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Abstract
Piezoelectric vibration energy harvesting has attracted considerable attention because of its prospects in self-powered elec-
tronic applications. There are a many low-velocity waters in nature, such as rivers, seas and oceans, which contain abundant 
hydrokinetic energy. In this paper, an optimal geometric piezoelectric beam combining magnetic excitation is identified and 
applied to a vortex-induced vibration energy harvester (ViVEH) for low velocity water flow, which is composed of a con-
tinuous variable-width piezoelectric beam carrying a cylindrical bluff body. The finite element simulation and experiment 
are first carried out to study the harvesting characteristics of the designed variable-width beam ViVEH without considering 
the magnetic excitation. The influence of the width-ratio and flow velocity on the harvesting voltage is studied in detail. The 
optimal structure, a ViVEH equipped with triangular piezoelectric beam, is then obtained by the superior energy harvesting 
performance for low velocity water flow. From the experimental results, at a flow velocity of 0.6 m/s, the highest root mean 
square (RMS) voltage and RMS voltage per unit area are 19.9 V and 0.07 V/mm2, respectively. Furthermore, magnetic 
excitation is introduced to improve the scavenging performance of the optimal triangular beam ViVEH, different polarity 
arrangements are compared, and the optimal case, the arrangement of horizontal repulsion and vertical attraction (HR-VA), 
is obtained. This case can scavenge the highest power of 173 μW at a flow velocity of 0.5 m/s, which is increased by 127% 
compared to a conventional constant-width beam ViVEH with no magnetic excitation.

Keywords  Energy harvesting · Low velocity flow · Vortex-induced vibration · Variable-width piezoelectric beam · 
Magnetic force enhancement

1  Introduction

In recent years, piezoelectric vibration energy harvesting 
(PVEH) has attracted considerable attention because of the 
prospects of piezoelectric vibration energy, a renewable 
and sustainable energy source, in self-powered electronic 
applications, such as remote wireless intelligent sensors and 
wearable and implantable medical devices [8, 10, 28, 29, 
31, 39]. Many researchers have proposed various methods 
and structures to improve the harvesting efficiency, such as 

bistable models [9, 11, 19, 25], tristable models [36, 37], 
multi-degree models [27, 32, 34], stochastic PVEH [13–15] 
and nonlinear internal resonance PVEH [5, 6, 12, 16].

Flowing fluid exists everywhere, and flow-induced vibra-
tion contains tremendous energy. Vortex-induced vibration 
(ViV) is one of the most common flow induced vibration 
phenomena, and can be used as a vibration energy source 
to power electronic devices located in remote or inconven-
iently accessible places. In terms of vortex-induced vibra-
tion energy harvesting, Akaydin et al. [1] investigated a 
self-excited piezoelectric energy harvester subjected to ViV 
oscillations. Dai et al. [7] and Zhang et al. [33] investigated 
the effects of circular cross-sections on the output efficiency 
and performance of a ViV harvester. Manfrida et al. [17] 
simulated nonlinear ViV energy converters, and the sensi-
tivity to the stream velocity and the design parameters were 
investigated. Zhou and Wang [35] presented a novel dual 
serial vortex-induced vibration energy harvesting system 
for enhanced energy harvesting. Petrini and Gkoumas [21] 
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developed an analytical modeling and experimental wind 
tunnel test for a high-efficiency energy harvester. Zhou 
et al. [38] proposed a Y-shaped bistable energy harvester to 
scavenge low-speed wind energy. Wang et al. [30] studied 
a cross-coupled dual-beam structure for energy harvesting 
from ViV induced by wind flows in different directions.

The aforementioned studies mainly focused on energy 
harvesting from wind induced vibration. Bernitsas et al. [3] 
previously studied vortex-induced vibration aquatic clean 
energy which consists of a cylinder submerged perpendicu-
lar to water flows. Song et al. [24] studied upright piezo-
electric cantilever beams for energy harvesting which was 
inspired by the ViV of a cylinder in flowing fluid. Qureshi 
et al. [22] designed a novel and scalable piezoelectric energy 
harvester for water pipelines. Recently, Sun et al. [26] stud-
ied piezoelectric energy harvesting from low-velocity water 
flow by vortex-induced vibration and galloping. Rezaei [23] 
presented a novel design of a PZT energy harvester for cap-
turing energy from a broad range of vortex-shedding fre-
quencies associated with varying wind speeds, which had a 
wider lock-in region and larger conversion factor than typical 
wake-galloping energy harvesters.

