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A B S T R A C T

Conventional vortex-induced vibration (VIV)-based piezoelectric energy harvesters (PEHs) typically operate 
effectively only under a single incident wind direction and within a narrow lock-in speed range, resulting in 
reduced adaptability and efficiency in naturally fluctuating wind conditions. In this study, a VIV-based PEH 
incorporating an arch beam as a supporting structure is proposed to capture wind energy over a broad range of 
incident wind directions and multiple lock-in wind speed ranges by activating higher-order vibrational modes. 
Finite element analysis is first conducted to determine the natural frequencies and corresponding mode shapes of 
the VIV-based PEHs with both the conventional straight beam and the proposed arch beam configurations. 
Subsequently, wind tunnel experiments are performed to evaluate the wind energy harvesting performance, 
including the cut-in wind speed, lock-in wind speed range, incident wind direction range, and electrical output, 
by leveraging the harvester's multi-modal response. Finally, the superior configuration with a central angle of 3π/ 
4 is selected to demonstrate its application potential, including powering wireless sensors. The results reveal that 
the proposed harvester can effectively capture wind energy with superior wind direction adaptability and across 
several lock-in wind speed ranges by activating multiple modes, achieving optimal performance when the second 
bending mode is excited. Overall, this novel design provides a promising approach for efficiently harvesting wind 
energy and for powering remote sensing devices under variable natural wind conditions.

1. Introduction

The rapid advancement of technologies such as the Internet of Things 
(IoT) [1], wearable electronics [2], and environmental monitoring [3] 
has created increasing demand for sustainable energy supply solutions 
and advanced self-powered technologies. Conventional battery-powered 
systems suffer from limited service life and costly replacement, making 
them unsuitable for long-term, maintenance-free applications [4,5]. As a 
result, harvesting clean energy from ambient sources, such as tides [6], 
waves [7], and wind [8,9], to power wireless sensors has emerged as a 
promising alternative to traditional battery-based approaches [10,11]. 
Piezoelectric [12–14], electromagnetic [15,16], and triboelectric 

[17–19] mechanisms are widely adopted energy conversion strategies 
for transforming ambient clean energy into useable electricity. Among 
these, the piezoelectric effect has received particular attention owing to 
its ease of miniaturization and relatively high power density [20,21].

Cantilever beams are widely employed in vibration-based piezo
electric energy harvesters (PEHs) due to their favourable dynamic 
characteristics, structural simplicity, ease of fabrication, and large de
flections [22,23]. However, conventional cantilever-based PEHs suffer 
from inherent limitations, including non-uniform strain distribution, 
high resonance frequencies, and narrow operational bandwidths 
[24–26]. To overcome these drawbacks, researchers have explored PEHs 
using curved beam structures, which show substantial potential for 
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improving output performance and expanding practical application 
scenarios [27–30]. For example, Jung et al. [31] proposed a curved PEH 
and experimentally demonstrated that a more uniformly distributed 
stress across the piezoelectric layer results in an enhanced electrical 
output. Yang et al. [32] introduced a PEH with arc-shaped piezoelectric 
patches. A finite element simulation revealed that the curved beam 
structure induces evenly distributed high stress, and experimental re
sults validated its superior power output compared with the counterpart 
using a straight beam. Subsequently, Zhou et al. [33] developed an 
analytical model for curved-beam PEHs based on Timoshenko beam 
theory and the mode expansion method, providing analytical guidance 
for composite arc-shaped harvesters with variable curvature. Curved 
supporting structures have been shown to be effective in low-frequency 
energy harvesting [34,35]. Wang et al. [36] reported a low-frequency 
curved PEH, where adjusting the radius of curvature enabled match
ing with the source excitation frequency. Both experimental and nu
merical results demonstrated its strong low-frequency vibration 
absorption capacity and enhanced energy harvesting efficiency. Zhang 
et al. [24] presented a curved pre-bent PEH for harvesting 
low-frequency vibration energy while mitigating damage from excessive 
deformation. Their results indicated that the optimal low-frequency 
bandwidth can be achieved through appropriate tuning of the struc
tural parameters. Recent studies have further shown that introducing 
geometric/magnetic nonlinearities into PEHs with curved beams can 
effectively broaden the operational bandwidth and enhance output 
performance [37–41]. He et al. [42] proposed a low-frequency bistable 
PEH comprising two curved piezoelectric plates. Both theoretical and 
experimental results demonstrated that the nonlinear force alters the 
dynamics of the harvester and broadens its operational bandwidth.

Wind, one of the most abundant renewable energy sources on Earth, 
has been extensively exploited for energy harvesting by leveraging 
various aeroelastic instability mechanisms, such as buffeting [43], 
flutter [44,45], vortex-induced vibration (VIV) [46–49], galloping 
[50–52], and wake galloping [53,54]. Among these mechanisms, 
VIV-based energy harvesters have garnered considerable attention due 
to their superior energy conversion efficiency within a relatively low 
lock-in wind speed range [55–57]. The performance of VIV-based en
ergy harvesters is highly sensitive to variations in airflow velocity and 
direction [58], whereas natural wind conditions exhibit temporal fluc
tuations in both parameters [59]. Consequently, expanding the opera
tional range of wind speed or wind direction is crucial for improving the 
applicability of VIV-based energy harvesters for practical applications. 
Boddapati et al. [60] introduced a VIV-based PEH employing a canti
levered bistable composite laminate, which operates in two distinct 
dynamic modes at room temperature. While theoretical modeling and 
wind tunnel experiments demonstrated that the harvester can achieve 
high electrical output within dual lock-in wind speed ranges, its energy 

