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Abstract: This paper proposes a novel vortex-induced vibration piezoelectric energy 10 

harvester attached to two asymmetrical splitter plates (VIVPEH-S), which aims at 11 

converting the vibration mode from vortex-induced vibration (VIV) to galloping and 12 

improving the energy harvesting efficiency. The conceptual designing of VIVPEH-S 13 

with two asymmetrical splitter plates under various installation angles is first 14 

conducted, the experimental prototypes are then fabricated and the wind tunnel 15 

experimental system is constructed, and the simulation model of the harvester system 16 

is finally established. The effects of the installation angles of two asymmetrical 17 

splitter plates on the vibration characteristics and harvesting performance of 18 

VIVPEH-S are experimentally investigated, and the vortex shedding characteristic 19 

and mode conversion mechanism are revealed by CFD simulation. The results 20 

demonstrate that the installation of the asymmetrical splitter plates changes the vortex 21 

shedding characteristics, transforms the vibration mode from VIV to galloping, which 22 

can significantly broaden the working bandwidth, and improves the energy harvesting 23 

performance. A maximum enhancement ratio of the output power of VIVPEH-S with 24 

α = 60° and β = 90° is up to 471.2% over the conventional VIVPEH. This work 25 

provides an important foundation to for designing a more efficient piezoelectric 26 

energy harvester by using asymmetrical splitter plates. 27 
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1. Introduction 1 

The vibration-into-energy harvesting technology from the natural environment 2 

has been investigated in recent years [1-7], aiming to replace the conventional battery 3 

for driving the low-power wireless sensor system usually placed in a remote location 4 

and reducing carbon footprints [8-11]. Flow-induced vibration (FIV) energy 5 

harvesting is considered an alternative to renewable wind energy technology that 6 

captures energy from the low-speed airflow environment [12-17]. It converts the fluid 7 

kinetic energy into electrical energy to drive electrical equipment, for example, 8 

wireless sensors and micro-electromechanical systems [13, 18, 19]. The FIV-based 9 

energy harvester can convert wind energy into electricity using piezoelectric  [14, 20-10 

22], electromagnetic [23, 24], electrostatic [25-27], and triboelectric [28-30]. Because 11 

of  simple structure, low cost, and high power density, piezoelectric energy harvesters 12 

have become a research hotspot in recent decades. 13 

The efficiency of the energy harvester based on FIV is higher than that of the 14 

traditional energy harvesters by using heat, light, and electromagnetic, . and iIt has 15 

been extensively studied by some scholars in recent decades [31-33]. The common 16 

FIV phenomenon includes vortex-induced vibration (VIV) [13, 20, 30], galloping [29, 17 

34], wake galloping [35, 36], and flutter [37-39]. But VIV-based piezoelectric energy 18 

harvester (VIVPEH) can only collect substantial energy in the lock-in region [24, 40, 19 

41]. Therefore, to improve the energy harvesting efficiency of VIVPEH, some 20 

methods, widening the lock-in region [42, 43], introducing the nonlinear forces [44, 21 

45], and adding the degrees of freedom [46-48], have been adopted by many 22 

researchers. Zhang et al. [49] explored the effect of placing a fixed cylinder 23 

downstream on the energy capture harvesting characteristics, and the experimental 24 

results shown that the presence of the downstream fixed cylinder can not only 25 

improve the wind speed range of energy harvesting, but also increase the maximum 26 

output power by 1500%. Franzini and Bunzel [46] added an extra degree of freedom 27 

based on the original device, and increased energy capture efficiency by 50 %.  28 

However, it is worth noting that some authors have paid more attention to the 29 

performance improvement of energy harvesters, but have not studied the internal 30 

mechanisms, such as vortex shedding of fluid flow. Compared with VIV, galloping 31 

does not have a lock-in region [50-52], and the range of wind speeds available for 32 
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energy harvesting is also wider [53-55]. Therefore, the vast majority of recent 1 

research has been focused on changing the vibration mode of the bluff body, such as 2 

adding accessories to the structure of the bluff body to promote the conversion of VIV 3 

into a galloping. Compared with VIV, galloping can increase the strength of the 4 

vibration and widen the wind speed range to improve the efficiency of energy 5 

harvesting [43, 44, 56]. Song et al. [57] added a single splitter plate with different 6 

lengths on to VIVPEH and demonstrated that adding the splitter plate can eliminate 7 

the performance limitation of VIV in the lock-in region. The vibration behaves as 8 

galloping at the splitter plate of exceeding a certain length. Therefore, compared with 9 

the conventional VIVPEH, it can capture energy over a wider range of wind speeds 10 

and improve the efficiency of energy harvesting. However, previous studies neither 11 

discussed the optimal installation position of the splitter plate to maximize the 12 

performance of the energy harvester nor fully investigated the conversion mechanism 13 

