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Piezoelectric cantilever beams, which have simple structures and excellent mechanical/electrical coupling characteristics, are
widely applied in energy harvesting. When the piezoelectric cantilever beam is in a wind field, we should consider not only the
influence of the wind field on piezoelectric beam but also the electromechanical coupling effect on it. In this paper, we design and
test a wind-induced flag-swing piezoelectric energy harvester (PEH). *e piezoelectric cantilever beam may vibrate in the wind
field by affixing a flexible ribbon to the free end as the windward structure. To fulfill the goal of producing electricity, the flexible
ribbon can swing the piezoelectric cantilever in a wind-induced unstable condition. *e experimental findings demonstrate that
the flag-swing PEH performs well in energy harvesting when the wind field is excited.When the wind speed is 15m/s, the peak-to-
peak output AC voltage may reach 13.88V. In addition, the voltage at both ends of the closed-loop circuit’s external resistance is
examined. *e maximum electric power of the PEH may reach 43.4 μW with an external resistance of 650 kΩ. After passing
through the AC-DC conversion circuit, the flag-swing PEH has a steady DC voltage output of 1.67V. *e proposed energy
harvester transforms wind energy from a wind farm into electrical energy for supply to low-power electronic devices, allowing for
the creation and use of green energy to efficiently address the issue of inadequate energy.

1. Introduction

With the widespread application of low-power microelec-
tronic devices in fields such as electronic information, ar-
tificial intelligence, aerospace, civil engineering, the
machinery industry, and the engineering field, scientific
researchers have begun to focus more on the devices’ long-
term power supply. Traditional batteries are currently the
most common power supply mode for low-power-con-
sumption devices, but they have the disadvantages of limited
energy, short lifespan, environmental pollution, and diffi-
culty in replacing them in some environments. As a result, a
new power supply technology must be proposed as soon as
possible to address the aforementioned disadvantages [1–4].
With the intellectualization, miniaturization, and low power
consumption of electronic devices, the amount of electricity
required by these devices will be lower and lower. Milliwatts
or even microwatts of electrical power can meet the demand
for energy, which can be extracted from the mechanical

energy of functional materials in the vibrating surrounding
environment. Because of their excellent mechanical and
electrical coupling characteristics, piezoelectric materials are
ideal for manufacturing a piezoelectric device that converts
the mechanical energy contained in the environment into
electrical energy. *is piezoelectric device is called piezo-
electric energy harvester (PEH) [5–7]. Wind energy, water
energy, and tides in nature contain abundant mechanical
energy, in which wind energy is an inexhaustible green and
renewable resource. In the fields of collection and capturing
vibration energy, wind-induced vibration has become a
research focus of experts and scholars at home and abroad
for its advantages of being ubiquitous and easy to collect
[8–10]. When it flows through the surface of the object in the
wind field, the wind load will generate aerodynamic loads on
the object structure and the object structure will vibrate
under the wind-induced excitation, such as vortex-induced
resonance, galloping vibration, flutter, and chattering vi-
bration. Among them, experts and scholars mainly focus on
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how to design, optimize, and improve the energy conversion
from wind-induced mechanical energy to electrical energy
using piezoelectric energy harvesters under the excitation of
the wind field.

*e related study of PEH has drawn more academicians’
and researchers’ attention since British scholars Yate and
Williams [11] proposed the piezoelectric conversion method
to capture ambient vibration energy in 1996. In 2001, Taylor
et al. [12, 13] designed a PEH driven by river water flow to
supply power for wireless sensor network nodes. *e
mechanism of this PEH is to utilize the river water flow to
drive the piezoelectric material PVDF core component
swinging, which converts the kinetic energy of water flows
into electrical energy. When the speed of the water flow is
0.5m/s, the output voltage of the piezoelectric sheet can
reach 2V. *e working environment of this device is in
water, while this piezoelectric power generation is also
suitable for the airflow environment. Priya et al. [14]
designed a PZT piezoelectric windmill structure in 2005,
which consists of a fan impeller, a transmission device, and a
cantilever beam. When the wind blows the fan to rotate, the
rotation of the fan is converted into the vibration of the
cantilever beam by the transmission device. *us, the PZT
on the cantilever beam can harvest electricity, which ach-
ieves the purpose of energy harvesting. Li and Lipson [15] in
2009 investigated the practical application of energy re-
covery of piezoelectric cantilever beams under airflow
conditions and designed a piezoelectric power generation
device to harvest wind energy. *e device’s many blades
swing back and forth in response to the wind vortex force,
which also causes the cantilever beam to vibrate back and
forth, generating electric energy. When the wind speed is
8m/s and the blades and piezoelectric sheets are reasonably
distributed, the highest power generated by each blade can
reach 296 μW. Since the piezoelectric coefficient of PVDF is
much smaller than that of piezoelectric ceramic sheet PZT,
Clair et al. [16] from Clemson University proposed an
airflow-induced self-excited electrical device based on PZT
ceramic in the same year. When the wind speed is between
7.5m/s and 12.5m/s, the PZT ceramics will generate
0.1mW∼0.8mW of power under an external load of
49.65 kΩ.