For vortex-induced VEHs, most research has focused on 
the effects of the bluff body, but for lower-velocity water 
flows, vortex-induced PVEHs have difficulty resonating 
because the vortex-induced force applied to the bluff body is 
small and the viscosity of water is high. In a divergence from 
existing literature, we combine the advantages of magnetic 
excitation from a lower-frequency VEH to a vortex-induced 
vibration energy harvester (ViVEH). Almost all conven-
tional harvesting beams have been designed as constant-
section beams. However, the piezoelectric effect induces 
of an electric charge in response to an applied mechanical 
strain and this effect relies heavily on the strain distribution 
of the harvester structure. Few researchers have studied the 
performance of VEHs with variable-section piezoelectric 
beams [2, 18, 20] and functionally graded piezoelectric 
beams [4]. The results have shown that a reasonable sec-
tion shape of a piezoelectric beam could improve the strain 

distribution, which could further increase the energy capture 
efficiently. Therefore, in this paper, we integrate a variable-
section piezoelectric beam and magnetic excitation into a 
vortex-induced VEH, which can improve the power genera-
tion performance of a ViVEH for low-velocity water flow.

The paper is organized as follows. First, the physical 
model of the designed ViVEH with different variable-sec-
tion beams is introduced. Both a finite element analysis and 
an experiment are then conducted to identify an optimal 
geometric beam for the proposed ViVEH. Furthermore, 
the energy harvesting performance of the optimal ViVEH 
with magnetic excitation under different water velocities is 
experimentally analyzed and the arrangement of the opti-
mal polarity arrangement is obtained in Sect. 4, where the 
energy harvesting performance of the proposed ViVEH is 
discussed in detail. Finally, a discussion and conclusions 
are briefly given.

2 � Structural Design and Experimental Setup

2.1 � Structural Design

As mentioned above, the piezoelectric effect relies heav-
ily on the strain distribution of the harvester structure. 
An optimal section shape of the piezoelectric beam can 
improve the strain distribution, which can further increase 
the energy capture efficiency. Therefore, a variable-width 
piezoelectric beam is regarded as the proposed energy 
harvesting structure, as shown in Fig. 1(a), which is a 
laminated beam consisting of a piezoelectric ceramic 
layer and substrate layer. Here, the materials of the piezo-
electric and substrate layers are PZT-5H and phosphor 
bronze, respectively. The width of the fixed end and the 
free end are represented by b and a; thus, the variable-
width beam model can be defined as the width-ratio a/b. 
In this paper, five cases of variable-width beam models 
are considered for discussion. In this paper, the value of 
dimension ‘b’ is fixed as 15 mm and different width ratios 

Fig. 1   Schematic of a the vari-
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are achieved by changing dimension ‘a’. The values of 
the dimension ‘a’ are chosen as 0 mm, 7.5 mm, 15 mm, 
22.5 mm and 30 mm. The different width-ratios are then 
defined as a/b = 0, 0.5, 1.0, 1.5 and 2 with the dimension 
‘b’ determined as 15 mm. Based on a simple finite element 
analysis (FEA) by ANSYS workbench software, the strain 
distributions of variable-width piezoelectric beams with 
different width ratios are demonstrated in Fig. 1b. As the 
width ratio of a:b decreases, the strain distribution of the 
variable-section piezoelectric cantilever beams tends to 
be uniform. As a result, the triangular beam (the width-
ratio is a:b = 0:1) can obtain the largest power generation 
per unit area among the five types of piezoelectric beams.

It is well known that low-velocity water flow widely 
exists in the natural environment. This paper focuses on 
the design of a highly efficient ViVEH for low-velocity 
water flow. A schematic diagram of the designed ViVEH 
is shown in Fig. 2a, which consists of a variable-width 
piezoelectric beam, a cylindrical bluff body and magnets. 
A 3D CAD model of the proposed ViVEH is shown in 
Fig. 2b. The ViVEH is placed in the flow field along water 
flow direction, and three pairs of magnets are attached to 
the bluff body and fixture. Each pair of magnets is placed 
in parallel. Here, magnetic excitation is introduced to 
improve the scavenging performance of the harvester. The 
purpose of the proposed design is to reduce the natural fre-
quency and widen the bandwidth of the ViVEH, in other 
words, to reduce the critical vibration flow velocity and 
the broadband synchronization range of the flow velocity 
to resonate with the ViVEH.

