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The growing demand for sustainable energy solutions has spurred interest in 
harnessing energy from flow-induced vibrations (FIV), a phenomenon traditionally 
associated with structural fatigue but now recognized for its potential in renewable 
energy generation. Despite advancements in piezoelectric energy harvesting, the 
interplay between flow dynamics, vibration characteristics and energy conversion 
efficiency remain inadequately understood, particularly across varying flow regimes. 
This study aims to experimentally investigate the relationship between FIV and 
piezoelectric energy harvesting, focusing on optimizing geometric configurations and 
flow parameters to maximize energy output. A square cylinder subjected to controlled 
wind tunnel flow was analysed to evaluate its dynamic response and energy conversion 
efficiency at different reduced velocities (Ur). The experimental methodology included 
free vibration testing, wind tunnel experiments and piezoelectric voltage 
measurements to characterize vibration amplitudes and harvested energy. Results 
identified three distinct regimes: vortex-induced vibration (VIV) at Ur< 30, transition at 
30≤Ur≤40 and galloping at Ur>40. The VIV regime exhibited dominant frequency 
harmonics (f=nf0) with moderate energy output, while the transition regime showed 
nonlinear energy responses due to shifting frequency components. The galloping 
regime demonstrated the highest energy harvesting potential, driven by sustained, 
large-amplitude oscillations. These findings underscore the critical role of flow-
structure interactions in energy harvesting performance and provide practical insights 
for optimizing transducer design to enhance efficiency. This research contributes to the 
development of robust renewable energy systems leveraging FIV mechanisms. 
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1. Introduction 
 

The growing need for sustainable energy sources has led to an increasing focus on energy 
harvesting from flow-induced vibrations (FIV). Initially considered a cause of structural fatigue, FIV is 
now viewed as a viable mechanism for renewable energy generation, particularly through 
piezoelectric transduction [1-5]. Piezoelectric energy harvesting from FIV offers a promising means 
of generating power in wind and water environments, making it suitable for self-powered devices 
and remote sensing applications [6-8]. 

Various studies have investigated different configurations of FIV-based energy harvesters. Shahid 
et al., [1] examined the influence of confinement on piezoelectric energy harvesting efficiency, 
demonstrating that boundary conditions significantly affect power output. Islam et al., [2] conducted 
an experimental and numerical study on an elastically mounted circular cylinder, showing that the 
highest power generation occurs within the lock-in region where resonance conditions amplify 
vibrations. Masoumi et al., [3] explored a hybrid piezoelectric-electromagnetic harvester and found 
that combining multiple energy conversion mechanisms enhances the energy harvesting range and 
efficiency. 

The growing need for sustainable energy sources has led to an increasing focus on energy 
harvesting from flow-induced vibrations (FIV) [4]. Initially considered a cause of structural fatigue, 
FIV is now viewed as a viable mechanism for renewable energy generation, particularly through 
piezoelectric transduction [1-5] Piezoelectric energy harvesting from FIV offers a promising means of 
generating power in wind and water environments, making it suitable for self-powered devices and 
remote sensing applications [7-9]. 

Recent advancements have also highlighted the impact of vortex dynamics on energy conversion 
efficiency. Rashki et al., [5] analysed the effects of marine growth on the performance of two-

degree of-freedom (2DoF) VIV-based piezoelectric energy harvesters and found that biofouling 
significantly reduces energy extraction efficiency. Zhang et al., [6] introduced passive control 
techniques to enhance the energy harvested from vortex-induced oscillations. Similarly, Özkan et al., 
[7] studied piezoelectric energy harvesting from flag fluttering at low wind speeds, demonstrating 
that fabric material selection and aspect ratio play crucial roles in maximizing output voltage. 