harvesting capability is restricted to a single incident wind direction. 
Chen et al. [61] developed a two-degree-of-freedom VIV-based PEH 
consisting of two parallel, elastically coupled cylinders. Numerical 
simulations and experimental investigations demonstrated that this 
configuration enhances power generation over two lock-in ranges at low 
wind speeds; however, the energy harvesting performance remains 
limited to a specific incident wind direction. Jia et al. [62] developed a 
VIV-based PEH employing an asymmetric cylindrical bluff body to 
excite dual vibration modes for wind energy harvesting. Despite its 
capability of multi-modal energy extraction, the harvester's output is 
restricted by the narrow ranges of effective incident wind directions and 
lock-in wind speeds. Extensive research has investigated various 
VIV-based energy harvester configurations to improve their adaptability 
to different incident wind directions [63–65]. Li et al. [66] proposed an 
in-plane omnidirectional VIV-based PEH consisting of a cylindrical shell 
bluff body supported by internal piezoelectric composite beams. Nu
merical simulations and experimental results revealed that the design 
enhances directional adaptability within the lock-in wind speed range in 
the single bending mode. Zhang et al. [67] developed a VIV-based PEH 
comprising a foam sphere connected with a supporting piezoelectric 
beam to harvest wind energy from the horizontal direction. While this 
configuration effectively addresses directional limitations, the harvester 
operates only within a narrow lock-in wind speed range, extracting 
energy solely through the bending mode. To achieve an extended lock-in 
wind speed range with multi-directional capability, Wang et al. [68] and 
Shi et al. [69] proposed VIV-based PEHs incorporating a cross-coupled 
dual-beam design. Wind tunnel experiments demonstrated that such a 
configuration enhances electrical output performance by broadening the 
lock-in wind speed range and triggering dual bending modes. Su et al. 
[70] proposed a VIV-based bi-directional PEH comprising a U-shaped 
beam and a cylindrical bluff body. Experimental results demonstrated 
that the harvester could capture wind energy from two orthogonal 
incident directions within dual lock-in wind speed ranges by activating 
both vertical and horizontal bending vibration modes. Li et al. [71] 
introduced an omnidirectional VIV-based PEH incorporating a rotating 
fixed seat and two cylindrical bluff bodies arranged in series. Wind 
tunnel experiments demonstrated that the system exhibited bistable 
behaviour with a bending mode being triggered with suitable design 
parameters.

Although numerous approaches have been developed for VIV-based 
energy harvesting under different incident wind directions, limited 
attention has been given to harvesters that can simultaneously achieve 
multi-directional performance and multiple lock-in wind speed ranges 
by leveraging higher-order vibrational modes, including both bending 
and torsional modes. Our preliminary experimental results [57] showed 
the possibility of using a tri-section beam in a VIV-based PEH to scav
enge wind energy, with different vibration modes being activated in 

Fig. 1. Schematic of VIV-based piezoelectric energy harvesters with (a) straight beam and proposed arch beam, (b) arch beam with different radii of curvature and 
corresponding central angles.
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response to varying wind directions. However, it lacks a comprehensive 
analysis of the effects of the beam's design parameters. Building on that 
multi-section beam idea and inspired by the curved beam designs, this 
study develops a novel VIV-based arch beam piezoelectric energy 
harvester (VIV-ABPEH). With a properly tuned central angle of the arch 
beam, the proposed VIV-ABPEH can harness multi-directional wind 
energy via both bending and torsional modes, covering multiple lock-in 
wind speed ranges. The performance is comprehensively evaluated 
using five metrics. The rest of this paper is organized as follows. Section 
2 introduces the VIV-ABPEH design, as well as the setups of the finite 
element analysis (FEA) and wind tunnel experiment. Section 3 presents 
the experimental results and parametric study of the proposed 
VIV-ABPEHs with various central angles, emphasizing their 
wind-directional adaptability and mode activation across multiple 
lock-in wind speed ranges. Furthermore, the electrical output perfor
mance and practical powering applications of the developed harvesters 
are systematically investigated. Finally, Section 4 summarizes the key 
findings of this work.

2. Finite element simulation and experimental methodology

The finite element analysis (FEA) and wind tunnel setups for the 
conventional VIV-based piezoelectric energy harvester with straight 
beam (VIV-SBPEH) and the proposed VIV-ABPEH with different curva
tures are described in this section. Section 2.1 presents the geometrical 
parameters of the VIV-based PEHs, Section 2.2 details the numerical 
simulation settings using ANSYS, and Section 2.3 describes the experi
mental setup.

2.1. Geometric configuration

Fig. 1(a) illustrates the schematic of the vortex-induced vibration- 
based piezoelectric energy harvesters (VIV-PEHs) employing straight 
and arch beams, denoted as VIV-SBPEH and VIV-ABPEH, respectively. In 
both configurations, a cylindrical bluff body with a diameter of d = 50 
mm and a height of h = 140 mm is attached at the free end of the beam, 
while piezoelectric patches are bonded near the clamped end. The VIV- 
SBPEH consists of a straight beam with a length of Ls = 180, where the 
two piezoelectric patches (Macro Fiber Composite-MFC, Smart Material 
Corp.) have a length of Lp = 37 mm, and the gap between the clamped 
end and the piezo-patch's edge is Lg = 8 mm. The beam of the proposed 
VIV-ABPEH comprises two segments: a curved section with a length of 
Lc = 135 mm and a straight section with a length of Lb = Lp + Lg. As 
illustrated in Fig. 1(b), four radii of curvature (171.9 mm, 86.0 mm, 

57.3 mm, and 43.0 mm) corresponding to central angles of π/4, π/2, 3π/ 
4, and π, respectively, are considered to investigate the effect of curva
ture of the arch beam on the output performance of the proposed VIV- 
ABPEH.