In this paper, the thicknesses of the substrate layer and 
the piezoelectric layer are all 0.2 mm. The other material 
parameters are listed in Table 1.

It is important to obtain the frequency characteristics 
of the variable-width piezoelectric beam with a bluff body 
for the ViVEH without magnetic excitation. Therefore, the 
FEA of harmonic responses from the ANSYS workbench is 
studied first, and the bluff body is treated as an additional 
tip mass with heavier weight. The amplitude-frequency 
response of the structure with a bluff body is just the oppo-
site of the structure without a bluff body, as shown in Fig. 3. 
It is shown that the natural frequency of the ViVEH gradu-
ally decreases as the width ratio decreases. For a triangular 
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Fig. 2   Physical model of the proposed ViEVH: a schematic diagram; b 3D CAD model

Table 1   Material properties of the ViVEH

Parameters Values

Mass of bluff body, m (g) 33
Length of substrate layer, Ls (mm) 80
Length of piezoelectric layer, LP (mm) 35
Diameter of bluff body, D (mm) 25
Length of bluff body, LC (mm) 30
Fluid density, ρf (kg/m3) 1000
Magnet density, ρm (kg/m3) 7400
Piezoelectric layer density, ρp (kg/m3) 7600
Substrate layer density, ρs (kg/m3) 8300
Young modulus of the piezoelectric layer, Ep (GPa) 15.857
Young modulus of the elastic beam, Es (GPa) 110
Piezoelectric constant, d31 (pC/N) − 210
Magnet type N50
Residual induration, Br (KGs) 14.5
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beam, the natural frequency is 1.6 Hz, which is the lowest 
natural frequency among the five cases of the variable-width 
piezoelectric beam.

2.2 � Experimental Setup

Figure 4 shows the schematic diagram and prototype of the 
experimental system, which is essentially a water circulation 
system, including a water supply system and an experimental 
flume system. As shown in Fig. 4a, the water supply system 
includes a water storage device, a water pump and pipes, 
an experimental flume system includes a flow stabilization 
device, a diffusion device, an experimental flume, and an 
outlet gate. The water pump is used to transport water to the 
flume, where the valves are used to control the water vol-
ume of the experimental flume. The motor is also applied to 
control the hanging door of the outlet gate. Thus the water 
velocity in the flume can be precisely adjusted. The flow 
velocity is measured synchronously using a current meter. 
A piezoelectric beam, such as a ViVEH, is clamped in the 
fixed frame and completely immersed in water. During the 
experiment, a digital oscilloscope is used to observe the 
scavenging voltage.

Figure 4b, c shows the experimental platform and the 
ViVEH prototype, respectively. Three exciting magnets 
are mounted on the fixture; two are placed on the left and 
right sides of the bluff body, and one is placed behind the 
bluff body. The three excited magnets are embedded into 
the bluff body and aligned parallel to the exciting magnet on 
the fixture. Thus, there will be an attractive force between 
unlike poles and the repulsive force between like poles to 
provide the bluff body with magnetic forces from the left, 
right, and back. At the same time, to ensure the insulation 

characteristics of the ViVEH, the piezoelectric cantilever 
beam needs to be waterproof.