The effectiveness of FIV-based energy harvesting is strongly governed by several dimensionless 
parameters, including the reduced velocity (𝑈𝑟), Scruton number (𝑆𝑐) and Strouhal number (𝑆𝑡). The 
reduced velocity is given by Eq. (1): 

 

𝑈𝑟 =
𝑈

𝑓𝑛𝐷
              (1) 

 
where 𝑈 is the free-stream velocity, 𝑓𝑛 is the natural frequency and 𝐷 is the characteristic length of 
the bluff body. The lock-in region, where vortex shedding frequency matches the natural frequency 
of the structure, leads to amplified oscillations and enhanced power generation [8,10]. 

The Scruton number, which quantifies the damping effect on vibration, is defined as: 
 

𝑆𝑐 =
2𝑚𝜁

𝜌𝐷2                (2) 

 
where 𝑚 is the mass per unit length, 𝜁 is the damping ratio and 𝜌 is the fluid density. Higher 𝑆𝑐 values 
reduce oscillation amplitudes, while lower values facilitate greater energy extraction. The Strouhal 
number, which characterizes vortex shedding frequency, is expressed as: 
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𝑆𝑡 =
𝑓𝑠𝐷

𝑈
              (3) 

 
where 𝑓𝑠 is the shedding frequency. When 𝑆𝑡 aligns with the natural frequency of the structure, 
resonance conditions optimize energy harvesting [8,9]. 

Despite extensive research on FIV-based energy harvesting, critical gaps persist in understanding 
the nonlinear interplay between flow regimes, vibration dynamics and piezoelectric energy 
conversion efficiency. While theoretical and computational studies provide insight into these 
interactions, experimental validation across varying flow conditions is needed [10,11]. Previous 
studies have primarily focused on isolated regimes (e.g., VIV or galloping) or idealized conditions, 
neglecting the transitional behaviours that dictate real-world performance. For instance, the impact 
of reduced velocity (Ur) on harmonic energy distribution in piezoelectric systems remains 
underexplored, particularly during the shift from VIV to galloping. Additionally, while theoretical 
models predict optimal energy harvesting conditions, experimental validations across a broad Ur 
range—especially for non-circular bluff bodies like square cylinders—are scarce. Addressing these 
gaps is essential to optimize transducer designs for adaptive energy harvesting in variable flow 
environments (e.g., urban wind corridors or underwater currents). This study aims to experimentally 
investigate the relationship between FIV and piezoelectric energy harvesting, focusing on optimizing 
geometric configurations and flow parameters for maximum energy output. This study bridges these 
gaps by systematically characterizing the energy harvesting potential across all three regimes (VIV, 
transition and galloping), offering empirical insights into frequency response, amplitude thresholds 
and nonlinear strain coupling in piezoelectric systems. 

 
2. Methodology  
2.1 Problem Geometry 

 
The problem under investigation is a square cylinder immersed in a uniform flow of 𝑈∞. Similar 

to any blunt body shape, flow over a square cylinder produces Karman vortices due to flow 
separations. The forming of a Karman vortex street generates instantaneous aerodynamic 
fluctuations on the body. In this study, the square cylinder is supported by a spring-damping system, 
as visualized in Figure 1, so that vibration of the cylinder is controlled following the stiffness and 
damping values of the system. This study focusses to explore the relation between velocity of the 
incoming flow with the harvested energy from vibration of the cylinder. The mass-spring-damping 
criteria is kept constant and the chosen values are based on the previously available similar studies 
(on flow induced vibration but not the same for the utilizing piezoelectric) [12-15]. 
 

 
Fig. 1. Problem geometry under investigation 

 
Table 1 lists and compares the mass-spring damping values for the current study and also 

previous similar studies. While the effective mass for the current study is the same as previous studies 
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(except for Kawabata et al., [12]), other parameters having higher magnitude compare to previous 
studies. This is mainly due to high spring (𝑘) constant and high damping factor 𝜁.  