In 2011, Li et al. [17] used a piezo-leaf architecture to
collect wind energy. *e study found that when the wind
direction is perpendicular to the piezo-leaf, the maximum
electric power output is 600 μWat a wind speed of 7m/s and
the power density is 36 μW/cm3. In the same year, Weinstein
et al. [18] proposed a vortex-shedding device to harvest
energy from the airflow in the building’s air-conditioning
exhaust system.*e device gets the maximum output power
under the matched load and the wind speed is 3.2m/s, and
the power mean-square value reaches 510W. Liu et al. [19]
designed a piezoelectric tree energy-harvesting device with
hinges connecting a triangle at the end of a piezoelectric
cantilever beam.*e AC peak-to-peak voltage of 82V can be
obtained with the flutter wind speed in the wind field. In the
closed circuit, when the external resistance is 680 kΩ, it can
have a DC output of 25.8 V and an electric power of
0.54mW can be obtained.

Based on the above research, a wind-induced flag-swing
PEH is proposed by pasting a flexible ribbon at the end of the
piezoelectric cantilever beam in this paper, which makes full
use of the mechanical energy contained in the wind field.*e
wind tunnel experiments were conducted to test and verify
the reliability of the power supply performance of the flag-
swing PEH.

2. Mechanism of the Flag-Swing PEH in the
Wind Field

Inspired by a fluttering ribbon in the wind, this paper
designed and investigated the characteristics of a flexible
wind-induced flag-swing piezoelectric energy harvester to
transform wind energy into electric energy, aiming to supply
long-lasting power for the low-power-consumption smart
electronic devices. *e flexible ribbon in the unstable state
stimulated by the wind field swings, and the excitation force
generated by the wind field also drives the piezoelectric
cantilever beam to swing left and right. At the same time, the
piezoelectric material MFC senses the strain produced by the
vibration of the cantilever beam and generates an instan-
taneous AC voltage based on the positive piezoelectric effect.

Firstly, the vibration resonance frequency of the pie-
zoelectric cantilever beam energy harvester system is ana-
lyzed by utilizing the vibration scanning platform. *en, the
vibration frequency of the energy harvester is optimally
designed to reach the natural vibration frequency of the
system so that the maximum vibration amplitude and the
maximum output voltage can be obtained. Next, the flag-
swing PEH and the load resistor are connected to form a
closed loop. Under the wind field, the flag-swing PEH can
generate electricity continually, and the current can be
detected at both ends of the resistor. *e AC voltage gen-
erated by the flag-swing PEH is converted with an AC-DC
conversion circuit that can provide power for low-power-
consumption electronic devices. *is is the working prin-
ciple of the flag-swing PEH in this article.

Due to the exceptional performance, adaptability, and
reliability in a cost-effective instrument, MFC [20] was
created by NASA Langley Research Center in 1999 and is
widely utilized in the fields of low-profile actuators, sensors,
and energy harvesters. In polymer matrices such as epoxy
resin or polyimide, piezoelectrical fibers and an interdigital
electrode are inserted to generate an MFC. It is extremely
flexible and trustworthy for electronic equipment if large
deformations are involved. It can be utilized as an energy
harvester to convert wind power to electricity because of its
good characteristics [21, 22]. *e MFC-P2-2814 is the main
material for this piezoelectric power harvester with a wind-
induced flag swing to study the energy-harvesting behavior.
*e flexible piezoelectric composite material MFC-2814-P2
is pasted with epoxy glue on the fixed end of the cantilever
beam, and the flexible ribbon is pasted on the other end of
the cantilever beam. *e schematic diagram of the wind-
induced flag-swing PEH designed in this paper is shown in
Figure 1. *e cantilever beam selected for the experimental
investigation is an epoxy composite plate with a size of
200mm, 30mm, and 0.5mm. Young’s modulus of the epoxy
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resin composite board is 3.5GPa, of which Poisson’s ratio is
0.32 and the density is 1960 kg/m3.*e size of the flexible silk
ribbon is 500mm, 5mm, and 0.2mm.