from VIV to galloping from the perspective of wake vorticity changes and structural 14 

morphology. Hu et al. [34] studied the method of adding small cylindrical appendages 15 

to the bluff body for improving the efficiency of the energy harvester. The 16 

experimental result shows shown that indicating the rods installed at θ = 60o, the 17 

vibration mode can be changed from VIV to galloping and greatly increaseding the 18 

wind speed range and the output power. Wang et al. [58] made the vibration mode 19 

transition from VIV to galloping by adding Y-shaped accessories to the blunt body, 20 

thereby greatly improving energy harvesting efficiency. Unfortunately, the internal 21 

mechanism of the transformation from VIV to galloping vibration has not been well 22 

discussed. Wang et al. [59] then studied the effect of adding a symmetric splitter plate 23 

to a cylindrical bluff body on the efficiency of the energy harvester. The research 24 

showed that the energy harvesting efficiency reached its peak when the angle between 25 

the symmetrical splitter plates and the blunt cylinder was 60°, and the formation 26 

length of the vortex increased with the increase of the installation angle. However, the 27 

influence of asymmetrical splitter plates on output characteristics was not investigated 28 

in this study. The flow field and vibration characteristics of two asymmetrical splitter 29 

plates were largely different from that of symmetrical ones. 30 

As can be known from the above overviews that adding accessories or splitter 31 

plates to the cylindrical bluff body could convert the vibration mode from VIV to 32 

galloping, which enhanced the energy harvesting efficiency of piezoelectric energy 33 



 

4 

 

harvesters [60, 61]. Most of the existing literature mainly focused on adding 1 

symmetric splitter plates on to the bluff body and finally exploring the effect on 2 

energy harvesting efficiency. The installation of the symmetrical splitter plates on the 3 

cylindrical bluff body can significantly improve its energy harvesting effect compared 4 

to with the conventional VIVPEH. However, VIVPEH with two asymmetrical splitter 5 

plates at different installation angles has not been explored up to now. Compared with 6 

the symmetrical splitter plates, two asymmetrical splitter plates installed on the 7 

cylindrical bluff body demonstrated a marked difference in the flow field and 8 

vibration characteristics. The harvesting efficiency of the piezoelectric energy 9 

harvester with two asymmetrical splitter plates and the conversion mechanism of VIV 10 

to galloping have not been analyzed in detail. There is a necessity to investigate the 11 

conversion mechanism, vibration characteristics, and harvesting performance of the 12 

piezoelectric energy harvester with two asymmetrical splitter plates, for promoting the 13 

actual applications in the natural environment.  14 

Therefore, the main content of this paper is to determine the best installation 15 

angle of adding two asymmetrical splitter plates to the cylindrical bluff body, increase 16 

energy capturing efficiency and broaden the wind speed range. The contributions of 17 

this paper are as follows: (1) A novel vortex-induced vibration piezoelectric energy 18 

harvester with two asymmetrical splitter plates (VIVPEH-S) is first proposed; (2) The 19 

optimal installation angles of two asymmetrical splitter plates are obtained, which 20 

improved the energy harvesting performance; (3) The underlying mechanism of the 21 

vortex shedding mode and the conversion mechanism are reveal; (4) A maximum 22 

enhancement ratio of the output power of VIVPEH-S with α = 60° and β = 90° is 23 

increased by 471.2% over the conventional VIVPEH.  24 

The structure of this paper is as follows: conceptual designing and prototype 25 

fabrication of VIVPEH-S are conducted, and the vibration characteristics and 26 

harvesting performance of the harvester attached to two asymmetrical splitter plates at 27 

various installation angles are experimentally investigated in Section 2. The flow field 28 

characteristic and conversion mechanisms are revealed by using CFD simulation 29 

analyses in Section 3. Some important conclusions of this paper are drawn in Section 30 

4. 31 
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2. Design, analyses, and discussions of VIVPEH-S 1 

2.1. Conceptual design and prototype fabrication 2 

The designed vortex-induced vibration piezoelectric energy harvester with two 3 

asymmetrical splitter plates (VIVPEH-S) device is mainly composed of a cylindrical 4 

bluff body equipped with two asymmetrical splitter plates, a piezoelectric beam, and a 5 

piezoelectric sheet, . The aimss are to convert the vibration mode from VIV into 6 

galloping and improve the harvesting performance. In this system, the piezoelectric 7 

sheet is first bonded near the fixed end of the piezoelectric beam, and the piezoelectric 8 

beam is connected to the bluff body and then placed in the wind tunnel. When the 9 

fluid passes by the cylindrical bluff body with two asymmetrical splitter plates, the 10 

flow-induced vibration phenomenon occurs, which drives the piezoelectric beam to 11 

vibrate back and forth, and finally converts the wind energy into electrical energy 12 

through the piezoelectric sheet. Figure 1 illustrates the design, model, and prototype 13 

of VIVPEH-S. Figure 1 (a) shows a three-dimensional schematic diagram of 14 

VIVPEH-S. The length, width, and thickness of the aluminum cantilever are L × W × 15 

hb = 164 mm × 24 mm × 0.5 mm. The cylindrical bluff body is made of rigid plastic 16 

foam, with height H, and diameter D of 118 mm, and 32 mm, respectively. The 17 

piezoelectric sheet PZT-5 (Jiayeshi Co, China) with length, width, and thickness are 18 

