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Since the energy demand increases, the sources of �uid energy such as wind energy and marine energy have attracted widespread
attention, especially vortex-induced vibrations excited by wind energy. It is well known that the lock-in e
ect in vortex-induced
vibration can be applied to the piezoelectric energy harvester. Although numerous researches have been conducted on piezoelectric
energy harvesting devices in recent years, a common problem of low bandwidth and harvesting e�ciency still exists. In order to
increase the response amplitude and decrease the threshold wind speed of vortex-induced vibration, a bionic attachment structure
is proposed based on the experimental method. In the present work, twelve models are designed according to the size of pits and
hemispheric protrusions which are added to the surface of a �exible smooth cylinder. Compared with the smooth cylinder which is
taken as a carrier, the harvesterwith the bionic structure shows stronger energy capture performance on the whole. As the threshold
speed decelerates from 1.8m/s to 1 m/s, the bandwidth, on the contrary, increases from 39.3% to 51.4%. Particularly, for the 10 mm
pits structure with 5 columns, its peak voltage can reach 47 V, and its peak power can reach 1.21 mW with a resistance of 800 kΩ,
0.57 mW higher than that of the smooth cylinder. Comparatively speaking, the hemispherical projections structure �gures with a
much more di
erent energy capturing characteristic. Starting from the column, the measured voltage of the hemispherical bionic
harvester is much smaller than that of the smooth cylinder, with a peak voltage less than 15 V and a reducing bandwidth. However,
compared with the smooth cylinder, hemispheric projections with 3 columns have a better energy capture e
ect with a measured
voltage of 35V, a resistance of 800kΩ, and a wind speed of 3.097m/s. Besides, its output power also enhances from 0.48 to 0.56mW.

1. Introduction

Energy policy has become a key strategy in the recent decades
in the world [1], and researches focus on energy has been
extended in many �elds, e.g., environmental protection [2–
4], industrial catalysis [5–7], and energy storage [8–13].
Additionally, in recent years, under the background of big
data technology [14, 15], some new types of low-power
consumption technologies like MEMs and WSNs [16, 17]
have been introduced into many areas. As a widespread
phenomenon in the natural environment, �uid �ow contains
a lot of energy, which will provide great convenience for
power systems to transform the kinetic energy of �uid
into electricity, especially for those that need electronic

components with lower power. Over the past few years,
a new technology based on vortex-induced vibration has
been widely developed to extract energy from wind and
oceanic or other �uid �ow energy; in brief, the source of
energy is responsible for the vibration. Nevertheless, as a
destructive phenomenon in the engineering structure for
a long time, vortex-induced vibration requires a nonlinear
blu
 body structure such as a cylinder of smooth surface. In
engineering, when the �uid �ows through the surface of the
blu
 body [18–20], the �ow will separate on the surface of the
blu
 body at the same time, and then the vortex begins to shed
alternately around the blu
 body under the action of the shear
layer, thus generating periodic �uid force which will act on
the surface of the cylinder. �e blu
 body begins to oscillate
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when the frequency of the vortex shedding corresponds to the
natural frequency of the elastic structural oscillations. As the
�uid dynamics theory emerges, an e
ective drag reduction
method called bionic drag reduction has been found, which
can not only reduce the resistance, but also be widely used
in energy collection. It is green, simple, and feasible for the
bionic structure to extend the bandwidth and increase the
voltage in the energy harvesting system. Since the last decade,
the bionic structure drag reduction has become much more
prevalent, motivating more and more scholars to do a lot
of simulation and experimental researches in this �eld from
di
erent perspectives.

Emerging in the 1980s, nonsmooth surface bionic drag
reduction has grown rapidly in recent years. Zhu and Zhang
[21] built a H-shaped cantilevered structure. �ough D-
shaped cross section can increase the drag force with the
natural resonant vibration frequency, it can strengthen the
vortex shedding and the beam de�ection. Until now, a
square column has been studied the most as the choosing
blu
 body in galloping piezoelectric energy harvesting. Lim
and Lee [22] used wind tunnel tests and �ow patterns
to study the drag reduction of the �ow �eld around the
cylinder on the surface of the convex ring. Wind tunnel
tests show that the convex ring on the cylinder (d = 0.0167
D in a pitch interval of 0.165D) can reduce resistance by
9% under the condition that the Reynolds number (Re)
is 1.2×105 based on the diameter of the cylinder. Wang et
al. [23] numerically simulated a concave cylinder with the

