy conversion
mechanism and structural configuration. The main categories include:

• Piezoelectric VIV harvesters use piezoelectric materials bonded to vibrating struc-
tures, converting mechanical strain into electrical charges via the direct piezoelectric
effect. Suitable for small-scale, low-power applications, their performance is strongly
dependent on strain distribution and material properties.

• Electromagnetic VIV harvesters generate electricity through electromagnetic induction
via the relative motion of a magnet and a coil driven by vortex shedding. They can
achieve higher power outputs than piezoelectric devices but generally require larger
oscillation amplitudes.

• Electrostatic VIV harvesters rely on variable capacitance mechanisms, where oscil-
lations change the plate separation or overlap area, producing an electrical output.
They are less common in fluid–structure interaction contexts due to the need for pre-
charged circuits.

• Hybrid VIV harvesters combine two or more transduction mechanisms (e.g., piezo-
electric and electromagnetic) to extend bandwidth and improve efficiency, leveraging
the strengths of each technology over wider operating ranges.
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Structurally, VIV harvesters can be divided into cylinder-based systems (rigid or
flexible bluff bodies directly undergoing VIV) and wake-interaction systems (secondary
structures placed in the wake of a bluff body), such as flexible membranes/plates and
flag-type harvesters.

In the literature, several low-power energy-harvesting concepts based on the di-
rect piezoelectric effect have been explored. These include ceramic cantilevers [20], can-
tilevers with cylindrical extensions [21], polymer cantilevers coupled with diaphragms [22],
and jellyfish-inspired devices [23].

Wake-excited piezoelectric membrane harvesters have also attracted considerable
attention. The pioneering study by Allen and Smits [24] demonstrated the feasibility of this
concept through frequency-response measurements and particle image velocimetry (PIV).
Building on this idea, Taylor et al. [25] developed a PVDF-based membrane harvester for
ocean-current applications, while Techet et al. [26] experimentally confirmed that lock-in
conditions could yield measurable power output. In addition, Doaré and Michelin [27]
provided a more formal theoretical framework for the electromechanical behaviour of
flow-excited flexible piezoelectric structures.

Among these membrane-based concepts, cylinder-wake-excited configurations are
particularly attractive because of their simple structural design and their ability to provide
effective electromechanical conversion under vortex-induced excitation, making them suit-
able for low-power applications in aquatic environments. However, their absolute power
output may remain limited when the mechanically available energy is modest, and there-
fore strongly depends on the specific flow and structural configuration. In the present
work, the expression “effective electromechanical conversion” refers to the capability of the
device to convert deformation energy into electrical energy and should not be interpreted
as implying high absolute power output under all operating conditions.

A typical configuration consisting of a fixed cylindrical bluff body positioned upstream
of a flexible membrane equipped with surface-mounted piezoelectric patches is illustrated
in Figure 1. The unsteady pressure field generated by the vortex shedding from the bluff
body causes the membrane to deform, and this deformation is converted into electrical
energy via surface-mounted piezoelectric patches. This layout shares similarities with
flag-type harvesters, where a piezoelectric membrane oscillates freely in the flow. However,
their typical low power output limits practical applications. To address this challenge,
several investigations have been conducted.

Figure 1. Schematic view of a cylinder-wake-excited piezoelectric membrane harvester (adapted
from Ref. [28]).
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Environmental effects have also been investigated. Latif et al. [29] studied the perfor-
mance of a wake-excited piezoelectric membrane harvester in deep-water wave environ-
ments, finding that shorter wavelengths and shallower placements increased harvested
energy by up to 65%. In a practical prototype study, Kamenar et al. [28] confirmed the
feasibility of the concept in both laboratory and river flows, although the power densities
remained modest, indicating the need for optimisation.

Recent modelling and experimental advances include Wang et al. [30] on parallel
elastic plates with piezoelectric patches, Zhou et al. [31] on a low-startup-velocity VIV-
driven piezoelectric membrane device for deep-sea applications, and Bucha et al. [32] on
the effect of surface roughness on power output. Shahid et al. [33] explored the influence of
wall proximity and bluff body shape, showing that inverted C-shaped cylinders improved
power by 19%. Finally, Pan and Ji [34] demonstrated that multiple modified cylinders
combined with piezoelectric cantilever beams in parallel could significantly increase both
the voltage amplitude and the oscillation frequency.