30 mm, 20 mm, and 0.5 mm, respectively. Table 1 lists the main material parameters 19 

of PZT-5. Figure 1 (b) illustrates the equivalent model of VIVPEH-S. Therein, the 20 

angles between the two splitter plates installed in the center of the cylindrical bluff 21 

body and the incoming flow direction are, respectively, defined as α and β. The actual 22 

model of the conventional VIVPEH and VIVPEH-S is shown in Figure 1 (c). The 23 

wind tunnel experimental setup is shown in Figure 1 (d). The model of VIVPEH-S is 24 

installed in a wind tunnel and the diameter of the wind tunnel is 0.4 m. In this 25 

experiment, different wind speeds can be generated by controlling the speed of the 26 

induced draft fan, and the wind speed ranges from 0.73 m/s to 2.51 m/s. The natural 27 

frequencies of VIVPEH and VIVPEH-S are about 7.89 Hz, which can be obtained 28 

through the free vibration attenuation experiment. The voltage during the experiment 29 

is recorded by the data acquisition device in the form of alternating current and used 30 

to obtain the output power. 31 

 32 
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 1 

Figure 1. VIVPEH-S configuration: (a) Schematic diagram of VIVPEH-S; (b) Equivalent model 2 

of VIVPEH-S; (c) The VIVPEH and VIVPEH-S prototypes with different angles α and β; (d) 3 

Wind tunnel experimental device. 4 

Table 1. Material parameters of PZT-5 5 

Physical parameter Values 

Density (ρ) [kg/m3] 7500 

Stiffness (𝒄𝟏𝟏
𝑬 ) [GPa] 56 

Capacitance (Cp) [nF] 

Electromechanical coupling factors (Kp) 

Dielectric constants (𝜺𝒓) [1 kHz] 

30.16 

0.68 

3200 

The experimental processes of this paper are as follows: First, the flow speed 6 

was adjusted by changing the rotation frequency of the induced draft fan, and the 7 

experiment begins when the wind speed was calibrated. Second, an error analysis is 8 

performed on the measured voltage to ensure that accurate experimental results are 9 

obtained, and then measure the root means square (RMS) of the output voltage in the 10 

experimental wind speed range. The last step is to repeatedly measure the RMS 11 

voltages of the VIVPEH-S at different wind speeds. It should be noted that the mass 12 
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of the cylindrical bluff body with asymmetrical splitter plates should be carefully 1 

calibrated before the experiment to calculate the equivalent mass of the whole device. 2 

Figure 2 illustrates six groups of VIVPEH-S with varying α and β. To avoid the 3 

situation of the repeated experimental groups concerning the cylinder axis symmetry, 4 

the selected variable angle α ranges from 0o to 150o, and the corresponding β ranges 5 

from 30o to 180o. Before the experiment, a series of angles of the manifold are tested, 6 

and the difference between α and β at various test groups was finally selected based 7 

on a multiple of 30° [59]. In addition, the choice of the numerical value of the 8 

installation angle is based on comprehensive experimental conditions and ensures that 9 

the experimental phenomenon can be effectively explored. The effects of the 10 

installation angles of two asymmetrical splitter plates on the output characteristics of 11 

VIVPEH-S are fully investigated in the following analyses.  12 

 13 

Figure 2. Six groups of VIVPEH-S with varying α and β. 14 

2.2. Results and discussions 15 

To evaluate the vibration characteristics and harvesting performance of 16 

VIVPEH-S and pursue better output characteristics, the external load resistance 17 

should be first matched. Therein, output power 2

rmsP V R= ; Vrms represents the RMS 18 

output voltage; R represents the external load resistance. Figure 3 shows the output 19 
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power of VIVPEH-S and the conventional VIVPEH. The obtained output power first 1 

increases until the peak values are attained and then decreases with the increase of the 2 

load resistance at the considered wind speed. The optimal load resistance of 0.7 MΩ is 3 

obtained, at which the output power of both VIVPEH and VIVPEH-S reaches their 4 

maximum values. Therefore, the optimal load resistance Ropt of 0.7 MΩ for VIVPEH 5 

and VIVPEH-S is selected in the following experimental investigation. 6 

 7 

Figure 3. The output power with the load resistance at various wind speeds: (a) conventional 8 