 
Table 1 
Compares the mass-spring damping values 
Parameter Kawabata 

et al., [12] 
Ismail et 
al., [13] 

Maruai et al., 
[15] 

Methal et al., 
[14] 

current 

Effective Mass, 𝑚𝑒 [𝑘𝑔] 0.110 0.145 0.145 0.145 0.145 
Spring Constant, 𝑘 [𝑁/𝑚] 1181 1173 1173 1422 1535 
Natural Frequency, 𝑓𝑛 [𝐻𝑧] 16.5 14.2 14.2 15.9 16.49 
Logarithmic damping factor, 𝛿 0.0270 0.0275 0.0275 0.0427 0.0505 
Damping ratio, 𝜁 0.0043 0.0047 0.0044 0.0068 0.0080 

Scruton number, 𝑆𝑐
2𝑚𝜁

𝜌𝐷2 24.1 32.2 31.2 45.6 51.1 

 
2.2 Wind Tunnel Facility 

 
The experiments were conducted in a subsonic open-circuit wind tunnel at a controlled wind 

engineering laboratory. The test section dimensions are 0.8 × 0.46 × 0.38 m, ensuring a low solid 

blockage ratio (
𝐴𝑏

𝐴𝑤
< 40%). The flow speed was varied between 2 m/s to 30 m/s (3×104 ≲ 𝑅𝑒 ≲ 5 

105) to analyse its impact on vibration and energy harvesting. Figure 2 shows the test section of the 
wind tunnel. 

 

 
Fig. 2. Subsonic open wind tunnel 

 
The test section is specifically designed for flow induced vibration investigations. Similar design 

has been opted by Kawabata et al., [12], Methal et al., [14] and Mohamed et al., [16]. The test section 
is equipped with twin plate springs on both side of the test section. The dimensions of the spring 
plate are 0.5 m in length, 4.0 mm in width, 1.0 mm in thickness and it is made from spring steel 
material. The spring stiffness can be adjustable by adjusting the spring length. For this recent study, 
the spring stiffness is made constant at 𝑘 = 1535 Nm−1. 

 
2.3 Measurement Instruments 

 

The parameters of interest in this study are vibration amplitude (𝑦(𝑡)) and the magnitude of 

energy (𝑉(𝑡)) being generated from the vibration. To measure these parameters, laser displacement 

sensor and piezoelectric film transducer have been used. 



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer 

Volume 20, Issue 1 (2025) 136-149 

140 
 

Omron ZX-LDA11 laser displacement sensors were installed on the both side of the wind tunnel 
test section. This enable transverse movement being measured at both end of the cylinder. Figure 3 
shows the setup of laser displacement sensor at one side of the wind tunnel section. The signal from 
sensors were amplified using Omron ZX-LD100 amplifier before it being connected to oscilloscope. 

 

 
Fig. 3. Laser displacement sensor 

 
LDTO-028K PVDF piezoelectric film vibration has been used as the transducer to convert the 

vibration into voltage. It has sensitivity of 50 𝑚𝑉/𝑔. The piezoelectric is placed at the end of cylinder 
as shown in Figure 4(a) and the distance beyond its clamp is 10 𝑚𝑚. See Figure 4(b) for the close-up 
view of the piezoelectric. The piezoelectric was directly connected to an oscilloscope recorded 
voltage output. The free stream velocity inside the test section was measured using pitot static. The 
pressure different was digitally calculated using DPC-202N micro manometer. It is a pressure gauge 
in Figure 5 equipped with two pressure ports (HI and LOW) which measure and indicate pressure 
differences up to 2000 𝑃𝑎.  
 

  
(a) (b) 

Fig. 4. Piezoelectric (a) Piezoelectric installed on the side of wind tunnel (b) Close up 
view of the piezoelectric 
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Fig. 5. Pressure gauge for pitot static tube 

 
3. Results  
3.1 Free Vibration Testing 

 
Free vibration testing is a fundamental approach for characterizing the dynamic properties of a 

mechanical system. In the context of energy harvesting from flow-induced vibrations, such testing is 
essential to determine key parameters, including natural frequency, damping ratio and stiffness, 
which influence the energy harvesting performance. In a free vibration test, a system is initially 
displaced from its equilibrium position and then allowed to oscillate freely under the influence of its 
inherent restoring forces. For a simple linear mass-spring-damper system, the governing equation of 
motion is given by: 