3. Experiments and Analysis

*e vibration characteristics of the piezoelectric cantilever
beam at different frequencies are tested and analyzed
through the vibration scanning platform to obtain the vi-
bration features and natural frequency of the PEH in this
paper. *e experimental equipment to test the vibration
frequency is shown in Figure 2. At first, the piezoelectric
cantilever beam energy harvester is installed and fixed on the
vibration excitation platform, and the oscilloscope is con-
nected to collect the open-circuit instantaneous voltage. *e
oscilloscope employed in this experiment for the electrical
measurement is the Tektronix DPO-2012B type, and the
input impedance of the oscilloscope probe is 1MΩ. *e
voltage drop from the MFC is small and almost negligible
because the input impedance of the oscilloscope probe is
much higher than the internal impedance of theMFC, which
ranges from 10 kΩ to 50 kΩ. *erefore, the electrical mea-
surements by the oscilloscope can be regarded as precise.
*e fixed vibration frequency of the vibration platform
provided by the signal generator is 1Hz, the vibration
amplitude is 1V, and the vibration frequency output by the
vibration platform is controlled between 0 and 120Hz. At
this time, the vibration sweep frequency analysis of the
piezoelectric cantilever beam energy harvester is conducted,
and the open-circuit instantaneous voltage value is collected
to analyze the vibration frequency response characteristics of
the piezoelectric cantilever beam energy harvester.

*e open-circuit instantaneous voltage results of the
piezoelectric cantilever beam energy harvester obtained by
the vibration scanning system are plotted in Figure 3. It is
observed from the curve of the open-circuit voltage fre-
quency response characteristics that there are three vibration
modes of the piezoelectric cantilever beam, among which the
first three natural frequencies f1, f2, and f3 are 7.9Hz, 38.0Hz,
and 108.5Hz, respectively. *e maximum peak-to-peak
value of the instantaneous AC voltage output at the three
natural resonance frequencies is 9.92V, 25.68V, and
20.22V, respectively. According to the sweep frequency

vibration results, when the vibration is at the mode
f2 � 38Hz, the largest instantaneous peak-to-peak AC
voltage is generated, where the bandwidth at the third-order
vibration frequency is the largest.

After pasting a flexible ribbon at the end of the piezo-
electric cantilever beam, the flag-swing PEH is tested in a
wind tunnel, and the experimental equipment is shown in
Figure 4. When the wind speed in the wind field is 10m/s,
the vibration displacement of the flag-swing PEH measured
with the laser displacement meter and the instantaneous
output AC voltage waveformmeasured with the oscilloscope
are as shown in Figures 5(a) and 5(b), respectively. *e
flexible ribbon pasted at the end of the piezoelectric can-
tilever can drive the piezoelectric cantilever to swing in the
wind field so that the piezoelectric cantilever beam vibration
can generate power, which can be found from the vibration
curve in Figure 5(a). *e waveform diagram in Figure 5(b)
shows that the instantaneous AC voltage will be generated
when the piezoelectric energy harvester swings from side to
side and the maximum peak-to-peak AC voltage is 12.3 V.
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Figure 2: Experimental equipment of the vibration scanning
system.
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Figure 1: Schematic design of the wind-induced flag-swing PEH.
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Figure 3: Curve of the open-circuit voltage frequency response
characteristics generated by the piezoelectric cantilever beam en-
ergy harvester.
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*ewind speed in the wind field is not always stable.*e
performance of the piezoelectric energy harvester was in-
vestigated under a wind speed of 3m/s∼15m/s by adjusting
the speed of the fan in the wind tunnel. *e blue line with a
circular marker represents the vibration frequency of the
piezoelectric energy harvester under different wind speeds,
as shown in Figure 6. According to the data, the vibration
frequency of the harvester fluctuates between 10.95Hz and
12.90Hz. *e different vibration frequencies of the piezo-
electric cantilever beam under different wind speeds result
from the fluid-solid coupling between the flow field and the
flexible ribbon. *e red line with a triangle marker repre-
sents the AC voltage peak-to-peak value output by the
energy harvester under different wind speeds. *e output
voltage of the energy harvester is affected by the vibration
frequency of the piezoelectric cantilever and the excitation
force of the flexible ribbon on the piezoelectric cantilever.
*e excitation force on the piezoelectric cantilever increases