VIVPEH; (b) VIVPEH-S with α = 30°. 9 

To highlight the effect of the added two asymmetrical splitter plates on the 10 

harvesting performance of VIVPEH-S and conduct the comparative analyses, the 11 

output characteristics of the conventional VIVPEH should be first investigated. Figure 12 

4 illustrates the output characteristics of the conventional VIVPEH. Figure 4 (a) 13 

shows that with the increase of wind speed, the output voltage first approaches 0 V, 14 

and increases rapidly when the wind speed is greater than 1.69 m/s. It reaches a stable 15 

state again in the interval of wind speed from 2.24 m/s to 2.92 m/s, and then decreases 16 

rapidly and finally reaches a stable state. The lock-in phenomenon can be observed 17 

from 2.24 m/s to 2.92 m/s, and when the wind speed is 2.372 m/s, the maximum RMS 18 

output voltage is 9.93 V. Figure 4 (b) shows the change curve of the output power of 19 

VIVPEH with the wind speed. The changing trend is almost the same as the output 20 

voltage. Therefore, the output power of the conventional VIVPEH outside the lock-in 21 

regions is limited, which can only provide satisfactory performance in a limited range 22 

of wind speeds. To further explore the internal principle of the lock-in region, Figure 23 

4 (c) shows the dimensionless frequency change curve of VIVPEH with the wind 24 

speed. When the wind speed is between 1.550 m/s and 2.098 m/s, the dimensionless 25 
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frequency increases with the increase of the wind speed, this phenomenon is pre-1 

synchronization and is represented by the green area. When the wind speed ranges 2 

from 2.098 m/s to 2.509 m/s, the curve remains almost horizontal, the value of the 3 

dimensionless frequency is equal to 1, and this phenomenon is called synchronization 4 

and is represented by the blue area. Figure 4 (d) shows the output voltage time-history 5 

curve at 1.69 m/s, 2.24 m/s, and 2.92 m/s, respectively. Therein, three wind speeds are 6 

selected, which correspond to the vortex-induced initial excitation branch, upper 7 

branch, and lower branch. Compared with the galloping, there exists the lock-in 8 

interval limit during the vibration process, therefore, larger voltage values can be 9 

obtained at the lock-in region, such as 2.098 m/s. 10 

 11 

Figure 4. Output characteristics of the conventional VIVPEH: (a) Variation of the output voltage 12 

with the wind speed; (b) Variation of the output power with the wind speed; (c) Dimensionless 13 

frequency with different wind speeds; (d) Time histories of the output voltage at 1.550 m/s, 2.098 14 

m/s, and 2.920 m/s. 15 

 16 
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To explore the influence of the installation angle of two asymmetrical splitter 1 

plates on the output voltage, the VIVPEH-S with α = 0° (β = 30°, β = 60°, β = 90°, β 2 

= 120°, and β = 150°) are selected. Figures 5 and 6 shows the vibration characteristic 3 

and harvesting performance of the VIVPEH and VIVPEH-S with α = 0° under the 4 

optimal load resistance. Therein, the adopted output voltage performs the time history 5 

and Fast Fourier Transform (FFT) analyses, to demonstrate the vibration 6 

characteristics. 7 

 8 

Figure 5. Vibration characteristic of VIVPEH-S with α = 0° and the conventional VIVPEH: (a) 9 

Time history; (b) FFT analyses. 10 

 11 

Figure 6. Harvesting performance of VIVPEH-S with α = 0° and the conventional VIVPEH: (a) 12 

Output voltage; (b) Output power. 13 

As can be observed from Figure 5 (a) that VIVPEH and VIVPEH-S with α = 0° 14 

demonstrate the constant amplitude and periodic vibration at 1.96 m/s. The vibration 15 
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amplitude of VIVPEH-S with α = 0° is smaller than that of the conventional VIVPEH. 1 

Figure 5 (b) shows that the vibration frequency of the conventional VIVPEH is 2 

slightly higher than that of VIVPEH-S with α = 0°. It means that the installation of 3 

two asymmetrical splitter plates largely affects the vibration response, while, the 4 

installation angles play less impact on the frequency. Figure 6 (a) shows the output 5 

voltage of VIVPEH-S with α = 0° and β = 30° reaches a peak value of 1.04 V when 6 

the wind speed is 2.23 m/s, its maximum output power is 1.55 μW, and its variation 7 

curve demonstrates the significant VIV characteristics. When α = 0° and β = 90°, the 8 

output voltage of VIVPEH-S reaches the maximum value of 1.26 V at 1.96 m/s, and 9 

its maximum output power is 2.27 μW. When α = 0°, the maximum output voltages 10 

and output power of VIVPEH-S with β of 60° are 1.41 V and 2.85 μW, respectively. 11 

While the output voltage and output power are almost negligible at β of 120° and 12 