 
𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑦(𝑡) = 0             (4) 

 
where 𝑚 is the mass of the system, 𝑐 is the damping coefficient, 𝑘 is the stiffness of the spring and 
𝑦(𝑡) is the transverse displacement as a function of time. The solution to this equation depends on 
the damping ratio, defined as: 

 

𝜁 =
𝑐

2√𝑚𝑘
               (5) 

 
If 𝜁 < 1 (underdamped case), the system undergoes oscillatory motion and the displacement can 

be expressed as:  
 

𝑦(𝑡) + 𝑌0𝑒−𝜁𝜔𝑛𝑡𝑐𝑜𝑠(𝜔𝑑𝑡 + ∅)            (6) 
 

where 𝑌0 is the initial amplitude, 𝜔𝑛 = √
𝑘

𝑚
 is the natural frequency of the system, 𝜔𝑑 =

𝜔𝑛√1 − 𝜁2 is the damped natural frequency and ∅ is the phase angle. 
The experimental setup involves displacing the square cylinder and recording the response using 

laser displacement sensors. The time-history data of displacement is then analysed to extract key 
parameters. The natural frequency 𝑓𝑛 is calculated from the time period of oscillations: 

 

𝑓𝑛 =
1

𝑇
               (7) 
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where 𝑇 is the average time period between successive peaks of the displacement signal. Using 
Fourier Transform, the frequency domain representation of the displacement signal can also be 
analysed, where the dominant frequency corresponds to 𝑓𝑛. 

The logarithmic decrement method is commonly used to estimate the damping ratio 𝜁. It is 
defined as:  
 

𝛿 = 𝑙𝑛 (
𝑦𝑛

𝑦𝑛+1
)              (8) 

 
where 𝑦𝑛 and 𝑦𝑛+1 are the amplitudes of two successive peaks. The damping ratio can then be 
calculated as: 

 

𝜁 =
𝛿

√4𝜋2+𝛿2
              (9) 

 
The stiffness 𝑘 of the spring can be determined from the natural frequency:  
 

𝑘 = 𝑚𝜔𝑛
2 = 𝑚(2𝜋𝑓𝑛)2                       (10) 

 
Free vibration testing also provides insights into the energy distribution across frequencies, which 

can be visualized using Power Spectral Density (PSD) plots. The PSD of the displacement signal is 
calculated as: 

 

𝑃𝑆𝐷(𝑓) =
|�̂�(𝑓)|2

𝑇
                       (11) 

 

where �̂�(𝑓) is the Fourier Transform of the displacement signal and 𝑇 is the duration of the signal. 
Peaks in the PSD correspond to the natural frequencies of the system. 
 

Table 2 
Trial (𝑥𝑖) 1 2 3 �̅� 𝜎 

𝑓𝑁  [Hz] 16.30  16.30 16.30 16.30 0 
𝑘 [N/m] 1520.91 1520.90 1520.91 1520.91 0 

 
Three free vibration testing have been made. Figure 6(a) to 6(c) show the time histories of the 

fluctuating amplitude and its corresponding spectrum. A clear tonal is observed in the spectrum 
indicating its natural frequency of the mass-spring damping system. The same values have been 
obtained from the three measurements giving the standard deviation of zero.  
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(a) Measurement 1 (b) Measurement 2 

 

 

 
(c) Measurement 3 

Fig. 6. Free vibration test 

 
3.2 Effect of Free Stream Velocity on Vibration Amplitude 

 
This section discusses the relationship between the dimensionless vibration amplitude 𝑦𝑟𝑚𝑠/𝐷 

and the reduced velocity (𝑈𝑟) in the context of Flow-Induced Vibrations (FIV). The analysis considers 
theoretical aspects, including vortex-induced vibrations (VIV) and galloping. Figure 7 presents the 

square cylinder vibration behaviour for a wide range of reduced velocity, 𝑈𝑟. The x-axis, representing 
the reduced velocity: 

