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Abstract 15 

This study proposes to change the inclination angle (α) of a circular cylinder with respect to 16 

oncoming flow in order to broaden the effective wind speed bandwidth of the piezoelectric energy 17 

harvester. Comprehensive wind tunnel experiments are conducted to investigate the energy harvesting 18 

characteristics of the system under different inclination angles. The experimental results demonstrate 19 

that compared to the conventional vortex-induced vibration piezoelectric energy harvester (VIVPEH), 20 

an appropriate inclined cylinder can broaden the effective wind speed range for the VIVPEH. It is 21 

experimentally shown that the inclined cylinder at α = 60° can reduce the threshold wind speed and 22 

broaden the effective wind speed bandwidth by more than 229%. In addition, inclined circular cylinders 23 

at α = 25°, 30°, 35°, 40°, and 45° can produce torsional vibration and high voltage output under high 24 

wind speed. Through frequency analysis and computational fluid dynamics (CFD) simulations, the 25 

influence mechanism and causes of torsional vibration are explored in detail. The results show that the 26 

axial flow will prevent the free shear layer from falling off and cause the force imbalance at the top and 27 

bottom of the inclined cylinder, resulting in a torsional vibration and a series of other phenomena. The 28 

appearance of the torsional vibration rapidly reduces the frequency of the conventional transverse 29 

vortex-induced vibration (VIV). The superposition of the transverse bending vibration and the torsional 30 

vibration within a certain wind speed range results in a high voltage output.  31 
 32 
Keywords: Piezoelectric energy harvester, inclined circular cylinder, vortex-induced vibration, 33 
ultra-wide bandwidth, torsional vibration 34 
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1. Introduction 37 

Over recent years, the emergence and application of micro-electro-mechanical systems, health 38 

monitoring and wireless sensor networks have promoted the demand for power supplies with high 39 

energy density, small size and long working life [1-4]. Micro/nano-scale energy devices that capture 40 

renewable energy from the environment have aroused great interest [5-7]. Energy harvesters that 41 

convert energy in the environment, such as solar energy, thermal energy, water energy, wind energy, 42 

and human movement, into usable electrical energy have been widely developed [8-12]. In 43 

particular, wind energy is considered as a clean and environmental-friendly energy source. Hence, 44 

wind energy harvesters based on flow-induced vibration (FIV) have attracted more and more 45 

attention in recent years [13-16]. According to different FIV mechanisms such as flutter [17,18], 46 

vortex-induced vibration (VIV) [19-21], galloping [22,23], and wake galloping [24,25], wind 47 

energy can be converted into mechanical/vibration energy. Then the vibration energy is converted 48 

into electrical energy through various energy transmission mechanisms including piezoelectric [26], 49 

electromagnetic [27], electrostatic [28], and triboelectric [29], etc. Among them, piezoelectric 50 

energy harvesters (PEHs) have attracted much attention due to the high voltage output which is 51 

easy to design a rectify electrical circuit [30]. 52 

As a self-excited aeroelastic instability caused by fluid-structure interaction, VIV is widely 53 

used in wind energy harvesting [31,32]. A conventional vortex-induced vibration piezoelectric 54 

energy harvester (VIVPEH) can be constructed by attaching a vertical cylinder bluff body to the 55 

tip of a piezoelectric cantilever beam. To broaden the effective wind speed bandwidth or improve 56 

the efficiency of energy harvesting, numerous theoretical, computational, and experimental studies 57 

have been conducted, and various improvement measures have been proposed [33,34]. The 58 

common method is to change the aerodynamic cross-section shape of the bluff body and add 59 

detachable accessories [35-38]. For example, Wang et al. [39] investigated hybrid piezoelectric 60 

wind energy harvesters with different cross-section bluff bodies, which can couple the vibration 61 

characteristics of VIV and galloping, thereby greatly reducing the threshold wind speed and 62 

enhancing the output voltage. Weinstein et al. [40] installed a movable aerodynamic fin at the end 63 

of the piezoelectric cantilever to manually adjust the resonance frequency of VIVPEH, thereby 64 

expanding the bandwidth of wind speed. Hu et al. [41] added two small rods on the surface of the 65 

bluff body of VIVPEH. Meanwhile, advanced non-linear technology is employed by researchers 66 
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to improve the performance of VIVPEH [42]. Zhang et al. [43] innovatively proposed to add a pair 67 

of mutually exclusive nonlinear magnetic forces in the VIVPEH device. The results suggested that 68 

compared with the conventional configuration, the lock-in region range and energy harvest 69 

efficiency of the device are increased by 138% and 29%, respectively. In addition, the piezoelectric-70 

electromagnetic hybrid VIVPEH developed by Zhao et al. [44] realized the combination of 71 

vibration piezoelectric and electromagnetic power generation. Experimental results demonstrated 72 

that the maximum output power of the device reaches 16.55 mW, which is much higher than the 73 

power generation efficiency of conventional single-mode VIVPEH. Furthermore, Franzini and 74 