150°. It can be found that the output voltage of VIVPEH-S with α = 0° at different 13 

wind speeds is smaller than the conventional VIVPEH, and it can be judged from the 14 

changing trends of output voltage and power that its vibration mode still demonstrates 15 

VIV. While certain installation angles of two asymmetrical splitter plates demonstrate 16 

a suppressing effect on VIV. It is wise not to adopt α of 0° in designing the harvester 17 

system. 18 

The installation angle α of the splitter plates exerts an essential role in the output 19 

characteristics of VIVPEH-S. VIVPEH-S with α = 30° (β = 60°, β = 90°, β = 120°, β 20 

= 150°, and β = 180°) is also adopted. Figures 7 and 8 shows the vibration 21 

characteristic and harvesting performance of the conventional VIVPEH and VIVPEH-22 

S with α = 30° under the optimal load resistance. 23 

 
Figure 7. Vibration characteristic of VIVPEH-S with α = 30° and the conventional VIVPEH: (a) 
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Time history. 

 

Figure 8. Harvesting performance of VIVPEH-S with α = 30° and the conventional VIVPEH: (a) 

Output voltage; (b) Output power. 

The amplitude of the output voltage of the conventional VIVPEH is 5.56 V when 1 

the wind speed is 2.92 m/s. While, 9.95 V for VIVPEH-S with α = 30° and β = 60°. It 2 

means that the added two asymmetrical splitter plates enhance the vibration response. 3 

The vibration frequency of VIVPEH-S with α = 30° increases with the increase of the 4 

installation angle β, which is lower than that of the conventional VIVPEH. For 5 

VIVPEH-S with α = 30° and β = 60°, the maximum output voltage is up to 10.71 V, 6 

which is 123.60% higher than 4.79 V of the conventional VIVPEH. And its peak 7 

output power is 163.91 μW, which is 399.7% higher than the 32.80 μW of the 8 

conventional VIVPEH. Therefore, the promotion effect of its energy harvesting 9 

performance is obvious from this installation angle. For VIVPEH-S with α = 30° and 10 

β = 90°, the maximum output power is 56.83 μW, and the enhanced ratio is up to 11 

73.2%. When the wind speed is greater than 1.96 m/s, the vibration modes of the test 12 

group all demonstrate galloping, it can be concluded from the characteristic of 13 

galloping that the lower the starting wind speed within the tested wind speed range is, 14 

the better the vibration characteristic and energy harvesting performance can be 15 

obtained. The conventional VIVEPH can obtain a better energy harvesting 16 

performance in its locked-in region, and its effective energy harvesting wind speed 17 

range is U = 1.55 m/s - 2.92 m/s. While, the effective energy harvesting wind speed 18 

range of VIVEPH-S is U = 1.96 m/ s - 3.60 m/s within the experimental wind speed. 19 

Therefore, its effective harvesting energy working bandwidth increased by 19.7%. 20 

Compared with the conventional VIVPEH, the other VIVPEH-S in the same group 21 
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shows the inhibition effect in energy harvesting performance, the output voltage of 1 

VIVPEH-S with α = 30° and β = 150° reaches a peak value of 2.72 V, and its 2 

maximum output power is 10.58 μW. While the output voltage and output power are 3 

almost negligible at β of 120° and 180°. Therefore, adopting α = 30° and β = 60°, the 4 

VIVPEH-S can harvest better output characteristics.  5 

When the installation angle α is 60°, VIVPEH-S with α = 60° (β = 90°, β = 120°, 6 

β = 150°, and β = 180°) is selected. Figures 9 and 10 shows the output characteristics 7 

of the conventional VIVPEH and VIVPEH-S with α = 60° under the optimal load 8 

resistance as a function of the wind speed. 9 

 10 

Figure 9. Vibration characteristic of VIVPEH-S with α = 60° and the conventional VIVPEH: (a) 11 

Time history; (b) FFT analyses. 12 

 13 

Figure 10. Harvesting performance of VIVPEH-S with α = 60° and the conventional VIVPEH: (a) 14 

Output voltage; (b) Output power. 15 
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As can be known from Figure 9 (a) that the vibration amplitudes of VIVPEH-S 1 

at considered installation angles are all larger than that of the conventional VIVPEH. 2 

It means that adding the asymmetrical splitter plates to the cylindrical bluff body can 3 

enhance the vibration amplitude to some extent. Figure 9 (b) demonstrates that the 4 

added asymmetrical splitter plates exert less effect on the mass, and thus there exists a 5 

small difference in the vibration frequency for VIVPEH-S. Figure 10 (a) demonstrates 6 

the corresponding output voltages of VIVPEH-S with α = 60° β = 90°, α = 60° β = 7 

150°, and α = 60° β = 180° under the optimal load resistance are 11.45 V, 7.59 V, and 8 