subcritical Reynolds number (Re = 4×104) on nonsmooth
cylindrical �ow reduction problem.�e sensitivity analysis of
the structure parameters including the depth, internal shape,
and distribution of the pit was also conducted, the results
of which show that the concave cylinder has a good drag
reduction e
ect and will work best when h = 0.015 D. �e
average resistance coe�cients of cylindrical concave pit and
circular cylinder of diamond distribution pit texture are both
0.923, lower than that of the spherical pit cylinder with 0.94
and that of rectangle with 0.973, respectively. Some scholars
have applied the bionic concept to vortex-induced vibra-
tion piezoelectric energy harvesting (VIVPEH). Allen and
Smits [24] proposed an “eel” shaped �ow energy harvester.
Experiments were performed to investigate the possibility of
using �exible piezoelectric membranes as power generation
devices in the ocean. Membranes are excited by the von
Kármán vortex street forming behind a blu
 body which can
transform the �ow energy into piezoelectric energy. Bernitsas
and his coworkers [25, 26] studied �uid-induced vibrations
of smooth cylinders with PTC module, and they divided
the galloping into two categories: so� galloping and hard
galloping. �e former one refers to the gradual increase of
the �ow velocity when the object is transformed from vortex-
induced vibration to galloping by means of self-excitation;
the latter one means that the blu
 body cannot change
from self-excitation to galloping, but it can be converted to
galloping by external excitation at a high �ow rate. At present,
PTC has been successfully applied in VIVACE �ow-induced
vibration. Based on the morphology of the heterocercal tail
of thresher sharks and the ionic polymer-metal composites,
Cha et al. [27] designed a bionic �sh tail to collect energy

from its impact and then proposed a modeling framework
for underwater vibration of bionic tail. It is worthmentioning
that the feasibility of the model to obtain energy is veri�ed
experimentally and theoretically. Akaydin et al. [28] experi-
mentally studied a self-excited energy harvester, which refers
to a column attached to the free end of a cantilever beam
and partially covered by piezoelectric sheets. �e energy
harvester is tested in a wind tunnel, generating about 0.1 mW
of nonrecti�ed power when the wind speed is 1.192 m/s. �e
resonant mechanical and electrical e�ciency is calculated as

0.72%, while the power of each device is 23.6mW/ m3, and
the piezoelectric volume is 233 W/ m3. Recently, in order
to obtain stronger and more standard eddy current, Pan
et al. [29] studied a circular cylinder with an opening and
concave surface through experiment and simulation, which
simulates two kinds of vortex type systems, respectively, by
using two kinds of vortex generator. �e results indicate an
increase of the induction frequency of the modi�ed cylinder
from 2.7 to 2.9 Hz and the peak voltage from 0.35 to 0.41
V. At present, as the derivation direction of vortex-induced
vibration with bionic structure becomes more and more
diverse, a large number of scholars commit themselves to
exploring the nonlinearity [30–33], multi-degree of freedom
[34], and multicylinder string juxtaposition [35–37]. To sum
up, the bionic structure is indeed a feasible and e
ective
method to improve the bandwidth and output voltage of the
energy harvester based on vortex-induced vibration.

In this paper, the VIVPEH characteristics of the bionic
cylinder are studied experimentally. In Section 2, the physical
and mathematical models of VIVPEH are given. It is noted
that the bionic structure model is guaranteed to have the
same mass as the corresponding smooth cylinder model.�e
model veri�ed by experiment in Section 3 is focused on the
analysis of the wake oscillator model based on the vortex-
induced vibration. �e in�uence of bionic structure model
on the performance of harvester is discussed frommeasuring
voltage, bandwidth, and e�ciency in Section 4, while the
conclusions are given in Section 5.

2. Physical and Mathematical Models

To the best of our knowledge, reducing the resistance in �uid-
induced vibration by using the bionic nonsmooth surface
structure has been successfully applied in bionic drag reduc-
tion technology [38–40]. Based on bionics and mechanical-
electric conversion mechanism, the concept of bionics is
adopted for the design of blu
 body in this paper.