2.2. Modal analysis

To investigate the natural frequencies and mode shapes of the 
traditional VIV-SBPEH and the proposed VIV-ABPEH, FEA is carried out 
in ANSYS Workbench. To accurately capture the three-dimensional 
dynamic behaviour of the system, solid elements are used for all com
ponents, including the beam, piezoelectric transducers, and cylindrical 
bluff body. A structured mesh comprising HEX8 elements is applied to 
the beam and piezoelectric transducers, as their simple geometry facil
itates computational efficiency and fast convergence. An unstructured 
mesh consisting of TET10 elements is applied to the cylindrical bluff 
body to accommodate its geometric complexity and ensure higher mesh 
quality and simulation accuracy. A mesh size of 0.005 m is adopted to 
achieve a balance between computational cost and solution accuracy in 
the modal analysis. This meshing strategy for the VIV-SBPEH resulted in 
a total of 3571 solid elements, comprising 3299 TET10 elements and 272 
HEX8 elements. For the VIV-ABPEH configurations with central angles 
of π/4, π/2, 3π/4, and π, the corresponding total numbers of solid ele
ments are 3823, 3817, 3823, and 3973, respectively, including 3299, 
3299, 3299, and 3455 TET10 elements, along with 524, 518, 524, and 
518 HEX8 elements. The FEA results of the natural frequencies and 
corresponding mode shapes for the VIV-SBPEH and VIV-ABPEHs with 
different central angles are presented in the Supplementary Materials.

2.3. Experimental setup

Fig. 2 shows the prototype of the VIV-ABPEHs and the experimental 
setup used for the wind tunnel test. The aerodynamic tests are conducted 
in an open-loop wind tunnel, where the incident wind direction on the 
harvester is adjusted using an angle adapter mounted at the top of the 
test section. The adapter scale, fabricated via laser cutting, allowed ac
curate monitoring of the wind direction. The harvester consists of an 
arch beam with various curvature radii bonded with MFCs (capacitance 
Cp = 15.5 nF) and a cylindrical bluff body attached at the free end. The 
beam is clamped by a rigid frame holder, ensuring accurate alignment 
and stable positioning within the test section. The airflow is generated 
by an outlet draught fan, while a honeycomb structure installed at the 
inlet straightens and stabilizes the flow. Wind speed is measured in real- 
time using a pitot-static tube, and the incident airflow is regulated by a 

Fig. 2. Experimental setup for wind tunnel test and installation configuration of the VIV-ABPEH.
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variable-speed controller. The electrical outputs of the VIV-SBPEH and 
VIV-ABPEHs with different central angles are measured by a data 
acquisition (DAQ) module (NI 9229, National Instruments) with an in
ternal resistance of RDAQ = 1 MΩ. A large resistor (R = 10 MΩ) is con
nected in series with the DAQ module, resulting in a total external load 
resistance RL1 = RDAQ + R. The voltage VL1 across this load can be 
determined using the voltage divider rule.

3. Results and discussion

This section provides a detailed comparison between the VIV-SBPEH 
and VIV-ABPEHs based on five performance metrics: cut-in wind speed, 
lock-in wind speed ranges, mode activation, wind direction adaptability, 
and electrical power output. The harvester exhibiting superior perfor
mance across these criteria is subsequently selected for demonstration, 
including the application of wireless sensing.

3.1. Cut-in wind speed and lock-in ranges

The lock-in phenomenon, also referred to as vortex shedding syn
chronization, occurs when the frequency of vortex shedding in the 
airflow matches the natural frequency of the vibrating structure. 

Specifically, the cut-in speed denotes the onset wind speed at which 
structural vibrations become sufficiently excited to trigger the lock-in 
condition, while the cut-out speed indicates the wind speed at which 
the harvester stops functioning. Notably, a VIV-PEH can realize signif
icantly improved energy harvesting performance when operating within 
the lock-in wind speed range.

Fig. 3 shows the cut-in wind speeds and lock-in ranges of the con
ventional VIV-SBPEH and the proposed VIV-ABPEHs with different 
central angles under different incident wind directions in the experi
ment, indicated by the root-mean-square (RMS) voltage output of VL1. 
The reference orientation (zero-incident direction, θ = 0◦ as shown in 
Fig. 1) is defined along the axis parallel to the straight beam or tangent 
to the arch beam on which the cylindrical bluff body is mounted, with 
positive θ indicating wind directions measured counter-clockwise from 
the top view of the harvester. Both the VIV-SBPEH and the VIV-ABPEHs 
with the central angles of π/4, π/2, and 3π/4 are capable of harvesting 
wind energy within the 1st lock-in wind speed range (Fig. 3(a)–(d)) 
through the excitation of the 1st order bending mode. Furthermore, the 
proposed VIV-ABPEHs with central angles of π/2, 3π/4, and π can cap
ture wind energy within higher lock-in wind speed ranges (Fig. 3(e)–(g)) 
when the 2nd order bending mode is activated. In addition to harvesting 
wind energy through the activation of bending modes, the proposed 