9.44 V, respectively. The peak output voltages are significantly larger than that of the 9 

conventional VIVPEH. It can be concluded from Figure 10 (b) that the peak output 10 

powers of the above three groups are 187.34 μW, 82.47 μW, and 127.48 μW, 11 

respectively. The energy harvesting performance of three VIVPEH-S is increased by 12 

471.2%, 151.4%, and 288.7% compared with the conventional VIVPEH. Moreover, 13 

when the wind speed is only 2.64 m/s, the energy harvester with α = 60° and β = 90° 14 

started to vibrate, and its voltage shows a jumping increase compared with others. 15 

Compared with other VIVPEH-S, the output voltage and output power of VIVPEH-S 16 

with α = 60° and β = 120° are only 0.32 V and 0.13 μW, respectively, and the energy 17 

harvesting performance is suppressed. 18 

For the installation angle α of 90°, VIVPEH-S with α = 90° (β = 120°, β = 150°, 19 

and β = 180°) is adopted. Figures 11 and 12 shows the output characteristics of the 20 

conventional VIVPEH and VIVPEH-S with α = 90°at different wind speeds. As can 21 

be known from Figure 11 (a) that adopting various installation angles demonstrate a 22 

marked difference in output voltage. The output voltage of VIVPEH-S with α = 90° 23 

and β = 180° is up to 9.44 V at 2.92 m/s. Figure 11 (b) shows that there exists a small 24 

difference in the vibration frequency for various harvesters. When β is equal to 150° 25 

and 180°, the peak output voltages are 2.26 V and 0.29 V, respectively. And the 26 

energy harvesting performance is suppressed. The energy harvesting performance of 27 

the corresponding energy harvester is suppressed due to the existence of two 28 

asymmetrical splitter plates. Noting that when α is equal to 90°, the output voltages 29 

increase with the increase of β angle, and its energy harvesting performance is also 30 

improved. The peak output voltage of VIVPEH-S with α = 90° and β = 180° under the 31 

optimal load resistance is 10.25 V, which is significantly larger than that of the 32 

conventional VIVPEH. And the peak output power is 150.33 μW, which is 358.3% 33 
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higher than that of the conventional VIVPEH. 1 

 2 

Figure 11. Vibration characteristic of VIVPEH-S with α = 90° and the conventional VIVPEH: (a) 3 

Time history; (b) FFT analyses. 4 

 5 

Figure 12. Harvesting performance of VIVPEH-S with α = 90° and the conventional VIVPEH: (a) 6 

Output voltage; (b) Output power. 7 

To evaluate the harvesting performance of VIVPEH-S with α = 120° and 150° 8 

and conduct the comparative analyses, the conventional VIVPEH is also adopted. 9 

Figures 13 and 14 shows the output characteristics of the conventional VIVPEH and 10 

VIVPEH-S with α = 120° β=150°, α = 120° β = 180°, α = 150° β = 180° and the 11 

conventional VIVPEH at different wind speeds. 12 
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Figure 13. Vibration characteristic of VIVPEH-S with α = 150° and the conventional VIVPEH: 

(a) Time history; (b) FFT analyses. 

 

Figure 14. Harvesting performance of VIVPEH-S with α = 120°、150° and the conventional 

VIVPEH: (a) Output voltage; (b) Output power. 

The time history demonstrates that the vibration amplitude of VIVPEH-S with 1 

α=120° and α=150° is lower than the conventional VIVPEH. This means that the 2 

installation angles of α=120° and α=150° suppress the vibration response. Figure 13 3 

(b) FFT analyses show that the added asymmetrical splitter plates play a small 4 

influence on the vibration frequency. Figures 14 (a) and (b) show that the energy 5 

harvesting performance of VIVPEH-S with α=120° is suppressed, and almost no 6 

voltage is generated. Although the output voltage and the output power of VIVPEH-S 7 

with α = 150° and β = 180° are only 2.08 V and 6.19 μW, respectively. The output 8 

voltage only reaches about half of that of the conventional VIVPEH. It also means 9 

that the presence of asymmetrical splitter plates in the secondary case inhibits the 10 

energy harvesting performance. 11 

To clearly demonstrate the enhancing performance by using two asymmetrical 12 
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splitter plates, Figure 15 illustrates the improvement percentage of output power at 1 

various installation angles. Therein, the improvement percentage of output power is 2 

calculated based on the conventional VIVPEH.  3 

 4 

Figure 15. Improvement percentage of the output power of different asymmetrical VIVPEH-S. 5 

To sum up, Figure 15 shows that when α = 60° β = 90°, α = 30° β = 60° and α = 6 

90° β = 180°, the harvesting performance of VIVPEH-S can be largely enhanced, and 7 

improvement percentage of the output powers are increased by 471.2%, 399.7%, and 8 

358.3% compared with the conventional VIVPEH, respectively. In addition, when α = 9 