2.1. Physical Model. Many organisms in nature have evolved
nonsmooth structures that can help reduce resistance, such
as shark scales and the surface of the planthopper’s chest.
Of course, this pit or convex-clad structure has also been
applied to the design of many materials with the golf ball
being the most remarkable. As the golf ball moves through
the concave structure on the surface, the air�ow generates a
small vortex near the pit [41]. With the adsorption force of
the vortex, the air�ow near the sphere begins to move closer
to the wall, causing the separation point of the boundary
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Figure 1: Physical model of blu
 bodies with bionic structure. (a) Schematic of the protrusions; (b) schematic of the pits.
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Figure 2: Schematic diagram of VIVPEH with bionic structure: (a) physical diagram in the wind tunnel test; (b) equivalent schematic
diagram.

layer to move backward. �e vortex area at the rear of the
sphere and the pressure di
erence between the front and the
back decline gradually, and so does the pressure di
erence
resistance compared with the smooth sphere. Serving as a
bionic structure for �uid vibration experiments in this paper,
the size of pits and hemispheric convex is 6 mm, 8 mm, and
10 mm; the number of pits in each smooth cylinder is 3, 4,
5, and 6; and there are twelve bionic structures with pits and
hemispheric protrusions, respectively. �e physical model is
shown in Figure 1.

Based on vortex-induced motions, the mechanism of
generating device can be divided into piezoelectric [42–44],
electromagnetic, and electrostatic [45–47], among which,
piezoelectric type is used and valued the most. Most piezo-
electric energy harvesters use a cantilever beam of one or
two piezoelectric ceramic layers [48]. �e cantilever beam
is generally placed on the body of a vibrating structure, and
the strain of the piezoelectric layer caused by the vibration
can result in an alternating output voltage through the
electrode. Figures 2(a) and 2(b) show the schematic diagram
of the presented VIVPEH with bionic structure. As shown in
Figure 2(a), thewind speed is perpendicular to the cylindrical
section, the whole system of which can be simpli�ed as a

single degree of freedom system (1DOF). Here, Figure 2(b)
can also be called the e�cientM-C-K vibration system.

In fact, it is feasible to introduce the load resistance
into the cantilever energy collection system for equivalent
analysis. Besides, another requirement is that the converter
is used to adjust the output voltage to maximize the power
of the charging and storage device, and to meet the charging
demand of small batteries or capacitors [49–51]. For cylinders
with bionic structures, it is abstract to study the �ow-induced
vibration of blu
 body directly. Hence, it can be simpli�ed
as a mass-spring-damping system on a single degree of
freedom.

2.2. Mathematical Model. As shown in Figure 2, there is a
cantilever which can vibrate when the blu
 body is interacted
by the coming wind. As the piezoelectric sheet is coherent in
the bottom of the cantilever, a distributed model is used here
to simulate the vibration of the cantilever. �e distributed
parameter model of the energy harvester can be obtained
according to the following formula.

̈� (�) + 2��� ̇� (�) + ��2� (�) = 	��� (�) (1)



4 Complexity

Here �(�) is the model coordinate, and the force caused by
vortex-induced vibration can be presented as

	��� (�) = 0.25
�0� (�) 
���2� (�)

− 0.5
�
����2 (�) ̇� (�)
(2)

where 
�0, 
� are constants which can be tested by a wind
tunnel test, �(�) is the model shape function of the cantilever,
and �(�) is the variable in the Van Del Pol wake oscillator
model for describing the vortex-induced vibration e
ect
which could be determined by

̈� (�) + ��� [�2 (�) − 1] ̇� (�) + �2�� (�) =
�
�� (�) ̈� (�) (3)

where � and A are also constants which can be tested by wind

tunnel test. By adding �(�)�(�) = �(�), ���� = 1/�2(�),

��� = 2���/�2(�),���� = �2�/�2(�), the reduced lumped
parameter model can be obtained as follows.

���� ̈� (�) + 
��� ̇� (�) + 0.5
�
����̇ (�) + ����� (�)

= 0.25
�0
���2� (�)
(4)

̈� (�) + ��� [�2 (�) − 1] ̇� (�) + �2�� (�) =
�
� ̈� (�) (5)

By adding the electromechanical coupling governing equa-
tion:

� (�)
� + 
	�̇ (�) + � ̇� (�) = 0 (6)

the whole governing equations of the present energy harvest-
ing system could be obtained.