Fig. 3. RMS voltage output of VL1 of the VIV-SBPEH and VIV-ABPEHs with different central angles in different wind speed ranges and incident wind directions from 
experiment: (a) VIV-SBPEH in the 1st order bending mode at θ = 0◦; VIV-ABPEHs in the 1st order bending mode with (b) central angle of π/4 at θ = 10◦, (c) central 
angle π/2 at θ = 190◦, (d) central angle 3π/4 at θ = 200◦; VIV-ABPEHs in the 2nd order bending mode with (e) central angle π/2 at θ = 140◦, (f) central angle 3π/4 at 
θ = 150◦, and (g) central angle π at θ = 190◦; VIV-ABPEHs in the 1st and 2nd order coupled torsional modes with (h) central angle π/2 at θ = 200◦, (i) central angle 
3π/4 at θ = 40◦, (j) central angle π at θ = 40◦; statistical lock-in ranges for the harvesters showing (k) the 1st lock-in range and (l) the 2nd lock-in range; (m) 
schematic illustration of the box-error plot.
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VIV-ABPEHs with the central angles of π/2, 3π/4, and π are also capable 
of exciting the 1st and 2nd order coupled torsional modes to extract 
wind energy, as illustrated in Fig. 3(h)–(j). However, the VIV-ABPEH 
with a central angle of π arch beam fails to excite the 1st order 
bending mode, whereas both the VIV-SBPEH and VIV-ABPEH with a 
central angle of π/4 are unable to activate the 1st and 2nd order 
torsional modes as well as the 2nd order bending mode for wind energy 
harvesting. These observations can be attributed to the higher natural 
frequencies associated with the corresponding vibrational modes, and a 

detailed discussion on mode activation is presented in Section 3.2. Fig. 3
(k) and (l) show the statistical results of the cut-in and cut-out wind 
speeds for the VIV-SBPEH and VIV-ABPEHs. The data points are 
collected at different incident wind directions. For each harvester 
configuration, wind tunnel tests are conducted over the full range of 
wind directions (ranging from 0◦ to 360◦), and at each direction, the 
corresponding cut-in and cut-out wind speeds associated with the exci
tation of the 1st order bending mode (Fig. 3(k)) or 2nd order bending 
mode (Fig. 3(l)) are measured. The box-error plots summarize the 

Fig. 4. Mode activation of the VIV-SBPEH and VIV-ABPEHs across different wind speeds: (a) 1st order bending mode for the VIV-SBPEH and VIV-ABPEHs with 
central angles of π/4, π/2, and 3π/4; (b) 1st and 2nd order torsional modes for VIV-ABPEHs with central angles of π/2, 3π/4, and π; (c) 2nd order bending mode for 
VIV-ABPEHs with central angles of π/2, 3π/4, and π; and (d) Activated and inactivated modes of the VIV-SBPEH and VIV-ABPEHs (see Supplementary Videos S1-S3 
for the activation of the first four modes of the VIV-ABPEH with central angle of 3π/4). Comparison of natural frequencies between experimental results and FEA 
predictions for the VIV-SBPEH and VIV-ABPEHs of the first four modes: (e) 1st order bending, (f) 1st order torsional, (g) 2nd order bending, and (h) 2nd order 
torsional modes.
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statistical characteristics of these datasets, including the interquartile 
range, median, and mean, as illustrated in Fig. 3(m). The accompanying 
smooth curves represent the overall distribution of the measured values, 
which is assumed to be approximately a normal (Gaussian) distribution. 
These curves are not analytical fits to wind-speed trends, but rather 
serve to visualize the distributions of cut-in and cut-out wind speeds, 
central tendency, and dispersion of the experimental data aggregated 
over the full range of wind directions. Based on these analyses, the 
arithmetic mean values of the cut-in and cut-out wind speeds are 
extracted and used to define the lock-in wind-speed ranges for the 1st 
and 2nd order bending modes, calculated as the difference between the 
mean cut-out and cut-in speeds. As illustrated in Fig. 3(k), when the 1st 
order bending mode is activated, the arithmetic mean cut-in wind speeds 
for the VIV-SBPEH and the VIV-ABPEHs with central angles of π/4, π/2, 
and 3π/4 are 1.28 m/s, 1.36 m/s, 1.55 m/s, and 1.64 m/s, respectively, 
while their corresponding arithmetic mean cut-out wind speeds are 2.87 
m/s, 2.65 m/s, 2.54 m/s, and 2.26 m/s. Consequently, the 1st lock-in 
wind speed ranges are calculated as 1.59 m/s, 1.29 m/s, 0.99 m/s, 
and 0.62 m/s. For the 2nd order bending mode, shown in Fig. 3(l), the 
VIV-ABPEHs with central angles of π/2, 3π/4, and π exhibit larger 
arithmetic mean cut-in and cut-out wind speeds. Specifically, the 
arithmetic mean cut-in wind speeds are 6.40 m/s, 4.40 m/s, and 4.08 m/ 
s, with corresponding arithmetic mean cut-out speeds of 8.50 m/s, 7.24 
m/s, and 6.57 m/s, resulting in 2nd lock-in speed ranges of 2.10 m/s, 
2.84 m/s, and 2.49 m/s. To quantify the overall wind-speed adapt
ability, the comprehensive lock-in range is defined as the union of the 
lock-in intervals of the 1st and 2nd order bending modes. When the two 
bending mode lock-in ranges do not overlap, the comprehensive range is 
obtained by summing the individual lock-in ranges. Therefore, the 
proposed VIV-ABPEH with a central angle of 3π/4 demonstrates the 
widest comprehensive lock-in range of 3.46 m/s, attributed to the 
combined activation of both the 1st and 2nd lock-in regions. By contrast, 
the comprehensive lock-in range of the VIV-SBPEH and the VIV-ABPEHs 
with central angles of π/4, π/2, and π are comparatively narrower, with 
values of 1.59 m/s, 1.29 m/s, 3.09 m/s, and 2.49 m/s.