3 � Finite Element (FE) Simulation 
and Experiment for the Designed ViVEH

3.1 � FE Simulation for the Designed ViVEH

In this section, without considering the magnetic excita-
tion, the FE simulation for the designed ViVEH with vari-
ous width-ratios is conducted to demonstrate the energy 
harvesting performance by using the mechanical and fluent 
modules in the ANSYS workbench. As shown in Fig. 5a, 
the ViVEH is placed in the cuboid water flow field along the 
flow direction of the fluid. The flow field model includes an 
inlet, boundary, and outlet. The length, width, and height 
of the cuboid flow field are 400 mm, 150 mm, and 50 mm, 
respectively. The influence of the width ratio and flow veloc-
ity on the scavenging voltage of the ViVEH are investigated 
in detail. First, Fig. 5b–f shows the output voltage wave-
forms for the five width ratio cases when the flow velocity 
U = 0.5 m/s. Here, the output voltage obtained by the FE 
simulation is for the open-circuit condition. In the following 
content, if not specified, all output voltages indicate open-
circuit voltage. The results indicate that the ViVEH starts 
to vibrate slowly under the action of vortex excitation with 
the increasing calculation time of fluid–structure coupling, 
and the output voltage gradually increases and stabilizes.

Combining Fig. 5b–f together, as shown in Fig. 6, dem-
onstrates the influence of the width ratio on the output volt-
age. When the water flow velocity is 0.5 m/s, the output 
voltage waveforms indicate that the output voltage gradu-
ally increases as the width-ratio decreases. The frequency of 
the ViVEH gradually decreases as the width-ratio decreases 
based on the FFT results. The minimum vibration fre-
quency and the maximum voltage amplitude of the ViVEH 
are 2.25 Hz and 8.6 V, respectively, when the width-ratio 
becomes zero. Fluid–structure coupling FEA results show 
that the ViVEH with a triangular piezoelectric beam has 
the largest output voltage and lowest vibration frequency. 
Correspondingly, it is better to match the lower critical flow 
velocity, which can vibrate to obtain superior energy har-
vesting performance.

Figure 7 shows the influence of flow velocity on the 
amplitude of output voltage and the amplitude of output 
voltage per unit area with different width ratios. The results, 
as shown in Fig. 7a, indicate that the amplitude of the output 
voltage gradually increases with increasing flow velocity in 
general. However, for width ratios of 1.5 and 2.0, the ampli-
tude of the output voltage decreases when the flow velocity 
is faster than 0.6 m/s. It is easy to understand that the volt-
age cannot increase without restraint due to the limitation of 

1 2 3 4
0.000

0.004

0.008

0.012

0.016

(
edutilp

m
A

V
)

Frequency (Hz)

a:b=0:1
a:b=0.5:1
a:b=1:1
a:b=1..5:1
a:b=2:1

Fig. 3   Amplitude-frequency response (FEA result) of variable-width 
piezoelectric beams with a bluff body



1243International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:1239–1252	

1 3

resonance frequency and the existence of a lock-in region. 
There are different vortex-induced shedding frequencies 
at different flow velocities, therefore, there is a maximum 
voltage for each ViVEH with a certain width-ratio. In other 
words, the output voltage of ViVEHs with different width 
ratios can reach a maximum value only at a certain flow 
velocity. Overall, the ViVEH with a triangular beam has the 
highest amplitude of output voltage, which reaches 9.4 V 
when the flow velocity is 0.6 m/s.

In this paper, piezoelectric material covers the entire 
beam surface, so the piezoelectric layer is different for differ-
ent width-ratio beams. It is more reasonable and meaningful 

to discuss the power generation capacity on the unit area of 
the piezoelectric material. As shown in Fig. 7b, it is obvi-
ous that the energy harvesting performance of the triangular 
beam ViVEH is preferable to the other width ratio beams 
in the range of full experimental flow velocity. The highest 
voltage amplitude per unit area, 0.035 V/mm2; occurs when 
the flow velocity is 0.6 m/s.

3.2 � Experimental Studies for the Designed ViVEH

In this section, the experiment is conducted to study the 
influences of structure and flow parameters on the designed 

Fig. 4   Experimental platform: a schematic diagram; b experimental platform; c prototype of the proposed ViVEH
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ViVEH without magnetic excitation. Figure 8 shows the 
time history of the output voltage at different flow veloci-
ties of 0.1 m/s, 0.3 m/s, 0.55 m/s and 0.7 m/s. This indicates 
that the highest voltage occurs when the flow velocity is 
0.55 m/s. Taking a flow velocity of 0.5 m/s as an example, 

Fig. 9 demonstrates the influence of the width ratio on the 
output voltage. The results show that the output voltage 
gradually increases as the width ratio gradually decrease, 
while the vibration frequency of the ViVEH gradually 
decreases at the same time. Compared with Fig. 6, it can 
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be seen that there is good agreement between the FEA and 
the experimental results. Here, the minimum output voltage 
frequency and the maximum output voltage of the ViVEH 
are 2.025 Hz and 13.0 V, respectively. It is obvious that the 
ViVEH with triangular piezoelectric beam has the highest 
output voltage and lowest vibration frequency. The reason 
is that the structure of the ViVEH with a triangular piezo-
electric beam has the most uniform strain distribution and 
the lowest natural frequency.