Despite these advances, comprehensive studies of membrane-based VIV harvesters—
particularly those integrating detailed fluid–structure interaction modelling with realistic
piezoelectric power predictions—remain limited. The present work addresses this gap
through a coupled CFD–FEM investigation of a novel membrane-based device optimised
for open-flow operation in hydraulic environments.

3. Case Study and Its Mathematical Modelling
The present work investigates a membrane-based VIV energy harvester intended

for operation in open-channel flows. The device consists of a fixed upstream cylinder
that generates a periodic vortex street, inducing oscillations in a downstream flexible
membrane equipped with surface-mounted piezoelectric patches, as shown in Figure 2.
In this configuration, the unsteady pressure field produced by vortex shedding deforms
the membrane, and the resulting strain can be exploited by piezoelectric patches bonded
to its surfaces for electrical energy harvesting. It should be noted that the membrane is
initially flat, while the curved shape observed during operation arises dynamically from the
wake-induced loading and is not an imposed geometric feature. The study analyses how
membrane geometry, material properties, and flow conditions influence energy conversion
efficiency, employing a dedicated fluid–structure interaction (FSI) numerical framework.

Figure 2. Schematic view of the analysed configuration.

The device performance is governed by strong fluid–structure coupling, as temporal
and spatial variations in the pressure field directly affect membrane deformation. To capture
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this interaction, a coupled analysis was carried out in the Ansys environment, combining
the unsteady Reynolds-averaged Navier–Stokes (URANS) approach for the CFD simulation
with the finite element method (FEM) for the structural response. Accordingly, Section 3.1
details the fluid–structure coupling analysis, while Section 3.2 describes the computational
domain and mesh generation.

3.1. The Fluid–Structure Coupling Approaches

In fluid–structure interaction analysis, two primary approaches are commonly em-
ployed: one-way coupling and two-way coupling [35].

In the one-way coupling approach, the pressure distribution obtained from the CFD
analysis at a given time step serves as input for the FEM model, acting as an external
force. However, there is no feedback loop from the FEM model to the CFD model, meaning
that the structural response does not influence the fluid flow (see Figure 3a). This method
provides accurate results when structural displacements are small, requires shorter simu-
lation times, and allows for the simulation of flows at high Reynolds numbers. Its main
limitations are that the influence of structural deformation on the fluid field is neglected
and that fluid-induced damping effects must be introduced externally.

In contrast, the two-way coupling scheme involves a dynamic interaction between
the CFD and FEM models. In this approach, the deformations calculated in the FEM
model are fed back into the CFD model, establishing a feedback loop in which changes
in the structural shape modify the pressure distribution, thereby altering the fluid flow
and, in turn, the structural response (see Figure 3b). This exchange continues until a
convergent solution is reached, providing a more accurate and realistic representation of
the FSI. However, it requires small time steps to maintain accuracy, but at the same time it
may become unstable for very short time steps (below 0.1–0.01 s), and is less effective in
capturing high-frequency phenomena in either domain.

(a) (b)

Figure 3. Scheme of (a) the one-way and (b) the two-way approach for fluid-structural
coupling analysis.

In this study, a one-way coupling strategy was selected for two main reasons. First,
the relatively short convective timescale of the flow (tc = 0.1 s), together with the corre-
spondingly small numerical time step required for the transient CFD simulations, made
two-way coupling computationally expensive and potentially detrimental to numerical
stability over long transient runs. Second, for the range of materials tested—most of which
exhibit relatively high stiffness—the deformation of the membrane is not expected to signif-
icantly alter the upstream vortex shedding process. Under this assumption, the upstream
cylinder acts solely as a vortex generator exciting the membrane, while the membrane’s
deformation does not influence the wake dynamics.

Accordingly, the fluid problem was solved using the commercial ANSYS Fluent solver
to resolve the unsteady Reynolds-averaged Navier–Stokes (URANS) equations, whereas the
structural problem was addressed using ANSYS Mechanical, with CFD results transferred
as time-dependent pressure loads to the structural mesh.

For completeness, the governing equations underlying the adopted numerical frame-
work are briefly recalled here. The fluid phase was described by the incompressible URANS
equations, namely the continuity equation

∇ · u = 0 (3)
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and the momentum equation

ρ

(
∂u
∂t

+ u · ∇u
)
= −∇p + µ∇2u −∇ · ρu′u′, (4)

where u is the mean velocity vector, p is the pressure, ρ is the fluid density, µ is the dynamic
viscosity, and ρu′u′ denotes the Reynolds stress tensor.