3.2. Mode activation

During the VIV lock-in range, the vortex shedding frequency 

adaptively synchronizes with the coupled fluid-structure dynamics 
through a wake-capture mechanism [72]. Although the VIV response 
remains narrow-banded, the vibration frequency exhibits a slight drift 
with increasing reduced velocity due to the variation in the effective 
added mass [73,74]. This drift arises from the evolving phase relation
ship between the fluid forcing and the structural response [75], which 
modifies the apparent inertia of the system and enables sustained syn
chronization over a finite lock-in bandwidth. During the wind tunnel 
experiments, the steady-state voltage signals corresponding to each 
activated vibration mode are measured and subsequently analysed in 
the frequency domain by Fast Fourier Transform (FFT). The dominant 
peak in the frequency spectrum is identified as the vibration frequency 
of the corresponding mode. Accordingly, the mean value of the experi
mentally measured vibration frequencies within the lock-in range is 
adopted as the representative frequency of the corresponding vibration 
mode for the VIV-ABPEH.

Fig. 4 illustrates the mode activation of the VIV-SBPEH and VIV- 
ABPEHs. Compared with the conventional VIV-SBPEH, the proposed 
VIV-ABPEHs demonstrate enhanced output performance through the 
excitation of multiple vibrational modes. Specifically, as shown in Fig. 4
(a), both the traditional VIV-SBPEH and the VIV-ABPEHs with central 
angles of π/4, π/2, and 3π/4 can harvest wind energy via the 1st order 
bending mode, with corresponding frequencies of 6.25 Hz, 6.45 Hz, 
6.99 Hz, and 7.90 Hz, respectively. Moreover, higher order vibrational 
modes (including the 1st and 2nd order coupled torsional modes, the 
2nd order bending mode) are experimentally observed for the VIV- 
ABPEHs with central angles of π/2, 3π/4, and π, as shown in Fig. 4(b) 
and (c), The corresponding frequencies are 12.91 Hz, 10.48 Hz, and 
11.50 Hz for the 1st order torsional mode; 27.90 Hz, 21.10 Hz, and 
23.10 Hz for the 2nd order torsional mode; and 25.81 Hz, 20.43 Hz, and 
18.55 Hz for the 2nd order bending mode. These modes are absent in the 
VIV-SBPEH and VIV-ABPEH with the central angle of π/4. The working 
mechanism of the 1st and 2nd order coupled torsional modes can be 
attributed to geometry-induced modal coupling and nonlinear internal 
resonance. The arch-beam geometry inherently promotes coupling be
tween the fundamental and higher-order torsional deformations, while 
oblique incident wind direction generates unsteady aerodynamic mo
ments with broadband frequency content. When the flow excitation 
frequency approaches either the 1st or 2nd order torsional natural 

Fig. 5. Wind directional adaptability of the conventional VIV-SBPEH (a) and proposed VIV-ABPEHs with different central angles: (b) π/4, (c) π/2, (d) 3π/4, and (e) π. 
(f) Comparison of activated wind direction ranges of the VIV-SBPEH and VIV-ABPEHs.
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frequency, an initial torsional oscillation is triggered. As the vibration 
amplitude increases, nonlinear modal interactions enable energy 
transfer between the two torsional modes, resulting in their coexistence 
or alternating dominance. Fig. 4(d) presents the activated and inacti
vated vibrational modes for the traditional VIV-SBPEH and the proposed 
VIV-ABPEHs. It can be observed that the VIV-ABPEHs with central an
gles of π/2 and 3π/4 exhibit superior energy-harvesting performance, as 
they can activate the first four vibrational modes for wind energy 
extraction (see Supplementary Videos S1-S3 for the mode activation of 
the 3π/4 configuration). In contrast, both the VIV-SBPEH and the VIV- 
ABPEH with a central angle of π/4 can only excite the fundamental 
bending mode, and the VIV-ABPEH with a central angle of π cannot 
excite the 1st order bending mode. FEA is employed to predict the 
natural frequencies and vibrational modes of the VIV-SBPEH and VIV- 
ABPEHs, showing good agreement with the experimentally measured 
frequencies of the activated modes (Fig. 4(e)-4(h)). Specifically, under 
the 1st order torsional mode, the frequency deviations between the 

experimental results and FEA predictions for the VIV-ABPEHs with 
central angles of π/2, 3π/4, and π are 6.43%, 4.48%, and 6.09%, 
respectively. For the 2nd order bending mode, the corresponding de
viations are 1.51%, 5.73%, and 2.59%, respectively. Higher order 
vibrational modes for the VIV-SBPEH and VIV-ABPEH with a central 
angle of π/4 are not observed in the wind tunnel test because of their 
relatively high natural frequencies (20.14 Hz for VIV-SBPEH and 16.52 
Hz for VIV-ABPEH with the central angle of π/4 in the 1st order torsional 
mode, 52.06 Hz and 34.1 Hz in the 2nd order bending mode, and 59.26 
Hz and 37.48 Hz under the 2nd order torsional mode, respectively).

3.3. Wind direction adaptability

Fig. 5 presents a comprehensive comparison of the wind directional 
adaptability between the conventional VIV-SBPEH and the proposed 
VIV-ABPEHs with various central angles, indicated by the RMS voltage 
output of VL1. The embedded radial scale lines indicate the wind speed 

Fig. 6. Average output power PL1 for the VIV-SBPEH (a) and VIV-ABPEHs with different central angles: (b) π/4, (c) π/2, (d) 3π/4, and (e) π.
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magnitude (m/s) corresponding to the RMS voltage responses at each 
incident wind direction. To determine the activation ranges of the VIV- 
based harvester, wind tunnel experiments are conducted by rotating the 
harvester prototype from 0◦ to 360◦ at 5◦ intervals. Near the transition 
boundaries between activation and inactivation, finer angular adjust
ments are made with a 1◦ interval. Vortex-induced vibration is triggered 
when the measured voltage signal exhibits a steady-state periodic 
response. As illustrated in Fig. 5(a), the traditional VIV-SBPEH is capable 
of harvesting wind energy when the wind direction falls within 0◦-15◦, 
165◦-195◦, and 345◦-360◦, resulting in a total activated incident wind 
direction range of 60◦. By contrast, the VIV-ABPEH with a central angle 
of π/4 demonstrates an expanded activated range of 0◦-30◦, 165◦-210◦, 
and 355◦-360◦, yielding a total activated wind direction range of 80◦