Figure 10 shows the influence of flow velocity on the 
output RMS voltage and the frequency with different width 
ratios. It is obvious that the output voltage of the ViVEH 
mainly increases as the flow velocity increases. However, 
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when the vortex-induced shedding frequency reaches the 
natural frequency of the ViVEH, the output voltage reaches 
the maximum value and enters the lock-in region. Here, 
the triangular beam ViVEH obtain the highest output volt-
age − 19.9 V when the flow velocity is 0.6 m/s. It can also 
be seen that the triangular cantilever beam has the lowest 
vibration frequency at different flow velocities. Moreover, 
considering the voltage on the unit piezoelectric area, the 
triangular beam ViVEH also achieves the highest RMS out-
put voltage, reaching 0.07 V/mm2. Compared with Fig. 7, 
the experimental results are consistent with the FEA results 
in Sect. 3.1. This indicates that the triangular beam ViVEH 
exhibits excellent performance.

Based on the above analysis, it is obvious that the tri-
angular piezoelectric beam is the optimal structure for the 

ViVEH. To validate the correctness of the experimental 
and numerical results, we choose the triangular piezoelec-
tric beam as an example. A comparison of the experimental 
and numerical results at 0.5 m/s flow velocity is shown in 
Fig. 11. As indicated, there is good agreement between the 
experimental and numerical results.

4 � Performance of the Optimal ViVEH 
with Magnetic Excitation

In this section, magnetic excitation is introduced to improve 
the performance of the optimal ViVEH, as numerous stud-
ies have investigated the VEH from base excitation. Here, 
the magnets are arranged as in the layout for Fig. 2, which 

15 16 17 18 19 20

-15

0

15

30

)
V(

egatlovtuptu
O

Time (s)

width-ratio=0 width-ratio=0.5
width-ratio=1.0 width-ratio=1.5
width-ratio=2.0

1.5 2.0 2.5 3.0 3.5
0

3

6

9

12

15)
V(

egatlovtuptuofo
edutilp

m
A

Frequency (Hz)

width-ratio=0
width-ratio=0.5
width-ratio=1.0
width-ratio=1.5
width-ratio=2.0

(a) (b)

Fig. 9   The influence of width ratio on the ViVEH, a the voltage waveforms; b the FFT results

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

5

10

15

20

25

)
V(

egatlovtuptuofo
S

M
R

Flow velocity (m/s)

width-ratio=0
width-ratio=0.5
width-ratio=1.0
width-ratio=1.5
width-ratio=2.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.00

0.02

0.04

0.06

0.08

0.10
m

m/
V(

aeratinurep
egatlovtuptuofo

S
M

R
2 )

Flow velocity (m/s)

width-ratio=0
width-ratio=0.5
width-ratio=1.0
width-ratio=1.5
width-ratio=2.0

(a) (b)

Fig. 10   Experimental results for the influence of flow velocity on: a the output RMS voltage and b the output RMS voltage per unit area



1247International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:1239–1252	

1 3

has 2 vertical magnets and 1 horizontal magnet. The mag-
nets, which are movable with the vibration of the beam and 
bonded into the bluff body, are excited magnets. The other 
magnets that are fixed in the frame are exciting magnets. 
According to the properties of excited and exciting magnets, 
where like poles repel and unlike poles attract, the mag-
netic force exerted on the bluff body can be classified as 
horizontal repulsion and vertical attraction (HR-VA), hori-
zontal attraction and vertical attraction (HA-VA), horizontal 
repulsion and vertical repulsion (HR-VR), and horizontal 
attraction and vertical repulsion (HA-VR). The effect of the 
magnetic distance on the energy harvesting performance 
can be obtained based on numerous VEH studies from base 
excitation. In this paper, the magnetic distance between 
the excited magnet and exciting magnet is determined, to 
avoid the adsorption phenomenon caused by an excessively 
large magnetic force from vertical magnets, and the mag-
netic distance of the vertical magnets is determined to be 
40 mm. In addition, to avoid the vortex-induced shedding 
being disturbed due to the distance of the fixed frame being 
too close to the bluff body, the magnetic distance of the 
horizontal magnets is determined to be 30 mm. The effec-
tive width, length and thickness of the excited magnets are 
9 mm, 30 mm and 2.8 mm, respectively. In addition, the 
effective width, length and thickness of the exciting magnets 
are 15 mm, 30 mm and 2.8 mm, respectively.