The structural response of the membrane was described by the dynamic equilib-
rium equation

Mẍ + Cẋ + Kx = F(t), (5)

where M, C, and K are the mass, damping, and stiffness matrices, respectively, x is the
displacement vector, and F(t) represents the time-dependent pressure load transferred
from the CFD solution.

Within the adopted one-way coupling strategy, the fluid solution determines the
pressure field acting on the membrane, while the resulting structural deformation does not
feed back into the fluid domain.

3.2. Geometry Description

The computational model consists of a three-dimensional domain incorporating both
the fluid and structural regions to enable direct data exchange within the ANSYS software
suite. The geometry comprises an upstream cylinder with a diameter of D = 0.1 m,
followed by a downstream flexible lamina representing the energy-harvesting membrane
(Figure 4). The cylinder diameter was selected to ensure lock-in conditions under the
operating flow parameters considered in this study.

Figure 4. Geometric layout of the simulation domain.

In this configuration, the unsteady pressure field generated by vortex shedding de-
forms the membrane, and the resulting strain can be exploited by piezoelectric patches
bonded to its surfaces for electrical energy harvesting.

The fluid domain is modelled as a rectangular channel with dimensions (4× 22× 0.1) D,
providing sufficient space for the development of a stable Kármán vortex street with-
out interference from the inlet or outlet boundaries. Multiple lamina lengths were
considered—L = 2 D, 3 D, 4 D, 5 D—to assess the influence of the aspect ratio on the dy-
namic response and energy conversion efficiency while maintaining a fixed lamina thick-
ness of h = 0.1 D.

The lamina was positioned 2 D downstream of the cylinder to ensure that the vortex
street developed fully before interacting with the membrane. This spacing avoids the near-
wake region, where vortex formation is unstable and spatially irregular, and facilitates mesh
generation by preventing complex contact regions between the cylinder and the membrane.

To accurately resolve wake dynamics and membrane–flow interaction, the fluid do-
main was discretised using a structured mesh, which offers higher numerical accuracy and
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stability than unstructured grids for this type of simulation. The mesh was divided into
zones with local refinement in critical regions—specifically the cylinder surface, near-wake,
and membrane location—where strong velocity gradients and vortex shedding occur.

This local refinement strategy was adopted to improve the resolution of separation,
vortex roll-up, and wake–membrane interaction, while avoiding unnecessary mesh densifi-
cation in low-gradient regions of the domain.

The mesh generation strategy was optimised for the L = 4 D configuration, which
served as a reference for all subsequent cases.

3.3. Numerical Approach and Mesh Generation

A high-resolution mesh was generated in the immediate vicinity of the cylinder and
membrane (Figure 5) in order to accurately capture boundary-layer separation, vortex
roll-up, and wake–membrane interactions. Wall-adjacent cells were refined to achieve
y+ < 1, ensuring proper resolution of near-wall velocity gradients.

Figure 5. CFD mesh details for L = 4 D.

To assess the sensitivity of the numerical solution to both mesh resolution and tur-
bulence modelling, three grid levels (coarse, medium, and fine) were generated and
tested in combination with three turbulence models: Spalart–Allmaras (SA), k–ω SST, and
Transition SST.

The influence of mesh resolution and turbulence model selection was first evaluated
by analysing the drag coefficient CD of the cylinder at Re = 1.0 · 106 (Figure 6) in steady-
state condition. The results show that, for the Spalart–Allmaras model, the predicted CD

is essentially independent of mesh refinement. A slight variation with grid resolution is
observed for the SST and Transition SST models, although differences remain limited.

The sensitivity of the numerical approach was further investigated by comparing
the steady-state pressure coefficient distribution CP along the upper half of the cylinder
surface (Figure 7). The results confirm that the solution is only weakly dependent on mesh
refinement for the quantities of interest. Some sensitivity to the turbulence model remains
visible, particularly in the prediction of separation location.