(Fig. 5(b)). The configuration with a central angle of π/2 demonstrates 
superior adaptability with an activated incident wind direction of 200◦

across 0◦-40◦, 100◦-230◦, 260◦-280◦, and 350◦-360◦ (Fig. 5(c)). Simi
larly, the VIV-ABPEH with a central angle of 3π/4 achieves a broad 
activated range of 180◦, covering 0◦-65◦ and 105◦-220◦ (Fig. 5(d)). In 
addition, the configuration with a central angle of π attains an extensive 
activated range of 185◦, spanning 0◦-130◦, 148◦-198◦, and 355◦-360◦

(Fig. 5(e)). The experimental results, summarized in Fig. 5(f), clearly 
demonstrate that the proposed VIV-ABPEHs with different central an
gles exhibit significantly improved directional adaptability compared to 
the conventional VIV-SBPEH, with the configuration of a central angle of 
π/2 achieving the broadest activated directional range. Among them, the 
configuration of π/2 achieves the broadest activated directional range of 
200◦, which is 2.50 times that of the configuration of π/4 (80◦), 1.11 
times that of the 3π/4 configuration (180◦), 1.08 times that of the 
configuration of π (185◦), and 3.33 times that of the conventional VIV- 
SBPEH (60◦). The observed expansion of the activated wind-direction 
range can be attributed to the combined contribution of bending and 
torsional vibration modes. For bending-dominated responses, efficient 
energy extraction occurs when the wind-induced excitation (aero
dynamic lift force) direction is aligned with the bending direction. In 
contrast, torsional modes are excited by aerodynamic moments arising 
from asymmetric pressure distributions on the bluff body, particularly 
when geometric asymmetry is introduced by the arch-beam configura
tion. Consequently, the combination of bending and torsional oscilla
tions enables sustained electrical power generation in different wind 
directions, broadening the effective wind-direction operating range.

3.4. Power output performance

Based on the RMS value of VL1, VL1rms, the average output power is 
then calculated as PL1 = V2

L1rms/RL1. Fig. 6 illustrates the electrical power 
output PL1 of the VIV-SBPEH and VIV-ABPEHs with different central 
angles, evaluated under their corresponding activated modes. For 
clarity, the vibration modes are categorized as follows: the 1st order 
bending mode is referred to as Type 1, the 2nd order bending mode as 
Type 2, the 1st and 2nd order torsional coupled modes as Type 3, and the 
1st order bending mode together with 1st and 2nd order torsional 
coupled modes with varying wind speed as Type 4. As shown in Fig. 6(a) 
and (b), both the traditional VIV-SBPEH and the VIV-ABPEH with a 
central angle of π/4 can extract wind energy through activation of the 
1st order bending mode (Type 1) across their activated incident wind 
direction ranges. It is noteworthy that the conventional straight-beam 
harvester and the π/4 configuration achieve relatively high average 
output powers of 51.06 μW and 47.31 μW, respectively, at incident wind 
directions of 0◦ and 190◦. The VIV-ABPEH with a central angle of π/2 
(Fig. 6(c)) exhibits the capability to harvest wind energy through mul
tiple vibration modes over a broad range of incident wind directions. 
Specifically, Type 1 is observed between 170◦ and 230◦, while Type 2 is 
activated in the incident wind direction range of 100◦ to 169◦. The Type 
3 occurs within the ranges of 31◦-40◦ and 260◦-280◦, respectively. 
Additionally, Type 4 is identified within the ranges of 350◦-360◦ and 0◦- 
30◦. In these conditions, the harvester achieves peak average output 
powers of 53.24 μW and 33.53 μW for Type 1 and Type 2, corresponding 
to incident wind directions of 190◦ and 140◦, respectively. Similarly, the 
VIV-ABPEH with a central angle of 3π/4 (Fig. 6(d)) also demonstrates 
the activation of multiple vibration modes, thereby enabling efficient 
wind energy harvesting over a wide range of incident wind directions. 
Specifically, Type 1 occurs between 180◦ and 220◦, Type 2 between 
105◦ and 179◦, and Type 3 between 0◦ and 65◦. In these conditions, the 
harvester achieves notable average output powers of 20.72 μW and 
80.22 μW for Type 1 and Type 2 responses, respectively, at incident 
wind directions of 200◦ and 160◦. For the VIV-ABPEH with a central 
angle of π (Fig. 6(e)), Type 2 is activated within 148◦-198◦, and Type 3 is 
triggered across 0◦-130◦ and 355◦-360◦. The maximum average output 
power reaches 55.91 μW for the Type 2 response at an incident wind 
direction of 200◦, which is higher than that achieved by the Type 3 
response (42.66 μW) at 60◦.