Bunzel [45] explored obtaining energy from VIV with two degrees of freedom (2-DOF) and 75 

constructed a 2-DOF VIVPEH model. The results indicated that compared with the conventional 76 

1-DOF VIVPEH, the energy harvesting efficiency can be increased by up to 50% for a particular 77 

wind speed.  78 

In all relevant studies cited above, including the modification of aerodynamics, the 79 

introduction of nonlinear mechanisms and the realization of multiple degrees of freedom, have 80 

increased the extra cost of energy harvester design. on the other hand, the majority of the current 81 

researches focused on the structures with their principal axes of the cylinder perpendicular to the 82 

wind direction. However, in practical engineering, the direction of incoming flow is not always 83 

perpendicular to the axis of the cylinder, and there is usually a certain inclination angle. Inspired 84 

by the above, researchers conducted a series of studies on cylinder bluff bodies inclined to the wind 85 

direction by simply changing the installation method of the structure itself. For example, Tang et 86 

al. [46] used a three-dimensional numerical simulation method to investigate the phenomenon of 87 

inclined square cylinder galloping in a smooth flow. It is revealed that Karman vortex shedding 88 

mechanism has no significant impact on the galloping oscillation of an inclined cylinder. Recently, 89 

Hu et al. [47] performed an interesting experimental study in which square cross-section cylinders 90 

inclined at different angles in the wind tunnel have been considered, towards (cylinder with forward 91 

inclination) or away (cylinder with backward inclination) from the incoming wind flow. It was 92 

found that as the forward inclination angle of the cylinder increased, the corresponding amplitude 93 

of the cylinder monotonously decreased. However, when the cylinder inclined backward, there 94 

existed an optimum angle to achieve the largest oscillation amplitude. Furthermore, Javed and 95 

Abdelkefi [48] conducted theoretical research on understanding the inclined cylinders which 96 
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exhibits galloping oscillations but focus on energy harvesting. It can be concluded that a vertical 97 

cylinder or a mildly forward inclined cylinder is the best configuration for generating the maximum 98 

response. Any high inclination of the square cylinder forward or backward only reduces the 99 

vibration response of the cylinder. Unfortunately, to the authors’ best knowledge, the energy 100 

harvesting of VIV-based inclined cylinders has not been well studied and still lacks of physical 101 

explanation to understand the underlying mechanism. In addition, the previous literature has 102 

conducted a large amount of theoretical studies on the internal mechanism and characteristics of 103 

the VIV-based inclined cylinder. Shirakasi et al. [49] found in wind tunnel tests that the inclination 104 

angle caused irregular vortex shedding and reduced vortex shedding frequency, and the vortex 105 

shedding frequency gradually decreases with the increase of the inclination angle. And for the first 106 

time, the vortex motion in the axial direction on the back of the inclined cylinder was observed, 107 

and the depression of vortex shedding frequency was attributed to the secondary flow behind the 108 

inclined cylinder. Subsequently, Matsumoto [50] proposed the concept of an axial vortex, and 109 

referred to this secondary flow as “axial flow”. Furthermore, Hogan and Hall [51] measured the 110 

pressure fluctuation curve at different positions of the inclined cylinder and performed a frequency 111 

spectrum analysis. They pointed out that when the cylinder inclination angle is large, the Karman 112 

vortex street near the top of the cylinder has been completely destroyed. Through the circulating 113 

flume experiment, Franzini et al. [52] found that the axial flow behind the cylinder will have a 114 

certain impact on the interaction between the free shear layers on the cylinder surface. Moreover, 115 

with the increase of the inclination angle of the cylinder, the vortex shedding mechanism becomes 116 

more and more irregular. Nevertheless, there is still a lack of research on energy harvesting of VIV-117 

based inclined cylinders. 118 

In summary, although there have been several theoretical/experimental studies on inclined 119 

cylinders, there are few studies on VIVPEH based on inclined cylinder bluff bodies. Inspired by 120 

the aforementioned studies, this investigation proposes to change the inclination angle α from a 121 

vertical circular cross-section cylinder to obtain inclined cylinder bluff bodies with different 122 

inclination angles to broaden the wind speed bandwidth of conventional VIVPEH. In this study, 123 

nine different inclination angles α (0°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, and 60°) are experimentally 124 

tested in a wind tunnel for the performance evaluation. In section 2, the design concept and 125 

experimental setup of the proposed energy harvesters are introduced. Section 3 comprehensively 126 
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analyzes and discusses the experimental results under different inclination angles. Moreover, taking 127 

the inclined cylinder at α = 25° as an example, the causes of the “two humps” phenomenon is 128 

analyzed in detail, and the influence mechanism between transverse bending and torsional modes 129 

of vibration is discussed through frequency analysis. In Section 4, three-dimensional computational 130 

fluid dynamics (CFD) simulations results are used to illustrate the mechanism and causes of the 131 