Given the limited mesh dependency observed for the SA model and considering
that the present work aims to provide a preliminary hydrodynamic assessment of the
device rather than a high-fidelity turbulence study, the Spalart–Allmaras (SA) turbulence
model [36] was adopted for the transient simulations. This model was selected for its
reduced computational cost and its demonstrated capability to reproduce dominant vortex-
shedding dynamics in bluff-body flows. Previous investigations [37] have shown that SA
provides results consistent with more advanced turbulence closures in von Kármán vortex
shedding configurations. The present numerical framework should therefore be interpreted
as a preliminary and computationally efficient approach for comparative analysis, while a
dedicated experimental validation for the specific configuration remains a relevant topic
for future work.
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Figure 6. Average drag coefficient cD as a function of mesh refinement (coarse, medium, fine) and
turbulence model (Spalart–Allmaras, k–ω SST, and Transition SST) at Re = 1.0 · 106.
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Figure 7. Pressure coefficient cp distributions on the upper half of the cylinder as a function of
the angular coordinate θ. Comparison between turbulence models (Spalart–Allmaras, k–ω SST,
and Transition SST) and mesh refinements (coarse, medium and fine) at Re = 1.0 · 106.

Taking into account these considerations, the coarse grid was selected for the coupled
simulations in order to limit computational effort while preserving accuracy in the prediction
of global force coefficients and dominant shedding frequencies. The baseline CFD mesh
consisted of approximately 225,000 quadrilateral elements (Figure 8), with gradual coarsening
away from the cylinder–membrane region to maintain adequate far-field resolution.
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Figure 8. Mesh detail near the cylinder–membrane region.

The selected boundary conditions were as follows:

• Velocity inlet: uniform free-stream velocity U∞ = 1 m/s at the upstream boundary.
• Pressure outlet: fixed static pressure at the downstream boundary to allow free

wake development.
• No-slip walls: applied to the cylinder, membrane, and channel surfaces.

Inlet turbulence conditions were set with an intensity of 5% and a turbulence viscosity
ratio of 10.

The simulations were initialised using hybrid initialisation and advanced in time with
a step ∆t = tc · 10−3, where tc = D/U∞ is the convective timescale. A total physical time
of 15 s was simulated to ensure the convergence of the vortex shedding pattern and the
stabilisation of the force signals for structural coupling.

To verify the statistical stationarity of the simulated flow, the cumulative mean of
the specific force acting on the membrane was monitored over time. Figure 9 reports the
instantaneous force signal together with its corresponding cumulative mean. The cumu-
lative average stabilizes well before the end of the 15 s simulation window, indicating
convergence of the time-averaged quantities. This confirms that the selected simulation
duration is sufficient to ensure statistical reliability of the reported results.

Figure 9. Instantaneous specific force acting on the membrane surface and corresponding
cumulative mean.

https://doi.org/10.3390/app16062684

https://doi.org/10.3390/app16062684


Appl. Sci. 2026, 16, 2684 11 of 22

The structural domain consisted of the flexible membrane, modelled as a two-dimen-
sional deformable body with in-plane degrees of freedom. For the L = 4 D case, the mesh
employed 320 four-node quadrilateral (QUAD4) elements (Figure 10). The simplicity of the
geometry allowed the use of low-order elements, ensuring satisfactory accuracy without
excessive data generation—an important consideration for transient simulations.

Figure 10. Structural mesh of the membrane for L = 4 D.

The structural boundary conditions were as follows:

• Clamped upstream edge: all translational degrees of freedom are fixed.
• Out-of-plane constraint: zero displacement in the z-direction to prevent twisting while

allowing in-plane bending and oscillation.

Five membrane materials were selected and tested to investigate the effects of stiffness
and density on vibration amplitude and harvested power: structural steel, titanium alloy,
aluminium alloy, magnesium alloy, and polyethylene. Their mechanical properties are
summarised in Table 1.

Table 1. Mechanical properties of the materials considered in the FSI analysis.

Material Young’s Modulus [GPa] Density [kg/m3]

Structural steel 200.0 7859

Titanium alloy 96.0 4620

Aluminium alloy 73.8 2770

Magnesium alloy 45.0 1800

Polyethylene 1.1 950

The material properties directly influence the membrane response to fluid-induced
pressure fields and, consequently, the overall energy-harvesting efficiency. While the one-
way coupling assumption is valid for high-stiffness materials, where deformation has a
negligible influence on the flow, its accuracy decreases for low-stiffness materials such as
polyethylene, where large oscillations could alter the wake dynamics. This aspect is further
discussed in Section 4.