Fig. 7. Power output performance for the VIV-SBPEH and VIV-ABPEHs: (a) average power output PL2 for the harvesters with varying resistance, (b) optimal power 
output for the VIV-ABPEHs with central angles of π/2, 3π/4, and π in the 2nd order bending mode, and (c) optimal power outputs for the VIV-SBPEH and VIV-ABPEHs 
with central angles of π/4, π/2, and 3π/4 in the 1st order bending mode.
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The VIV-SBPEH and VIV-ABPEH can excite the bending mode to 
harvest wind energy. As shown in Figs. 5 and 6, the VIV-ABPEHs with 
central angles of π/2, 3π/4, and π exhibit higher electrical output per
formance in the bending mode than in the torsional modes. Therefore, 
the bending modes are selected to evaluate and compare the optimal 
average power output of the VIV-SBPEH and VIV-ABPEHs. The DAQ 
module (NI 9229) is used to measure the voltage V0 across a small 
resistor R0 = 50 kΩ. The combined resistance of RDAQ and R0 can be 
approximated as R0 in parallel, which is then connected in series with a 
variable resistor RV (ranging from 1 kΩ to 999 kΩ) composed of multiple 
resistors. The voltage VL2 across the overall external load RL2 = RV + R0 
is calculated using the voltage divider rule. Based on the RMS values of 
VL2, VL2rms, the average output power is evaluated as PL2 = V2

L2rms/RL2, 
and the maximum power output is obtained by adjusting the variable 
resistor RV. Fig. 7 presents a comparison of the electrical power output 
between the VIV-SBPEH and VIV-ABPEHs with different central angles 
in the 1st and 2nd order bending modes. To comprehensively evaluate 
the maximum power output, representative incident wind directions 
and speeds are selected based on Fig. 6. For the 1st order bending mode, 
the examined conditions are θ = 0◦ at 2.4 m/s for the VIV-SBPEH, θ =
190◦ at 2.0 m/s for the VIV-ABPEH with the central angle of π/4, θ =
190◦ at 2.0 m/s for the VIV-ABPEH with π/2, and θ = 200◦ at 2.0 m/s for 
the VIV-ABPEH with 3π/4. For the 2nd order bending mode, the con
ditions are θ = 140◦ at 8.2 m/s for the VIV-ABPEH with π/2, θ = 160◦ at 
6.5 m/s for the VIV-ABPEH with 3π/4, and θ = 200◦ at 5.5 m/s for the 
VIV-ABPEH with π. As shown in Fig. 7(a) and (c), the average power 
outputs of the VIV-SBPEH and VIV-ABPEHs with central angles of π/4, 
π/2, and 3π/4 reach peak values of 0.151 mW, 0.160 mW, 0.181 mW, 
and 0.107 mW, respectively, corresponding to optimal resistances of 
1.62 MΩ, 1.57 MΩ, 1.45 MΩ, and 1.27 MΩ. Moreover, the proposed VIV- 
ABPEHs exhibit generally higher maximum power outputs in the 2nd 
order bending mode than under the 1st order mode, as illustrated in 
Fig. 7(b) and (c). In particular, the VIV-ABPEH with a central angle of 
3π/4 attains the highest power output of 1.044 mW at an optimal 
resistance of 0.503 MΩ, outperforming both the configuration of π 
(0.538 mW at 0.543 MΩ) and the configuration of π/2 (0.496 mW at 
0.388 MΩ). These results indicate that the activation of the 2nd order 
bending mode, particularly for the 3π/4 central angle, can achieve 
substantial energy harvesting efficiency for the proposed VIV-ABPEHs.

3.5. Performance comparison

For a comprehensive evaluation of the VIV-SBPEH and VIV-ABPEHs 
with different central angles, five key performance metrics (power 
output, mode activation, cut-in wind speed, lock-in wind speed range, 
and incident wind direction range) are employed. As illustrated in Fig. 8
(a), the radar map shows that the VIV-ABPEH with a central angle of 3π/ 
4 achieves the broadest overall coverage, followed by the configurations 
of π/2 and π, whereas the π/4 configuration and VIV-SBPEH exhibit 
comparatively smaller coverage areas. The broader coverage of the 3π/4 
configuration reflects its superior performance across the evaluated 
metrics. Specifically, as shown in Fig. 8(b), the 3π/4 configuration 
achieves the broadest lock-in wind speed range and highest power 
output, with respective values of 3.46 m/s and 1.044 mW, correspond
ing to a mass power density of 61.63 μW/g and a volume power density 
of 3.69 μW/cm3. Both the 3π/4 and π/2 configurations demonstrate 
superior mode activation capability, exciting the 1st and 2nd order 
bending modes as well as the 1st and 2nd order torsional modes, 
compared with the other harvesters. Additionally, the π/2 configuration 
exhibits favourable performance over a broader range of incident wind 
direction, achieving the value of 200◦. The VIV-SBPEH, however, out
performs the VIV-ABPEHs in terms of cut-in wind speed (1.28 m/s), 
which can be attributed to its lowest fundamental natural frequency. 
Overall, the VIV-ABPEH with a central angle of 3π/4 exhibits the highest 
performance among all configurations, outperforming others in power 
output, lock-in wind speed, and mode activation, while maintaining 
competitive performance in terms of incident wind direction and cut-in 
wind speed.

3.6. Application demonstration

The VIV-ABPEH with a central angle of 3π/4, identified in Section 
3.5 as the optimal configuration, is selected to evaluate the electrical 
output performance of the harvester working in the 1st and 2nd order 
bending modes. Wind tunnel tests are conducted to demonstrate its 
strong potential for practical application, including charging capacitors, 
lighting LED arrays, and powering wireless sensors, as shown in Fig. 9. 
In these tests, the prototype is excited under different vibrational modes: 
the 1st order bending mode is triggered at an incident wind direction of 

Fig. 8. Comprehensive evaluation of the traditional VIV-SBPEH and VIV-ABPEHs with different central angles: (a) radar map illustrating multi-metric analysis, and 
(b) comparison of superior performance across the five evaluated metrics.
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Fig. 9. Application demonstration: (a) circuit connections in various tests; (b) charging capacitors and (c) lighting LED array in the 1st and 2nd order bending modes 
(Supplementary Videos S4 and S5); Powering wireless temperature sensor (d) in the 1st order bending mode (Supplementary Video S6) and (e) in the 2nd order 
bending mode (Supplementary Video S7); (f) example of signal transmission (i), receiver (ii) and sensing & transmitting module (iii).
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200◦ with a wind speed of 2.0 m/s, whereas the 2nd order bending mode 
is triggered at an incident wind direction of 160◦ with a wind speed of 
6.0 m/s. The rectifier in Fig. 9(a) is W10G-237H with a forward voltage 
of 1 V.