Figure 12 demonstrates the time history of the output 
voltage for the HR-VA case under different flow velocities. 
This indicates that the highest voltage occurs when the flow 
velocity is 0.5 m/s. Taking the flow velocity of 0.5 m/s as 
an example, Fig. 13a shows the output voltage for all cases 
of magnetic excitation. For this determined flow velocity, 
Fig. 13b shows the FFT voltage results. The orders of the out-
put voltage and the vibration frequencies of the ViVEHs with 
magnetic forces are HR-VA > HA-VA > HR-VR > HA-VR 
and HR-VA < HA-VA < HR-VR < HA-VR, respectively. 

The ViVEH with HR-VA magnets has the largest voltage 
amplitude (20.5 V) and lowest frequency (1.452 Hz). It is 
also apparent that the output voltage and lowest frequency 
of the HR-VA layout are higher and lower than those of the 
ViVEH with no magnetic excitation, respectively. For brev-
ity, Fig. 13c provides a comprehensive demonstration of the 
RMS output voltage and frequency for all cases of mag-
netic excitation. Similar to the results in Sect. 3, the output 
voltage gradually increases with increasing flow velocity. 
The voltage reaches a maximum value when the vortex-
induced shedding frequency reaches the natural frequency 
of the ViVEH. The vibration of the ViVEH will remain in 
the lock-in region, and the voltage decreases as the flow 
velocity increases. Here, it is obvious that the ViVEH with 
the HR-VA magnets has the highest RMS output voltage, 
which is 20.9 V when the flow velocity is 0.55 m/s. It can 
also be seen that the HR-VA layout has the lowest vibration 
frequency at different flow velocities.

The aforementioned experimental results demonstrate 
that the triangular piezoelectric beam ViVEH with HR-VA 
magnets exhibits the best energy harvesting performance 
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for low-velocity water flow. Thus far, the proposed optimal 
ViVEH is defined as the integration of the triangular piezo-
electric beam and the HR-VA magnets. Now, we focus on 
a comparison of four typical ViVEHs: the triangular/rec-
tangular piezoelectric beam ViVEH with HR-VA magnets 
and conventional constant-width piezoelectric beam ViVEH 
with/without magnetic excitation. Figure 14 shows the com-
parison results of the four ViVEH cases. The output voltage 
for all cases of magnetic excitation at 0.5 m/s flow velocity 
is demonstrated in Fig. 14a. For this determined flow veloc-
ity, the FFT voltage result is demonstrated in Fig. 14b. As 
shown in Fig. 14a, b, the rectangular piezoelectric beam 
ViVEH with HR-VA magnets has the highest output voltage, 
which is 25.8 V. It is increased by 50% compared to the rec-
tangular piezoelectric beam ViVEH without magnets. The 
triangular piezoelectric beam ViVEH with HR-VA magnets 
has the lowest frequency, which is 1.425 Hz. It is decreased 

by 48.6% compared to the rectangular piezoelectric beam 
ViVEH without magnets. The experimental results indicate 
that the optimal shape of the piezoelectric beam can reduce 
the natural frequency and that the HR-VA layout can increase 
the output voltage of the ViVEH. The RMS output voltage 
for all cases of magnetic excitation is shown in Fig. 14c. It is 
obvious that the triangular piezoelectric beam ViVEH with 
HR-VA magnets has a higher RMS output voltage than the 
other three cases, especially at low flow velocities. Consider-
ing the RMS voltage on the unit piezoelectric area, as shown 
in Fig. 14d, the RMS voltage per unit area reaches its highest 
value of 0.079 V/mm2 at 0.5 m/s flow velocity, which is a 
163% increase. It is obvious that the triangular beam ViVEH 
has the best energy harvesting performance compared to a 
conventional constant-section ViVEH with no magnet.