4. Results and Discussion
This section presents and discusses the outcomes of the numerical investigation, focus-

ing on both the fluid–structure interaction and the mechanical response of the membrane-
based VIV harvester. The analysis is divided into two parts. The first part (Section 4.1)
reports the results of the coupled CFD–FEM simulations, examining the influence of
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membrane length, material properties, and flow conditions on hydrodynamic behaviour,
structural deformation, and deformation power. The second part (Section 4.2) focusses
on the membrane mechanical analysis, assessing its flexural rigidity, deflection under self-
weight, and the combined mechanical response when piezoelectric patches are attached.
This integrated approach allows for a comprehensive evaluation of the system performance
and limitations.

4.1. Results of the CFD–FEM Analyses

The hydrodynamic behaviour of the harvester was first examined to evaluate the
effect of the lamina length on the development of the von Kármán vortex wake. Figure 11
compares the turbulent viscosity field for different configurations, showing that the lamina
exerts only a minor influence on the vortex shedding frequency and wavelength. All cases
show a shedding frequency of 3.0576 Hz, corresponding to a wavelength of approximately
3 D in the lamina region.

The reported shedding frequency corresponds to the dominant peak of the power
spectral density of the force signal. The spectral resolution is given by ∆ f = 1/T, where T
is the total sampling duration. In the present simulations, the selected time window ensures
sufficient frequency resolution to accurately identify the primary vortex shedding mode.
No significant higher harmonics or secondary peaks were detected in the analysed spectra,
indicating that the flow response is dominated by a single coherent shedding frequency.

Figure 11. Effect of the lamina length on the von Kármán vortex street: turbulent viscosity field.

This observation is confirmed by the evolution of the normal force per unit depth
acting on the membrane (Figure 12). While the shedding frequency remains essentially
unchanged, the force amplitude increases proportionally with the lamina length.

Since the harvested energy is strictly connected with the membrane deformation,
the structural response was investigated by analysing the spatial average displacement y(t)
and the deformation power Pm(t). Figure 13 shows this response for the case L = 4 D with
a titanium lamina.

The displacement exhibits an almost sinusoidal waveform, indicating that a single-
degree-of-freedom model can approximate the global motion. Conversely, the deformation
power shows a more complex profile, with high-frequency components superimposed on
the primary oscillation.

A comparison between the different materials is shown in Figure 14, reporting the
time evolution of the deformation energy for different metallic materials (L = 4 D). The os-
cillations have the same frequency for all materials, but the peak energy increases with
Young’s modulus.

https://doi.org/10.3390/app16062684
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Figure 12. Normal force trend on the membrane surface.

(a)

(b)

Figure 13. Spatial average displacement (a) and deformation power (b) of the lamina over the
non-dimensional time t∗ = t/(D/U∞), for L = 4 D and a titanium alloy lamina.
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Figure 14. Deformation energy for L = 4 D with different metallic materials.

Polyethylene, however, produces significantly higher energy values (Figure 15) but
with a more irregular temporal pattern, suggesting multiple contributing frequencies.

Figure 15. Deformation energy for L = 4 D with polyethylene.

To analyse the correlation between deformation power and frequency, the power
spectral density (PSD) for the different materials was also determined. Figure 16 highlights
a dominant peak at 6.34 Hz, with second and third harmonics at 12.69 Hz and 19.53 Hz,
respectively. Polyethylene concentrates most of the spectral power at low frequencies, more
in line with the vortex shedding frequency, whereas metals exhibit a wider spectrum with
secondary peaks around 50 Hz.

The superior performance of polyethylene is also confirmed in terms of RMS deforma-
tion power per unit of membrane depth (PRMS) (Table 2). Polyethylene exhibits a power
two orders of magnitude higher than that of the other materials.

It should be emphasized that the values reported in Table 2 refer to the mechanical
deformation power available in the membrane. The actual electrical output of a piezo-
electric harvester depends not only on this available mechanical energy but also on the
electromechanical coupling characteristics of the material, electrical load matching condi-
tions, and power conditioning strategy.
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Figure 16. PSD of the deformation power for L = 4 D and different materials.

Table 2. RMS deformation power per unit depth for L = 4 D.