 

𝑈𝑟 =
𝑈

𝑓𝑛𝐷
                        (12)

       
 
where 𝑈 is the flow velocity, 𝑓𝑛 is the natural frequency and 𝐷 is the characteristic diameter. The y-
axis shows the root-mean-square (RMS) vibration amplitude, normalized by 𝐷. At low reduced 
velocities (𝑈𝑟 < 20), vibration amplitudes are small and nearly constant. As 𝑈𝑟  increases beyond 20, 
small oscillations appear, suggesting the onset of vortex-induced vibrations (VIV). Around 𝑈𝑟 ≈ 30, 
a significant increase in amplitude is observed, followed by fluctuations, likely due to mode 
transitions. For higher reduced velocities (𝑈𝑟 > 40), the amplitude increases steadily, indicating the 
onset of galloping. 

FIV occurs due to the interaction between fluid forces and a structure, leading to oscillations. The 
key mechanisms are vortex-induced vibration (VIV) and galloping. VIV arises from periodic vortex 
shedding from a bluff body. It typically occurs at moderate 𝑈𝑟  values, with vibration amplitudes 
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increasing gradually but remaining bounded due to the lock-in phenomenon. In the figure, small 
amplitude vibrations at moderate 𝑈𝑟(≈ 20 − 30) suggest VIV initiation. 

Galloping is an aerodynamic instability, common in non-circular cross-sections (e.g., rectangular, 
D-section or ice-covered cables). Unlike VIV, galloping leads to unbounded vibration growth as 𝑈𝑟  
increases. The steady increase in amplitude beyond 𝑈𝑟 ≈ 40 suggests galloping onset with nonlinear 
vibration amplification. 
 

  
(a) Root mean square, 𝑦𝑟𝑚𝑠, of the vibration (b) Power spectrum density (PSD) of the vibration 

Fig. 7. Vibration behaviour for a wide range of reduced velocity, 𝑈𝑟 

 
The plot likely captures a transition from limited-amplitude VIV to unbounded galloping at higher 

𝑈𝑟. Excessive oscillations due to galloping can lead to structural failure. Mitigation strategies include 
damping solutions (e.g., tuned mass dampers) to reduce oscillations, cross-section modifications 
(e.g., aerodynamic fairings) to suppress galloping and predictive modelling through computational 
and experimental studies.  

Figure 7(b) shows the variation of vibration frequency ratio (𝑓𝑧/𝑓𝑛) with respect to reduced 
velocity. The frequency ratio remains close to unity at low and moderate reduced velocities 
(𝑈𝑟 < 30), indicating that the vibration is primarily governed by the natural frequency of the system, 
a characteristic of VIV lock-in behaviour. However, at 𝑈𝑟 ≈ 30 − 40, a shift in frequency is observed, 
followed by stabilization near unity again, suggesting mode transitions or changes in flow-structure 
interaction. 

 
3.3 Effect of Free Stream Velocity on Harvested Energy 

 
Figure 8 presents the behaviour of energy harvesting from flow-induced vibrations using a 

piezoelectric system attached to a square cylinder. Figure 8(a) shows the harvested energy in terms 
of voltage output, while Figure 8(b) illustrates the frequency ratio of the fluctuating energy. At low 
reduced velocities, the harvested energy remains small due to low vibration amplitudes. As 𝑈𝑟  
increases beyond 20, a gradual increase in energy is observed, coinciding with the onset of VIV. 
Around 𝑈𝑟 ≈ 30 − 40, the harvested energy experiences a sharp increase, likely due to higher 
vibration amplitudes and enhanced strain in the piezoelectric material. At higher 𝑈𝑟, particularly in 
the galloping regime (𝑈𝑟 > 40), energy harvesting continues to increase significantly due to large, 
sustained oscillations. The frequency ratio of the fluctuating energy follows a trend similar to the 
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vibration frequency, confirming that the harvested energy directly correlates with the vibrational 
behaviour of the structure. 