���� ̈� (�) + 
��� ̇� (�) + 0.5
�
����̇ (�) + ����� (�)

− �� (�) = 0.25
�0
���2� (�)
� (�)
� + 
	�̇ (�) + � ̇� (�) = 0

̈� (�) + ��� [�2 (�) − 1] ̇� (�) + �2�� (�) =
�
� ̈� (�)

(7)

Equation (7) is called the concentrated parameter model of
nonlinear harvester: ���� and ���� are the equivalent mass;

��� is the system damping, which is related to damping

coe�cient �.���� is the system equivalent sti
ness which
depends on the physical properties of the cantilever beam.
y(t) is the displacement of blu
 body vibrating, and V(t) is
the output voltage. C
 is the capacitance, � is the piezoelectric
coupling coe�cient, and F(t) is the �uid-dynamical force. It is
worth noting that damping coe�cient � is de�ned as the ratio
of system damping to critical damping, which is expressed as
follows.

� = 
���
��

�

= 
���
��
2√��������

(8)

�e symbol � can also be obtained by the free decay experi-
ment. Equation (3) can be rewritten as follows.

� = ���
√4 2 + (���)2 (9)

Here, � is the ratio of the two adjacent amplitudes in the
free decay experiment. Considering the natural frequency

�� = √����/����, the system damping C���
�� obtained by

the formula is given as below.


���
�� = 2������
���

√4 2 + (���)2 (10)

�e resistors with di
erent resistance values are connected
into the circuit to obtain the optimal load, and the measured
data can be used to obtain the open circuit ���� and short
circuit ���� frequency by Fourier transform. In this point, the
piezoelectric coupling coe�cient � is obtained through the
following formula.

� = √(�2��� − �2���)����
	 (11)

Finally, the average power expression #�V� = ∫�2�1 (���	��
���/
√2)2/�&� is used to obtain the power of harvester, in which
V��� is the maximum voltage harvested under the maximum
tip de�ection y���.

3. Experimental Setup and the
Theoretical Validation

Figure 3 shows all the instruments needed for this experi-
ment, while the schematic diagram of the bionic structure
energy collection system is shown in Figure 1. �e entire
experiment is implemented in a wind tunnel with the wind
speed controlled by frequency conversiondevice and the con-
version relation between frequency andwind speed expressed
as � = 0.137' + 0.18. �e range of wind speed is set at 0 to 7
m/s in the experiment.

�e device includes an aluminum cantilever beam with
MFC on the root, and the cantilever beam and its column are
arranged in “1” shape and placed vertically with a total weight
of 5.73 g. With a total length of 168 mm, the cantilever beam
is split into two parts which are inserted into the blu
 body
and exposed to air with a ratio of 0.68 (6.8mm:10mm). �e
data acquisition instrument is used for signal processing to
acquire frequency components. At di
erent wind speeds and
resistive loads, a two-channel digital oscilloscope is used to
determine the harvester amplitude and peak voltage values.
�e peak power can be calculated simply from the voltage
in the circuit and the corresponding load. In order to ensure
the same quality as smooth cylinder, it is essential to have
a quality inspection of the cylinder with concave pits and
hemispheric convex during the experiment, that is, to add
a mass block. �e model parameters of concave pits and
hemispheric convex are shown in Tables 1 and 2, respectively.
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(a) (b)

(c) (d)

Figure 3: Entire experimental setup. (a)�e fabricated energy harvester; (b) the data acquisition system; (c) honey comb for air stability; (d)
the global views of the wind tunnel.

As is seen in Tables 1 and 2, the maximum mass of
the bionic model is 2.48 g and 2.90 g, demonstrating
that the mass of other models can be achieved by adding
mass blocks. Of course, the same is true for the smooth
cylinder. Here, the side length of the pit and the diameter
of the hemispherical projection are denoted by L and d,
respectively.