Material Prms [W/m]

Structural steel 1.05 × 10−3

Titanium alloy 2.20 × 10−3

Aluminium alloy 2.85 × 10−3

Magnesium alloy 4.69 × 10−3

Polyethylene 3.30 × 10−1

In membrane-based piezoelectric harvesting systems, the overall mechanical-to-
electrical conversion efficiency reported in the literature spans a wide range, depending on
structural configuration and excitation mechanism [38]. Therefore, the mechanical power
values presented in this study represent the upper bound of the energy potentially available
for conversion rather than the directly harvested electrical output.

This behaviour is primarily associated with the lower Young’s modulus of polyethy-
lene, which promotes larger deformation amplitudes under identical flow excitation.
For the investigated metallic materials, the relationship between RMS deformation power
and Young’s modulus is illustrated in Figure 17.

To quantitatively assess such relationship, a Pearson correlation analysis was con-
ducted. The resulting coefficient (r = 0.10) indicates that no significant linear correlation ex-
ists within the considered dataset. Although variations in deformation power are observed
among materials, these differences cannot be described by a simple linear dependence on
stiffness. A more extensive parametric analysis including additional intermediate modulus
values would be required to determine whether a nonlinear relationship may exist.

Although no statistically significant linear correlation is observed, materials with
lower Young’s modulus generally exhibit higher Prms values within the limited set of
cases analysed.

For shorter lamina (L = 2 D), the main spectral peaks remain at the same frequencies
(Figure 18), but the high-frequency content is more pronounced than in the cases observed
for L = 4 D. Probably due to the shorter length, the membrane can capture only part of
the organised vortex development and is therefore subjected to a more irregular turbulent
flow. As a consequence, the deformation power is distributed over a wider range of
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frequencies, reducing the deformation power density in the frequency region close to the
vortex shedding frequency (3.0576 Hz).

Figure 17. RMS deformation power as a function of Young’s modulus for metallic materials, L = 4 D.

Figure 18. PSD of the deformation power for L = 2 D and different materials.

This is clearly reflected in Table 3, which lists the RMS deformation power for the
different values of L/D. The L = 2D cases are characterised by an RMS deformation power
slightly lower than that obtained with L = 4D, but still comparable.

Table 3. RMS deformation power per unit depth for various L/D ratios.

Prms [W/m]

Material L = 2D L = 3D L = 4D L = 5D

Structural steel 3.88 × 10−4 1.94 × 10−9 1.05 × 10−3 8.54 × 10−8

Titanium alloy 8.03 × 10−4 4.02 × 10−9 2.20 × 10−3 1.82 × 10−7

Aluminium alloy 1.10 × 10−3 5.45 × 10−9 2.85 × 10−3 2.41 × 10−7

Magnesium alloy 1.70 × 10−3 8.59 × 10−9 4.69 × 10−3 2.41 × 10−7

Polyethylene 1.19 × 10−1 3.73 × 10−9 3.30 × 10−1 2.63 × 10−5
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On the other hand, Prms is orders of magnitude smaller for the cases with L = 3D
and L = 5D. A possible explanation for this behaviour is related to the development of
vortex shedding and its interaction with the membrane. Since the wavelength of the vortex
shedding is approximately 3D, the membrane length directly affects the number of vortices
that can be effectively captured. Given that the membrane is positioned at a distance of 1D
from the cylinder, the L = 3D membrane is not exposed to a full shedding cycle but only
to a part of it, which may exert a damping effect on its overall deformation. Conversely,
the L = 4D membrane interacts with an entire shedding period, leading to a stronger and
more coherent excitation, also enhanced by possible resonance effects. For the L = 5D
case, the membrane is again subjected to partial periods, which could reintroduce a similar
damping behaviour. This hypothesis is supported by the turbulence intensity distributions
shown in Figure 11.

In terms of materials, polyethylene is consistently the best performer for all of the
considered lengths, confirming the key role that Young’s modulus plays in power extraction.
However, although polyethylene exhibits the highest mechanical deformation power,
the absolute values of this power are limited, and these values do not consider the influence
of the plate thickness and the presence of patches on the membrane surface. To investigate
this aspect, a mechanical analysis was conducted.

4.2. Membrane Mechanical Analysis

To better highlight the role of the material in the configuration performance, a com-
plementary mechanical analysis was carried out. This additional investigation aims to
characterise in detail the behaviour of the membrane itself, isolating its structural response
and evaluating the effects of material properties, geometry, and the presence of piezoelectric
patches on its deformation and flexibility.