60° β = 180°, α = 60° β= 150° and α = 30° β= 90°, its energy output power is also 10 

significantly improved. Therefore, the certain installation angles of two asymmetrical 11 

splitter plates play a crucial role in improving energy harvesting efficiency.  12 

To highlight better output characteristics of the proposed piezoelectric energy 13 

harvester attached to two asymmetrical splitter plates, Table 2 lists the performance 14 

comparisons of the referenced and proposed harvesters. The adopted piezoelectric 15 

energy harvesters are all subjected to the airflow for capturing wind energy. The 16 

performance criteria power density is defined as Pave/Vm. Therein, Pave refers to the 17 

average output power; Vm is the piezoelectric sheet volume. 18 

 19 

 20 

 21 
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Table 2. Performance comparisons between the referred and proposed 1 

harvesters. 2 

Reference 
Airflow velocity 

(m/s) 

Average power  

(mW) 

Power density 

(mW/cm3) 
Configuration 

Hu et al. [62]  6 0.072 0.202 

 

Song et al. [63]   0.35 0.084 0.302 

 

Zhang et al. [64]  14 0.062 0.471 

 

This work 3.6 0.187 0.623 

 

Table 2 demonstrates that the power density of the proposed harvester is up to 3 

0.623 623 mW/cm3, which shows the better output performance over others. 4 

Therefore, the proposed piezoelectric energy harvester attached to two asymmetrical 5 

splitter plates can promote the future actual applications in driving the 6 

microelectronics devices.” 7 

3. Simulation analyses of flow field characteristics and mode 8 

conversion mechanism 9 

Based on the computational fluid dynamics software XFLOW platform (Dassault 10 

AG), this paper simulates the change of the vorticity of VIVPEH-S in the flow field, 11 

thereby further revealing the underlying mode conversion mechanism behind the 12 

above experimental phenomenon and improving the harvesting performance [65]. 13 

Firstly, the convergence and accuracy of the flow field are ensured by numerical 14 

simulation of the two-dimensional cylinder. The computational domain of its CFD 15 

simulation is rectangular, with a length of 35 D and width of 20 D. The cylindrical 16 
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blunt body is located on the central axis of the flow field, and the distance from the 1 

upstream boundary is 10 D. The left and right boundaries of the flow field are velocity 2 

inlet and flow outlet, respectively, and the upper and lower boundaries are set as a 3 

wall. The fluid medium is set as air and the flow mode in the numerical calculation is 4 

the single-phase forced incompressible model.  5 

To weigh the computational accuracy and complexity in the convergence 6 

investigation, three sizes of coarse, medium, and refined are selected, and their lattice 7 

resolutions are 0.00185 m, 0.00175 m, and 0.00150 m, respectively. Three grid cell 8 

numbers are 52834, 62870, and 80522, respectively. Table 3 lists the average values 9 

of the drag coefficient CD and the root mean square lift coefficient CLrms. The results 10 

show that the computational results of CD and CLrms converge gradually, and the 11 

compromise between computational resources and accuracy can be achieved by using 12 

a medium lattice size.  13 

Table 3. The drag coefficient CD and root mean square (RMS) lift coefficient CLrms. 14 

Size CD CLrms 

Coarse 0.88742 0.142 

Medium 1.02588 0.346 

Refined 1.02810 0.357 

To study the inherent influence of two asymmetrical splitter plates on the 15 

vibration mechanism of the bluff body, the cylindrical control group and some 16 

experimental models are selected for flow field vorticity analysis. Figure 16 illustrates 17 

the vorticity contours obtained from CFD simulation to demonstrate the vortex 18 

shedding processes. Therein, T represents the corresponding Strouhal vortex shedding 19 

period.  20 
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 1 

Figure 16. Vorticity contours obtained from CFD simulation: (a) Single cylinder; (b) 2 

Asymmetrical splitter plates with α = 0° β = 60°; (c) Asymmetrical splitter plates with α = 0° β = 3 

120°; (d) Asymmetrical splitter plates with α = 60° β = 90°. 4 

Figure 16 (a) shows the vortex-shedding contours of the conventional VIVPEH. 5 

The upper and lower boundary layers shed alternately with time, the wake shedding 6 

pattern shows a stable “2S” mode [66-68], and the distance between the vortices is 7 

about 1.78 D. Figure 16 (b) illustrates the vortex shedding contours of VIVPEH-S 8 

with α = 0° and β = 60°. The vortex is gradually generated along the splitter plates and 9 

the cylindrical bluff body. Due to the existence of two asymmetrical splitter plates, the 10 

motion process of the vortex on the lower half of the cylinder needs to flow a longer 11 

distance than the upper half, which means that it takes longer to form the shedding 12 

vortex behind the cylinder. Compared with the single cylindrical bluff body, the 13 

alternating shedding of the upstream and downstream vortex cannot be well achieved, 14 

which leads to the shortening of the distance between the downstream vortices and the 15 