Aiming to validate the present aero-electromechanically
coupled model, a VIVPEH prototype is prepared and tested
in the wind tunnel (Figure 3). �e VIVPEH prototype
comprises an aluminum cantilever beam bonded with a
piezoelectric transducer connected to an electrical load
resistance (R�), and an equilateral smooth cylinder blu

body. �e frontal characteristic dimension of the equilateral
triangular blu
 body is 0.032 m. �e identi�ed e
ective
parameters of the VIVPEH are listed in Table 3. Figure 4
shows the comparison of experimental and theoretical results
for VIVPEH with smooth cylinder shaped blu
 body in an
open circuit condition. As shown in Figure 4, in general,
the output voltage increases �rst and then decreases when
the wind speed increases. �ough the measured data is
slightly higher than the theoretical prediction, the theoretical
solution and experimental results are generally consistent
with each other. �e discrepancy is probably attributed to
the error caused by the aerodynamic force coe�cient of
the blu
 body. Computed by theoretical method and used
in the vortex-induced vibration model, it could be slightly
di
erent due to somedegree of uncertainty in the experiment.
�e time history diagrams of peak voltage calculated by
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Figure 4: Comparison of experimental and theoretical results for
VIVPEH with smooth cylinder shaped blu
 body.

experiment and theory are shown in the middle of Figure 4,
in which the peaks are 20.8 V and 20 V, respectively. On
the right is the natural frequency, clearly showing that the
experimental result is reasonably close to the theoretical
calculating value.

4. Results and Discussions

To highlight the comparison with a smooth cylinder, an
experimental analysis on the smooth cylinder is needed.
One of the important parameters mentioned in the previous
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Table 1: Mass parameters of convex pit models.

Size 3 columns 4 columns 5 columns 6 columns

6mm 2.48g 2.06g 2.16g 2.00g

8mm 2.30g 2.10g 1.91g 2.18g

10mm 2.00g 2.10g 1.91g 2.05g

Table 2: Mass parameters of hemispheric convex models.

Size 3 columns 4 columns 5 columns 6 columns

6mm 2.50g 2.57g 2.51g 2.50g

8mm 2.64g 2.50g 2.55g 2.57g

10mm 2.90g 2.61g 2.60g 2.54g

Table 3: Material parameters involved in the system.

Material parameter value

Elastic coe�cient (Keff)(N⋅m−1) 34.07

Capacity (Cp)(nF) 15.7

Active diameter (Da)(mm) 32

Active height (H)(mm) 118

Active mass (mc)(g) 2.48/2.90

Equivalent mass (Meff)(g) 6.44/6.86

Density (
)(kg⋅m−3) 27.38/31.25

System damping (Ceff)(N⋅s⋅m−1) 0.0098

Piezoelectric coupling coe�cient (� )(N⋅V−1) 1.183×10−5

section is obtained by the free decay experiment. �e natural
frequencies �� are obtained by the free decay experiment of
the smooth cylinder, as shown in Figure 5.

Figure 5(a) shows the time history voltage and displace-
ment: the free decay test of vortex -induced vibration requires
initial disturbance to grow until it reaches a locked area and
ends up in a stable state. Corresponding to the wave peak,
the horizontal coordinate shown as 11.50 Hz is the natural
frequency of the system. In order to analyze the in�uence
of bionic structures on the performance of the harvester,
the characteristics of smooth, pit, and convex blu
 body
under di
erent wind speeds and di
erent resistance values
are compared in detail, and the resistance values are set as
400 kΩ, 500 kΩ, 600 kΩ, 700 kΩ, 800 kΩ, and 900 kΩ.

4.1. Performance Analysis on Bionic Bluff Body with Pit Shape.
�e time step curve and the measured voltage under di
erent
wind speeds are shown in Figures 6 and 7, respectively. It can
be seen fromFigure 7 that from three columns to six columns,
the voltage rises at �rst and then declines as the wind
speed grows, which veri�es the characteristics of VIV; the
VIV can be separated into three regions: presynchronization
region, lock-in region, and postsynchronization region [52].
�rough the overall comparison with the smooth blu
 body,
the starting vibration wind speed of the bionic structure
decreases from 1.8 to 1 m/s, showing that energy can also be