The membrane was modelled as a bending plate/lamina that deflects under external
pressure loads. Piezoelectric patches are glued to both sides of the plate to convert strain
into electrical power. Their presence affects the membrane behaviour since it influences the
system flexural rigidity. In particular, the flexural rigidity D f [Pa · m3 ] of a plate is

D f =
Eh3

12(1 − ν2)
(6)

where E is Young’s modulus and ν is Poisson’s ratio.
From this equation, it is clear that the flexural rigidity of the membrane depends

on the membrane thickness h and the material characteristics, as shown in Figure 19,
which reports D f for various materials. Notably, D f is directly proportional to the material
Young’s modulus (E), indicating that materials with higher E exhibit greater flexural rigidity.
For example, stainless steel shows higher D f compared to ABS plastic with equivalent
h. Additionally, D f increases exponentially with the cube of the thickness (h3), leading
to higher values of D f for thicker materials. In the same figure, the flexural rigidity D f

of various commercial piezoelectric patches (P-876.A12, P-876.A15, and P-878.A1 from PI
Ceramics) is also reported. However, since patches have defined thicknesses, their flexural
rigidity does not change with the membrane thickness h, resulting in horizontal lines.

The mechanical behaviour of the combined plate–patch system can fall into three
different regions, depending on the membrane thickness h: (i) an upper region governed
by the flexural rigidity of the material (D f ,plate > D f ,patch); (ii) a middle region where both
the plate and the patch have similar flexural rigidities (D f ,plate ≈ D f ,patch); and (iii) a lower
region governed by the flexural rigidity of the piezoelectric patch (D f ,plate < D f ,patch).
For example, in the case of an ABS plastic plate and the P-876.A15 patch, D f ,plate of ABS
dominates over D f ,patch of the patch for h > 2 mm (upper region), while the mechanical
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behaviour is governed by the piezoelectric patch for h < 2 mm (lower region). To limit the
influence of the patch on the plate deformation, thicker membranes are suggested; however,
the thicker the membrane, the smaller the membrane deflection as a consequence of the
vortex shedding interaction.

Figure 19. Flexural rigidity D f for different materials as a function of the thickness of the plate h.
The flexural rigidity of the PI Ceramics piezoelectric patches are also plotted for comparison.

To better understand this mutual influence, the results obtained from the CFD–FEM
simulations (see Section 4.1) can be analysed considering the possible influence of the
patch presence on the membrane. To minimise the impact of the patch on the membrane
behaviour, the patch model with the lower flexural rigidity can be considered (P-876.A12).
It is worth recalling that the results refer to a membrane with a thickness of 1 mm.

According to Figure 19, the presence of the patch does not affect the deformation
power of all material membranes, with the exception of ABS and polyethylene. In these
last cases, ABS is characterised by a slightly smaller rigidity, and the impact is expected
to be negligible. In contrast, the polyethylene results will be more affected by glueing the
patch onto the membrane surface, further reducing the extracted power.

In conclusion, the mechanical assessment of the flag-like VIV harvester indicates that
the lamina can only behave as a non-rigid flag-like structure at small thicknesses for the
studied materials. However, this behaviour is affected by the glued piezoelectric patches,
as their stiffness may govern the deformation, significantly reducing strain levels and, thus,
electrical power output. From a purely mechanical standpoint, this configuration appears
to offer limited performance as an energy-harvesting system with the existing analysed
commercial patches. However, the use of innovative, thinner materials properly combined
with the development of more flexible patches can open the path for possible improvements.

Although the present results highlight the potential of the proposed concept for low-
power hydraulic monitoring, they also reveal important practical limitations. To provide a
more balanced engineering interpretation, the main advantages, limitations, and practical
implications of the proposed wake-excited membrane harvester are summarised in Table 4.
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Table 4. Main advantages, limitations, and practical implications of the proposed wake-excited
piezoelectric membrane harvester.