with the growth of wind speed. It can be found from the data
results that the output voltage peak-to-peak value increases
with the growth of wind speed, while the increment appears
to be waveform. It is the influence of the wind field on the
excitation frequency of the energy harvester. When the
excitation frequency is the first-order natural vibration
frequency of the energy harvester, the vibration amplitude
will increase significantly and the corresponding output AC
voltage also increases remarkably.

*e frequency of the piezoelectric energy harvester is
between 10.95Hz and 12.90Hz under different wind speeds,
which differs by 3Hz∼5Hz from the first-order natural
vibration frequency f1 � 7.9Hz of the energy harvester
measured by the excitation platform (shown in Figure 3) and
by 25Hz∼27Hz from the second-order natural vibration
frequency f2 � 38.0Hz of the energy harvester.*e excitation
frequency of the wind field is not within the resonance
frequency range of the energy-harvesting system. To make
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Figure 4: Experimental equipment of the wind tunnel test.
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Figure 5: (a) *e vibration displacement and (b) waveform of AC voltage generated by the piezoelectric energy harvester under a wind
velocity of 10m/s.
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the vibration frequency of the piezoelectric energy harvester
within the range of resonance frequency and reach the
maximum vibration amplitude, the piezoelectric energy
harvester should be further optimized to make the natural
vibration frequency approach the excitation frequency of the
wind field. Although a large AC voltage is generated by the
flag-swing PEH at the second-order natural vibration fre-
quency, it is easier to approach f1 by optimizing the design of
the flag-swing PEH. A metal block with a massm is added to
the end of the piezoelectric cantilever beam (as shown in
Figure 7), which is to reduce the first-order natural vibration
frequency of the flag-swing PEH. *e equivalent mass of the
PEH system is the sum of the original system’s mass m0 and
the mass after the mass block m has been added. *e vi-
bration frequency stimulated by the wind field is close to the
first-order natural vibration frequency of the flag-swing PEH
with an added metal block.

*e energy-harvesting performance of the further-opti-
mized flag-swing PEH is investigated in the wind field. When
the wind speed is 10m/s, the vibration displacement am-
plitude and the output instantaneous AC voltage of the energy
harvester with and without a metal block are as shown in
Figures 8(a) and 8(b). It can be observed from Figure 8(a) that
when adding the metal block, the vibration displacement
amplitude significantly increases and the curve fluctuates
regularly. From the perspective of the vibration period, the
vibration frequency of the energy harvester with a metal block
excited by the wind field is significantly reduced. Figure 8(b)
compares the output AC voltages of the energy harvester
before and after the metal block is added. After the metal
block is added, the vibration frequency of the energy harvester
decreases significantly, and in the meantime, the amplitude of
the output AC voltage has been increased slightly.

When the wind speed is 3m/s∼15m/s, the frequency
change and output AC voltage peak-to-peak value of the
optimized flag-swing PEH are shown in Figure 9, in which
the blue line with a circle marker displays the frequency and
the red line with a triangle marker displays the output AC
voltage peak-to-peak value (the hollow marker represents
without adding a metal block, and the solid marker

represents adding a metal block). It can be observed from
Figure 9 that after optimization, the vibration frequency of
the flag-swing PEH incited by the wind field decreases
significantly, while the output AC voltage peak-to-peak
value increases greatly. *e output AC voltage peak-to-peak
value increases in a wave trend with the growth of wind
speed, which is similar to the analysis shown in Figure 6.
When the wind speed intensity is 15m/s, the AC voltage
peak-to-peak value output by the energy harvester can reach
13.88V.*e analysis indicates that the optimization method
of adding a metal block at the end of the cantilever sig-
nificantly improves the energy-harvesting performance. *e
main reason is that after a metal block is added, the vibration
frequency of the energy harvester excited by the wind field
approaches the first-order natural vibration frequency of the
optimized energy harvester system, which enhances the
swing amplitude of the energy harvester device, and thus a
large AC voltage value is output.