harvested at low wind speed. When the size of the square
pits on the surface of the cylinder is 6mm, 8mm, and 10mm,
the voltage peak also reaches 40, 45, and 47 V, successively,
10 to 15 V higher than that of a smooth cylinder, and the
bandwidth also increases from 39.3% to 51.4%. But it is not
always suitable to have a bigger or smaller size of the pit for
some speci�c structures, and there is an optimal size. �e
following is a concrete analysis of each column of pits: in the
case of 3 columns, it is obvious that the 10 mm pit has the
best vibration e
ect and plays a reinforcing role in the whole
vibration stagewith itsmeasured voltage reaching 40V. In the
4 columns, the voltage curves of the 6 mm and 10mm pits are
always above the smooth cylinder, and the bandwidth is also
extended. Although the 10 mm pit has an inhibitory e
ect in
the early stage, the voltage in the later stage increases rapidly,
even exceeding the voltage values of 6 mm and 10 mm pits.
For 5 columns, the 6 mm and 10 mm pits have a weak e
ect,
but the 8 mm pits increase signi�cantly when the wind speed
reaches 2.8 m/s. For 6 columns, 8 mm pits show a signi�cant
inhibition e
ect on energy harvesting, and 6mm and 10 mm
pits are better than smooth cylinder as the voltage is above 45
V.�erefore, in the engineering �eld, it is of great signi�cance
for the above four models to raise the e�ciency of energy
collection without increasing the processing materials.

Figures 8(a) and 8(b) are the voltage-wind speed curves of
the pit structure and the smooth cylinder, respectively. With
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Figure 5: Free decay test of the energy harvester: (a) time history response curve; (b) fast Fourier transforming result.
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the structure of 4 columns with one side 8mm long selected,
it can be seen from Figure 7 that as the wind speed expedites,

the voltage and power increase gradually with a constant
resistance, but they then descend slowly when reaching their
peaks. For the pit structure, the maximum peak voltage is 46
V with a wind speed of 2.92 m/s and a resistance of 900 kΩ,
and the maximum peak power is 1.21 mWwith a resistance of
800kΩ. �e voltage and power begin to decrease when their
resistance surpasses 800kΩ. Regardless of voltage or power,
the pit structure is higher than the smooth blunt body under
the same wind speed and resistance. �e optimal resistance
measured for the maximum power is 800 kΩ. For the smooth
blu
 body, the peak voltage is lower than 35 V, about 10 V less
than the bionic structure voltage, and the maximum power
is only 0.64mW. It can be demonstrated in Figure 8 that the
optimal load is around 800 kΩ, which can also be calculated
from the time constant in a RC circuit R�	
= 1/��. C
= 881.5
kΩ, where�� is the natural frequency, and�� = 2 '�, f �= 11.5
Hz. It is obvious that the resistance measured is very close to
the actual value.

4.2. Performance Analysis on Bionic Bluff Body with Spherical
Convex. As it is mentioned in the second section, the
convex object model also needs quality inspection, and the
quality a�er veri�cation is 2.90 g. �e natural frequency
of the vibration changes along with the quality of the blu

body. �erefore, it is also necessary to conduct free decay
experiments on the smooth cylinder of 2.90 g and to obtain
the natural frequency of the system f � = 11.2 Hz. �e output
voltage of the bionic structure with di
erent hemispheres of
di
erent sizes is measured in the wind tunnel, as shown in
Figure 9.

For the 3 columns of convex bionic structure, the hemi-
spherical enhances the amplitude of vortex-induced vibration
for the diameter from 6 to 10 mm. Speci�cally, the output
voltage of the 10 mm hemisphere is the largest with its
measured voltage close to 50V, 100% higher than that of
the smooth cylinder. �e enhancement e
ect is 10 mm>8
mm>6mm in turn, as shown in Figure 9(a). Figures 9(b) and
9(c) both show strong inhibitory e
ects, and the measured
voltage of the bionic structure is much smaller than that of
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Figure 7: Measured piezoelectric energy harvester data (no resistance): (a) peak voltage versus wind speed of 3 columns of pits; (b) peak
voltage versus wind speed of 4 columns of pits; (c) peak voltage versus wind speed of 5 columns of pits; (d) peak voltage versus wind speed
of 6 columns of pits.