External resistance is an important parameter affect-
ing the output characteristics of the energy harvester; 
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thus, external resistance is employed to discuss the out-
put performance, as shown in Fig. 15. The output voltage 
under load resistors and output power are demonstrated in 
Fig. 15a, b, respectively. As the resistance value increases, 
the output RMS voltage increases and then stabilizes. 
However, as the resistance value increases, the output 
power increases first and then decreases, so there is an 
optimal impedance value that achieves the maximum out-
put power, which is approximately 600 KΩ. Moreover, 
the triangular beam ViVEH with HR-VA has the highest 
output power of 173 μW at a flow velocity of 0.5 m/s. It is 
increased by 127% compared to a conventional constant-
width beam ViVEH with no magnet. Figure 15c, d shows 
the output voltage and power per unit area, respectively. 
Here, the highest power per unit area of the three ViVEH 
cases are 0.66 μW, 0.23 μW and 0.14 μW, respectively. It 

is obvious that the triangular beam ViVEH with HR-VA 
has significant superiority over the other two cases.

In this section, the optimal layout of the magnets, HR-VA 
magnets, is first identified based on the experimental results. 
The proposed optimal ViVEH is then determined and the 
experiment is conducted to test the advantages. Compared 
with the conventional constant-width piezoelectric beam 
ViVEH without magnets, the proposed optimal ViVEH dem-
onstrates superiority in both output voltage and frequency for 
lower flow velocity. The output voltage and power per unit area 
are much more remarkable, as shown in Fig. 15c, d.
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5 � Conclusions

In this work, a ViVEH for low-velocity water flow is pro-
posed. The system is composed of a variable-width piezo-
electric beam carrying a cylindrical bluff body. Meanwhile, 
magnetic force excitation is also introduced to improve the 
harvesting performance. The strain distribution of varia-
ble-width piezoelectric beams is first analyzed by FEA to 
indicate that the triangular-width piezoelectric beam has 
superior mechanical properties for vibration energy harvest-
ers compared to conventional constant-width piezoelectric 
beams. Then a finite element simulation and experiment for 
a ViVEH with variable-width piezoelectric beams are pre-
sented and agree well. The triangular beam ViVEH dem-
onstrates its advantages, especially in low velocity water 
flow, and scavenges its maximum voltage at an optimal flow 
velocity of 0.55 m/s. The highest harvested RMS voltage 
and per unit area RMS voltage are 20.9 V and 0.079 V/mm2, 
respectively. Furthermore, the effect of magnetic force on 

the optimal ViVEH with the triangular piezoelectric beam 
is experimentally studied. The results show that the mag-
netic excitation can reduce the system frequency and that 
the HR-VA magnet case has the best energy harvesting per-
formance for low velocity water flow. In this case, the output 
voltage and the critical velocity needed to vibrate the ViVEH 
with a triangular piezoelectric cantilever beam are the high-
est and lowest, respectively. Moreover, the effect of resist-
ance on the harvesting performance of the optimal ViVEH is 
also discussed. It scavenges the highest power of 173 μW at 
a flow velocity of 0.5 m/s, which is increased by 127% com-
pared to the conventional constant-width beam ViVEH with 
no magnet. At the same time, the results indicates that the 
triangular piezoelectric beam ViVEH with HR-VA magnets 
has much lower critical flow velocity, which is decreased by 
48.6%, and much higher output power per unit area, which is 
increased by 371.4% compared to the conventional constant-
section ViVEH with no magnet. The results demonstrated 
that the maximum power of the proposed ViVEH, in all of 

Fig. 15   Experimental comparison of the output power between the optimal and conventional ViVEH: a, b for output RMS voltage and power, 
respectively; c, d for output RMS voltage and power per unit area, respectively
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the considered cases, is improved considerably. Based on 
the excellent energy harvesting performance, the proposed 
integrated ViVEH can be used for the further optimization of 
a vortex-induced vibration energy harvester for lower veloc-
ity water flow.
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