 

  
(a) Energy harvested (b) Frequency of the fluctuating energy 

Fig. 8. Behaviour of the harvested energy at a wide range of reduced velocity, 𝑈𝑟 

 
Piezoelectric energy harvesting relies on the direct conversion of mechanical strain into electrical 

energy. As the structure oscillates, strain is induced in the piezoelectric material, generating an 
electrical charge. The amount of energy harvested depends on the amplitude and frequency of 
oscillations. During VIV, energy generation remains moderate due to limited vibration amplitudes. 
However, in the galloping regime, the oscillations become much stronger, allowing for greater energy 
conversion efficiency. The nonlinearity in galloping-induced oscillations enhances the strain 
experienced by the piezoelectric material, making it a promising mechanism for maximizing energy 
output. 

 
3.4 Vortex Induced Vibration Regime (𝑈𝑟 < 30) 

 
In the vortex-induced vibration (VIV) regime, the signals exhibit harmonic components at 

frequencies 𝑓 = 𝑛𝑓0 , where 𝑓0 represents the fundamental frequency of the system. 
For lower reduced velocities (𝑈𝑟 = 9.4), the power spectral density (PSD) plot shows a dominant 

peak at 𝑓 = 𝑓0, indicating the primary oscillation mode of the structure. Additionally, higher 
harmonics at 𝑓 = 2𝑓0 and 𝑓 = 3𝑓0 are present but with lower intensity. 

As the reduced velocity increases to 𝑈𝑟 = 18.9, the dominant frequency remains at 𝑓 = 𝑓0, with 
the second harmonic 𝑓 = 2𝑓0 maintaining significant energy. However, the third harmonic 𝑓 = 3𝑓0 
starts to weaken, suggesting a redistribution of energy toward the lower harmonics. 

At the highest reduced velocity (𝑈𝑟 = 28.3), the fundamental frequency 𝑓0 remains the most 
prominent, while the second harmonic 𝑓 = 2𝑓0 is still noticeable. The third harmonic 𝑓 = 3𝑓0, 
however, is significantly weakened compared to the lower velocity cases, indicating that as 𝑈𝑟  
increases, the energy concentration shifts primarily to the fundamental and second harmonic 
frequencies. 

This behaviour suggests that in the VIV regime, the system predominantly oscillates at its natural 
frequency [17,18], while higher harmonics diminish as the reduced velocity increases, particularly at 
𝑓 = 3𝑓0. 
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(a) 𝑈𝑟 = 9.4 (b) 𝑈𝑟 = 18.9 

 

 
(c) 𝑈𝑟 = 28.3 

Fig. 9. Signals of vibration and harvested energy in vortex induced vibration regime 

 
3.5 Transition Regime (30 ≲ 𝑈𝑟 ≲ 40) 

 
In the transition regime, the signals exhibit frequency components primarily at the fundamental 

frequency 𝑓0, but the harmonic structure observed in the vortex-induced vibration (VIV) regime starts 
to weaken and change in amplitude. 

For the case of 𝑈𝑟 = 33, the power spectral density (PSD) plot reveals a dominant peak at      𝑓 =
𝑓0, similar to the VIV regime. However, the second harmonic at 𝑓 = 2𝑓0 shows a reduced amplitude 
compared to the previous cases, indicating a transition towards a different dynamic response. The 
third harmonic 𝑓 = 3𝑓0 is further weakened, signifying a decrease in nonlinear energy transfer. 
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(a) 𝑈𝑟 = 33 (b) 𝑈𝑟 = 33.8 

Fig. 10. Signals of vibration and harvested energy in transition regime 

 

  
(a) 𝑈𝑟 = 42.5 (b) 𝑈𝑟 = 63.7 

Fig. 11. Signals of vibration and harvested energy in galloping regime 

 
At 𝑈𝑟 = 33.8, the fundamental frequency 𝑓0 remains the dominant component, but the overall 

vibration amplitude decreases slightly. The second harmonic at 𝑓 = 2𝑓0 is still present but exhibits 
lower energy, while the third harmonic 𝑓 = 3𝑓0 is nearly absent. This trend suggests that as 𝑈𝑟  
increases further in the transition regime, the system begins to shift away from the strong harmonic 
response seen in VIV. 