the smooth cylinder, which means that the 4-column and
5-column hemisphere models have no sense for enhancing
the �ow-induced vibration. On the contrary, it is of great
signi�cance in mitigating the damage of buildings a
ected
by the wind. �e relationship between the measured voltage
and the wind speed of a 6-column hemispherical bionic
cylinder is shown in Figure 9(d). Figure 9(d) shows that
10 mm to 6 mm exhibits di
erent degrees of enhancement
or inhibition for �ow-induced vibration, but the measured
voltage increases �rst and then decreases as the wind speed
accelerates, which is in line with the curve of vortex-induced
vibration. In detail, the 10 mm hemisphere acts as reinforce-
ment, and the 6 to 8mm hemisphere suppresses the vibration

of the blu
 body. Figures 10(a)–10(d) show the power-wind
speed curve of two energy harvesting machines, and three
columns of 10 mm hemispherical bionic blu
 bodies are
selected. Figure 10 shows that the threshold wind speed of
both energy harvesters is 1.7 m/s.�emaximum peak voltage
is close to 35 V with a resistance of 800 kΩ and a wind speed
of 3.097 m/s. Compared with the smooth structure, the peak
power increases from 0.48 to 0.56mWwith the resistance 800
kΩ. Corresponding to the pit model, the optimal load of the
hemispheric model is also around 800 kΩ; therefore, it can be
considered that the added mass of the hemispheric model is
tiny compared with that of the pit model, which can also be
veri�ed in Figure 10.
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Figure 8:�e power-wind and voltage-wind curve of the energy harvester of the pit bionic and smooth structure: (a) the voltage-wind curve
of the pit structure; (b) the voltage-wind curve of the smooth cylinder; (c) the power-wind curve of the pit structure; (d) the power-wind
curve of the smooth cylinder.

5. Conclusions

�epiezoelectric energy harvesting characteristics of smooth
cylinders with pits and hemispherical protrusions are com-
prehensively evaluated by experimental methods. �e rela-
tionship between maximum voltage and resonance frequen-
cies of each model under di
erent wind speeds is studied
under the condition of the same equivalent mass. �e exper-
imental result demonstrates an e
ect on the performance
of the harvester exerted by the size and distribution of the
square pit and hemispherical convex hull. In terms of the pit
structure, the locking area is concentrated on 2 to 3.5 m/s.
�e 6 to 10mm square pit can reduce the threshold wind
speed;meanwhile, it has a di
erent e
ect on the enhancement

of vibration, which is closely related to the number of pit
columns. For example, the measured voltage of 4 columns
and 5 columns of 8 mm pits can reach about 47 V, while
the voltage of 6 columns of 8 mm pits is much lower than
that of the smooth cylinders. As for convex structures, the
10 mm hemispherical convex structures of 3 columns and
6 columns have excellent e
ects on increasing amplitude of
vibration, according to the piezoelectric principle; namely,
the higher the amplitude is, the higher the measuring voltage
will be. �e measured voltage is close to 50 V, completely
higher than that of the smooth cylinder. �e power output
of 10 mm convex structure is 0.56 mW, slightly higher
than the smooth cylinder under the same conditions. On
the contrary, 4-column and 5-column hemispheric convex
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Figure 9: Measured piezoelectric energy harvester data (no resistance): (a) peak voltage versus wind speed of 3-column hemisphere
protrusion; (b) peak voltage versus wind speed of 4-column hemisphere protrusion; (c) peak voltage versus wind speed of 5-column
hemisphere protrusion; (d) peak voltage versus wind speed of 6-column hemisphere protrusion.

structures have obvious inhibiting e
ects on the �ow-induced
vibration of blu
 body, which can be used for vibration
reduction. For wind tunnel experiments with load resistance,
the measured voltage increases with the load resistance, and
the optimal load of both bionic energy collection systems
is around 800 kΩ. In summary, the bionic structure energy
harvesting system design can serve as a good method to
obtain high voltage from wind-induced vibration. Finally,
it should be mentioned that the parametric study is per-
formed for our present bionic structures. A comparison
to other methods and more e�cient bionic structures for

improving performance will be further studied in the future
work.
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Figure 10: Comparison of voltage and power response between smooth cylinder and hemisphere protrusion structure: (a) voltage response of
smooth cylinder; (b) voltage response of hemisphere; (c) power response of hemisphere protrusion structure; (d) power response of smooth
cylinder structure.
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