The performance of the proposed 3π/4 configuration in the 1st and 
2nd order bending modes is first evaluated by charging a series of ca
pacitors, C1 (47 μF, 100 μF, 220 μF, and 470 μF), each with a rated 
voltage of 50 V (Fig. 9(b)). The results indicate that capacitors with 
smaller capacitance exhibit faster charging rates when the harvester is 
working in the same vibrational mode. Specifically, under the 1st order 
bending mode, the 47 μF capacitor reaches a saturation voltage of 8.06 V 
within approximately 80 s, whereas the 470 μF capacitor reaches only 
2.86 V after 120 s. Moreover, the harvester demonstrates superior 
charging performance in the 2nd order bending mode, achieving a 
significantly higher saturation voltage of 21.22 V within a shorter time 
(approximately 45 s) for the 47 μF capacitor, compared to its perfor
mance in the 1st order bending mode.

The performance of the proposed 3π/4 configuration is further tested 
by lighting the “UoA” LED array comprising 24 green LEDs connected in 
parallel. As illustrated in Fig. 9(a), a 220 μF capacitor (C2) is connected 
in parallel with the LED array to smooth the rectified voltage. Each LED 
has a rated voltage of approximately 2 V, and the harvester's output 
voltage stabilized at different levels depending on the activated bending 
mode, as shown in Fig. 9(c). In the 1st order bending mode, the rectified 
voltage stabilizes at 1.93 V and lights up the LED array after a charging 
period of 40.5 s once S2 is switched on (see Supplementary Video S4). By 
contrast, when operating under the 2nd order bending mode, the 
harvester achieves a higher stabilized voltage of 2.01 V and lights the 
LED array within only 8.6 s (see Supplementary Video S5). This higher 
stabilized voltage, combined with the shorter charging time, highlights 
the superior energy conversion efficiency of the proposed configuration 
when operating in the 2nd order bending mode.

The performance of the proposed configuration is further evaluated 
by powering a low-power wireless temperature sensor. As shown in 
Fig. 9(a), a 470 μF capacitor (C3) is connected in parallel with the sen
sors to stabilize the terminal voltage and store the harvested energy. 
Based on the terminal voltage variation in Fig. 9(d) and the experiment 
(see Supplementary Video S6), the VIV-ABPEH with a central angle of 
3π/4 charged C3 from 0 V to 5.04 V within 279.8 s, after which the 
sensor is successfully activated (“sensor on”). Then, wind excitation is 
stopped, and the stored energy in C3 sustained sensor operation for an 
additional 35.4 s. Each signal transmission from the temperature sensor 
caused a voltage drop of approximately 0.029 V in 1 s, enabling 35 
successful transmissions, as shown in Fig. 9(d) and (f). Overall, the 3π/4 
configuration demonstrated the capability of powering the temperature 
sensor for 35.4 s after 279.8 s of excitation in the 1st order bending 
mode. By contrast, as shown in Fig. 9(e) and the experiment (see Sup
plementary Video S7), the same configuration charged C3 to 5.04 V 
within 60.0 s in the 2nd order bending mode, after which the sensor is 
activated and transmits temperature signals 35 times within 35.3 s. 
These results indicate that, compared to the 1st order bending mode, the 
2nd order bending mode provides substantially improved charging ef
ficiency while maintaining an equivalent level of sensor operation.

4. Conclusions

This paper proposes a VIV-based arch beam piezoelectric energy 
harvester (VIV-ABPEH) and presents a comprehensive investigation of 
the influence of arch beam curvature on its performance in varying 
incident wind directions. Finite element analysis is employed to predict 
the natural frequencies of the first four modes of both the conventional 
VIV-based straight beam piezoelectric energy harvester (VIV-SBPEH) 
and the proposed VIV-ABPEH with central angles of π/4, π/2, 3π/4, and 
π. Wind tunnel experiments are conducted to systematically and 
comparatively evaluate the performances of the VIV-SBPEH and VIV- 
ABPEHs in terms of cut-in wind speed, lock-in wind speed range, 

mode activation, incident wind direction range, and electrical output. 
The main conclusions drawn from this study are summarized as follows: 

• The VIV-ABPEHs with π/2 and 3π/4 configurations can capture wind 
energy across multiple lock-in wind speed ranges by activating 
higher-order vibration modes.

• The VIV-ABPEHs exhibit superior adaptability to incident wind di
rection compared with the conventional VIV-SBPEH.

• Activation of the 2nd order bending mode enables the proposed VIV- 
ABPEH to achieve substantially higher electrical output than that in 
the 1st order mode, though it entails a higher cut-in wind speed.

• The VIV-ABPEH with a 3π/4 configuration achieves superior overall 
performance, with the self-powered sensors operating more effi
ciently when the 2nd order bending mode is activated.

The proposed VIV-ABPEH provides a promising approach for sup
plying continuous power to sensor networks, particularly in remote or 
hard-to-access environments. Although multi-directional wind energy 
harvesting has been demonstrated through finite element analysis and 
experimental validation, several challenges remain. These include the 
relatively high cut-in wind speed required to activate the 2nd order 
bending mode, the influence of geometric scaling on energy harvesting 
efficiency, and the absence of a predictive theoretical model for power 
output. Further research is therefore required to reduce the cut-in wind 
speed, enhance power density, and establish a theoretical framework for 
performance prediction, thereby improving the robustness and reli
ability of VIV-based wind energy harvesting in diverse natural wind 
conditions.
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