The transition regime thus represents an intermediate state where the oscillatory behaviour 
shifts from a strong harmonic-dominated response to a more complex or weakened nonlinear 
interaction [19,20], leading to a reduction in higher harmonic amplitudes, especially at 𝑓 = 3𝑓0. 

 
3.6 Galloping Regime (𝑈𝑟 > 40) 

 
In the galloping regime, the system exhibits a strong periodic response characterized by a 

dominant frequency at 𝑓 = 𝑓0, with higher displacement amplitudes compared to the vortex-induced 
vibration (VIV) and transition regimes. 

For 𝑈𝑟 = 42.5, the power spectral density (PSD) plot shows a distinct peak at 𝑓 = 𝑓0, 
representing the primary mode of oscillation. The second harmonic at 𝑓 = 2𝑓0 is present but with a 
lower intensity, while the third harmonic at 𝑓 = 3𝑓0 is significantly diminished. The displacement 
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signal shows a more regular periodic behaviour and the piezoelectric signal follows the same trend 
with noticeable variations in amplitude. 

At 𝑈𝑟 = 63.7, the dominant frequency remains at 𝑓 = 𝑓0, but the overall amplitude of oscillation 
has increased. The periodic nature of the displacement signal is even more pronounced, suggesting 
a stable galloping motion. The PSD indicates that the energy is mostly concentrated at the 
fundamental frequency, with only minimal contributions from higher harmonics. The second 
harmonic at 𝑓 = 2𝑓0 is weaker than in previous cases and the third harmonic 𝑓 = 3𝑓0 is nearly 
absent. 

The galloping regime is characterized by a sustained, high-amplitude periodic motion where the 
energy is largely concentrated at the fundamental frequency 𝑓0, while higher harmonics weaken as 
the reduced velocity increases. This behaviour differentiates galloping from VIV, where multiple 
harmonics played a more significant role in the system’s dynamics [21]. 

 
4. Conclusions 

 
This study investigated the feasibility of energy harvesting from flow-induced vibrations (FIV) 

using a piezoelectric system. Through controlled wind tunnel experiments on a square cylinder, the 
research examined the influence of reduced velocity on vibration characteristics and harvested 
energy across different flow regimes: vortex-induced vibration (VIV), transition and galloping. 

The results demonstrated that in the VIV regime (𝑈𝑟 < 30), the system exhibited dominant 
frequency harmonics at 𝑓 = 𝑛𝑓0, where 𝑓0 is the fundamental frequency. The energy was primarily 
concentrated at the fundamental and second harmonics, while the third harmonic weakened as 𝑈𝑟  
increased. The transition regime (30 ≲ 𝑈𝑟 ≲ 40) marked a shift where higher harmonics gradually 
diminished, leading to a more complex vibrational response. Finally, in the galloping regime 
(𝑈𝑟 > 40), the system displayed high-amplitude periodic oscillations dominated by the fundamental 
frequency, with minimal contributions from higher harmonics. 

The relationship between vibration and harvested energy was evident across all regimes. As the 
reduced velocity increased, the harvested energy followed the trend of vibration amplitude. In the 
VIV regime, energy output was moderate due to the limited oscillation amplitude. The transition 
regime exhibited a non-linear energy response due to frequency shifts and dynamic changes in the 
wake-structure interaction. The galloping regime produced the highest energy output, as the 
sustained, large-amplitude vibrations resulted in increased strain on the piezoelectric material, 
leading to greater energy conversion efficiency. 

These findings contribute to a deeper understanding of FIV dynamics and their impact on energy 
harvesting performance. The insights gained from this study can aid in optimizing structural and 
transducer designs for enhanced energy conversion efficiency in various fluid flow conditions. 
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