Aspect Advantages/Potential Limitations/
Current Constraints Practical Implication

Wake excitation
concept

Passive excitation
mechanism; coherent
periodic forcing generated
by the upstream cylinder

No full lock-in condition was
reached within the investigated
parameter range

Geometry and operating
conditions should be tuned to
strengthen fluid–structure
synchronisation

Membrane
compliance

Low-stiffness membranes
can increase deformation
response and RMS
mechanical power

Stiffer materials reduce strain
energy and limit deformation

Material selection is a key
design parameter for
improving harvesting potential

Piezoelectric
integration

The concept is compatible
with surface-mounted
piezoelectric patches

Bonded commercial patches
may significantly stiffen the
membrane and
suppress deformation

More compliant and thinner
piezoelectric solutions
are needed for
practical implementation

Numerical
framework

Useful for comparative
screening of materials and
geometries; suitable
for preliminary
design assessment

One-way coupling was
adopted, and no fully coupled
electromechanical circuit
model was included

The framework is appropriate
for preliminary analysis,
but not yet for full
device optimisation

Practical
performance

The configuration is
promising for low-
power hydraulic
monitoring applications

The baseline configuration
yields only modest practically
harvestable output

Further optimisation and
experimental validation are
required before
real deployment

5. Conclusions
This work presented a numerical assessment of a cylinder-wake-excited piezoelectric

membrane vortex-induced vibration (VIV) energy harvester for open-channel applications,
with particular focus on the influence of membrane material properties and geometric
parameters on deformation response and available mechanical power.

The key findings are:

• Hydrodynamic behaviour. The membrane has a limited influence on vortex shedding
frequency and wavelength, while the force amplitude increases with membrane length.
None of the investigated configurations reached a full lock-in condition within the
explored parameter range.

• Material effects. Membrane stiffness strongly influences deformation amplitude and
RMS mechanical power. Polyethylene exhibited the highest deformation power due
to its low flexural rigidity, whereas metallic membranes generated lower strain energy
levels under identical flow conditions. The analysed configurations, however, corre-
spond to a baseline (non-optimised) thickness and geometry intended for comparative
material screening.

• Spectral characteristics. The response is dominated by the primary vortex shed-
ding frequency, with no significant broadband contributions. Membrane length
affects oscillation amplitude but does not substantially modify the dominant
shedding mechanism.

• Mechanical constraints. Flexural rigidity analysis indicates that the stiffness of bonded
piezoelectric patches can significantly alter the effective structural behaviour of
thin membranes, potentially suppressing deformation and limiting the available
mechanical energy.
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• Design implications. The results highlight the importance of material tuning and
structural compliance in VIV-based harvesters. Future developments should ex-
plore optimised L/D ratios, lightweight composite membranes, and low-stiffness,
high-efficiency piezoelectric integrations to enhance deformation response and
energy extraction.

Overall, the present study should be interpreted as a preliminary comparative assess-
ment aimed at establishing a material-selection and modelling framework rather than a
fully optimised harvesting configuration. The absolute power levels reported reflect the
baseline geometry and operating conditions adopted for this analysis. Therefore, while the
current configuration yields only modest practical output, the results provide a consistent
basis for identifying the key physical and structural parameters governing the harvesting
potential of wake-excited membrane devices.

From a practical perspective, the proposed concept offers several attractive features,
including structural simplicity, passive wake excitation, and suitability for low-power
hydraulic monitoring applications. At the same time, the present results highlight rele-
vant limitations. In the investigated baseline configuration, no full lock-in condition was
achieved, and the stiffness of currently available bonded piezoelectric patches may signifi-
cantly suppress membrane deformation, thereby limiting the practically harvestable energy.
The viability of this concept therefore depends not only on the wake-induced excitation
mechanism itself, but also on the combined optimisation of membrane compliance, patch
flexibility, and geometric tuning.

The main scientific contribution of this work lies in the definition of a comparative
CFD–FEM and mechanical assessment framework capable of identifying the influence of
membrane material and geometry on deformation response and mechanically available
power in open-channel flows. In this sense, the study provides both physical insight into
the governing wake–membrane interaction and practical guidance for the preliminary
design of piezoelectric membrane harvesters.

Future work should therefore focus on geometric optimisation, the development
of more compliant membrane–patch assemblies, the integration of a fully coupled elec-
tromechanical model including the external circuit, and the experimental validation of the
proposed harvesting concept under realistic open-channel operating conditions. It should
also be emphasised that conversion efficiency and absolute power output are distinct
quantities: although the electromechanical conversion process may be effective, the har-
vested electrical power ultimately depends on the mechanical energy made available by
the flow–structure interaction.
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