A suitable external resistor in the closed-loop circuit
should be selected for the flag-swing PEH to obtain the
optimal electrical power output. *e flag-swing PEH is
connected with an external resistor R to form a closed
circuit, as shown in Figure 10. *e value of the external
resistance selected in the experiment is 10 kΩ∼3MΩ. *e
VRMS at both ends of the resistance R measured in the
experiments and the different resistance values calculated by
the electric power PR are shown in Figure 11, in which the
blue line represents the root-mean-square voltage measured
at both ends of the resistance R. *e root-mean-square
voltage increases with the growth of the resistance.When the
external resistance R� 3.0MΩ, UR � 8.72V. Under the same
wind speed, the total voltage generated by the energy har-
vester is constant, and the larger the external resistance is,
the larger the divided voltage will be. *e relationship be-
tween electric power P and resistance is

PR � I
2
RR �

VRMS

R + r
 

2
R �

R

(R + r)
2V

2
RMS, (1)

where r is the internal resistance of the energy harvester.
VRMS denotes the root-mean-square voltage, and it can be
expressed as
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, (2)

in which T is the period of the AC voltage signal and v(t)

represents the instantaneous AC voltage value output by the
energy harvester.

It can be found in Figure 11 that the electric power
increases at first and then decreases as the resistance
changes. According to equation (1), when the external re-
sistance R is equal to the internal resistance r of the energy
harvester, the maximum electric power value is output. *at
is, when the external resistance R� 650 kΩ, the maximum
value of the electric power PR is 43.4 μW.

Finally, the AC voltage generated by the flag-swing PEH
is measured through a full-wave rectifier circuit (as shown in
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Figure 8: Comparison of (a) vibration displacement amplitude and (b) output AC voltage of the piezoelectric energy harvester before and
after adding a metal mass.
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Figure 12) to obtain the DC voltage, as shown in Figure 13.
In the experiments, after the AC-DC conversion, the 0.1W
LED lamp could be lit by the harvester, while also obtaining a
stable DC voltage of 1.66V∼1.72V, which can meet the
power supply requirements of a 1.5V chemical battery.

4. Conclusion

Inspired by a fluttering ribbon in the wind, this paper designed
and investigated the characteristics of a flexible wind-induced
flag-swing piezoelectric energy harvester. *e harvester can
transform wind energy into electric energy based on the pi-
ezoelectric effect of piezoelectric materials in order to meet the
electrical energy supply needs of low-power electronic devices.
*e piezoelectric material used in this paper is a flexible P2-
MFC, which has far more flexibility than the traditional pi-
ezoelectric material PZT, allowing it to swing and function in a
high deformation environment. Experiments are carried out to
investigate the vibration and energy gathering capabilities of
the PEH. In addition, as an optimization method, a metal
block is placed at the end of the piezoelectric cantilever beam
to lower the first-order natural frequency of the PEH system,
allowing it to approach the vibration frequency incited by the
wind field.*eAC voltage output of the flag-swing PEHwith a
metal block has definitely been increased. When the wind
speed is 15m/s, the energy harvester’s AC voltage peak-to-
peak value can reach 13.88V and themaximum electric power

in the closed circuit is Pmax� 43.4μW with an external re-
sistance of R. After the AC-DC conversion, a steady DC
voltage of 1.66V∼1.72V can be achieved, which is sufficient to
power a 1.5V chemical battery. Simultaneously, the flexible
ribbon utilized as the wind-excited vibrator in this article may
be freely retracted, reducing the space volume of the PEH
system and allowing the size of the flexible ribbon to be
changed based on the needs of the wind farm environment
and the power supply device. *e suggested energy harvester
converts wind energy from a wind farm into electrical energy
to power low-power electronic devices, enabling for the
generation and usage of green energy to address the issue of
insufficient energy in an effective manner.
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