interaction such as collision and fusion. It finally causes the direction of the vortex 16 

motion to deviate from the horizontal line. Due to the offset of the direction of the 17 

vortex motion, the angle between the lift force and the vibration direction of the bluff 18 

body is formed, thereby weakening the vibration intensity of the bluff body. This also 19 
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explains the main reason why the vibration of the experimental group is suppressed in 1 

the entire experimental wind speed range. Figure 16 (c) illustrates the vortex shedding 2 

contours of VIVPEH-S with α = 0° and β = 120°. The formation and shedding of the 3 

vortex are still affected by the splitter plates, so that the distance between the wake 4 

vortices becomes smaller, resulting in collision and fusion, the interaction between the 5 

vortices is similar for α = 0° and β = 60°. However, for the formation mode of the 6 

wake vortex, the vortex shedding shows a typical “2P” mode [69-71], which is not as 7 

stable as the “2S” mode of a single cylinder and leads to a smaller amplitude vibration 8 

of the bluff body during the experiment. The above analysis explains the internal 9 

reason why the vibration is suppressed during the experiment from the perspective of 10 

the motion form and the formed mode of the vortex. Then, the test group with the best 11 

energy harvesting promotion effect in the experiment is selected for vortex shedding 12 

mode analysis, as shown in Figure 16 (d). For VIVPEH-S with α = 60° and β = 90°, 13 

due to the existence of the upper and lower asymmetrical splitter plates, the formation 14 

of the vortex needs to move along the surface of the splitter plate and the bluff body 15 

and fall off at the back. While different from the previous analysis, the frequency of 16 

the vortex shedding on at the upper half surface and the lower plate surfaces is not 17 

greatly affected, the entire vortex shedding mode is still in the typical “2S”. The 18 

vortices will gather behind the splitter plate to form the larger vortex in the rear 19 

compared to Figure 16 (a), and the distance between the vortices is also increased to 20 

3.58 D. Compared with the cylindrical bluff body without the addition of the splitter 21 

plates, two asymmetrical splitter plates with the certain angle can obtain a larger lift 22 

force during the vibration of the bluff body, thereby promoting the energy harvesting 23 

efficiency of VIVPEH-S. The intrinsic mechanism of the excellent energy harvesting 24 

performance of the test group in the experimental testing. To sum up, the vortex 25 

shedding analysis demonstrates that the internal mechanism for the effect of adding 26 

asymmetrical splitter plates on energy harvesting in the experiment is explained by 27 

the vortex shedding mode and motion process. The obtained simulation results 28 

validate the above experimental results and reveal the vibration mode conversion 29 

mechanism. 30 
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4. Conclusions 1 

This paper proposed a novel piezoelectric energy harvester VIVPEH-S, for 2 

converting the vibration mode and enhancing the energy harvesting efficiency. The 3 

conceptual design of the energy harvester system was performed and the experimental 4 

prototypes were constructed. The effects of the installation angle of two asymmetrical 5 

splitter plates on the vibration characteristics and harvesting performance of 6 

VIVPEH-S were experimentally investigated, and the vortex shedding characteristic 7 

and mode conversion mechanism were revealed by CFD simulation. Some important 8 

conclusions were drawn as follows: 9 

(1) The installation angles of two asymmetrical splitter plates played a crucial 10 

role in improving energy harvesting efficiency. The maximum output voltage of the 11 

conventional VIVPEH is limited to 9.93 V at 0.865 m/s to 3.605 m/s. Compared with 12 

the conventional VIVPEH, the energy harvesting efficiencies of VIVPEH-S with α = 13 

30° β = 60°, α = 30° β = 90°, α = 60° β = 90°, α = 60° β = 150°, α = 60° β = 180°, and 14 

α = 90° β = 180° were promoted.  15 

(2) A maximum enhancement ratio of the output power of VIVPEH-S with α = 16 

60° and β = 90° was up to 471.2% over the conventional VIVPEH. That is because 17 

there existed the interaction of two asymmetrical splitter plates with the flow field, 18 

and the vibration mode is finally transformed from VIV to galloping. 19 

(3) Installing asymmetrical splitter plates can not only change the vortex 20 

shedding mode, but also change the size and motion state of the vortex. When α = 0° 21 

(β = 60° and β = 120°), the vortex shedding mode was transformed from the 22 

conventional “2S” to “2P” and moved to the vortex deviate from the horizontal 23 

direction. When α = 60° and β = 90°, the vortex shedding mode behaved as the 24 

conventional “2S” model, but the distance between the vortices was increased from 25 

1.78 D to 3.58 D, and the size of the vortex was significantly increased. 26 

(4) The flow field of VIVPEH-S revealed the mode conversion mechanism and 27 

explained the promotion effect of the installation angle of two asymmetrical splitter 28 

plates on the output characteristics.  29 

 30 
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