torsional vibration. Section 5 concludes the key findings.  132 

2. Design concept and experimental setup 133 

In this section, the design concept and the manufactured prototypes of the proposed energy 134 

harvesters are first introduced, and then the overall environment of the wind tunnel experiment is 135 

described. As shown in Fig. 1(a), a typical VIVPEH is composed of a circular cylinder bluff body, 136 

a cantilever beam, and a piezoelectric transducer bonded at the root of the beam. In general, when 137 

the airflow above the threshold speed passes through a cylinder supported on a cantilever beam, 138 

the cylinder will be subjected to unsteady aerodynamic forces, which will activate the vibration of 139 

the beam and lead to power generation by the piezoelectric transducer. The conventional VIVPEH 140 

usually employs a vertical cylinder as the bluff body, that is, the cylinder and the cantilever beam 141 

present a T-shaped structure and are perpendicular to the windward direction. By changing the 142 

inclination angle α from the vertical cylinder, inclined cylinders with different inclination angles 143 

can be obtained. Inclined cylinders with different inclination angles may bring different 144 

aerodynamic characteristics and possible activation of the torsional mode of the structure. 145 

Therefore, it is worth to investigate the influence of inclination angle α on the performance of 146 

energy harvester. In this study, nine different inclination angles α (0°, 25°, 30°, 35°, 40°, 45°, 50°, 147 

55°, and 60°) are investigated and discussed. It should be noted that for performance comparison, 148 

the conventional VIVPEH using a vertical cylinder at α = 0° is also presented. Fig. 1(b) - (e) present 149 

the photos of the piezoelectric energy harvester prototype with cylinders at α = 0°, 30°, 45°, and 150 

60°. In all cases, the same cylinder bluff body made of rigid foam is employed, with a height of H 151 

= 120 mm and a diameter of D = 32 mm. The cantilever beam material is aluminum, with 152 

dimensions of L × W × hb = 200 × 25 × 0.5 mm3, where L, W, and hb are the length, width, and 153 

thickness of the beam, respectively. The piezoelectric transducer is made of PZT-5 material 154 

(internal capacitance is 23.3 nF), which is bonded at the root of the cantilever beam. The entire 155 

piezoelectric energy harvesting system is fixed on a stable aluminum frame.  156 
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Fig. 1. The design concept and prototypes of proposed energy harvesters: (a) the principle of the 158 
piezoelectric energy harvester and (b)-(e) the photos of the piezoelectric energy harvester prototypes 159 

with circular cylinders at α = 0°, 30°, 45°, and 60°. 160 
To test the effectiveness of the proposed energy harvesters, this study conducts comprehensive 161 

wind tunnel experiments. Fig. 2 presents the overview of the entire wind tunnel experimental setup. 162 

The experiments are conducted in an open-circuit circular-section wind tunnel. The length and 163 

diameter of the wind tunnel are 5 m and 0.4 m respectively. There are two stages of honeycomb-164 

like structure inside to form a stable section to ensure the uniformity and stability of the incoming 165 

wind flow. The energy harvester shown in Fig. 1(b) - (e) is installed in the test section of the wind 166 

tunnel. By adjusting the speed of the draft fan, the wind speed of the wind tunnel can be controlled. 167 

The wind speed is measured by a hot wire anemometer (Testo Co., USA), and the tested wind speed 168 

range is U = 1.00 m/s ~ 6.48 m/s. The voltage signal generated by the piezoelectric transducer and 169 

the displacement signal of the bluff body are recorded by a dual-channel digital oscilloscope 170 

(ISDS220B) and a laser displacement sensor (Panasonic: HG - C1400), respectively. It should be 171 

noted that for each wind speed, the long-term time history responses of the voltage and 172 

displacement of the bluff body in steady-state vibration are recorded. The RMS value of voltage 173 

(Vrms) and the maximum value of the displacement (ymax) are then calculated accordingly. The 174 

output power is determined by the following relation Vrms
2/R, where R denotes the electrical load 175 

resistance in the connected circuit. 176 
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Fig. 2. The wind tunnel experiment setup.  178 
3. Experimental results and discussion 179 

3.1. Comprehensive analysis of the inclined cylinder at α = 25°  180 

This subsection first compares the the voltage output and vibration response of the energy 181 

harvester with an inclined cylinder at α = 25° and a conventional vertical cylinder. Then, the causes 182 

of the “two humps” phenomenon is analyzed in detail, and the influence mechanism between 183 

transverse bending and torsional modes of vibration is discussed through frequency analysis. Fig. 184 

3(a) and (b) present the performance comparison of energy harvesters with the circular cylinder at 185 

α = 0° and α = 25°. From Fig. 3(a), one can see that the energy harvester with the inclined cylinder 186 

at α = 25° has a lower threshold wind speed than the energy harvester with the circular cylinder at 187 

α = 0° (conventional VIVPEH). Moreover, when the wind speed is higher than 3.19 m/s, the VIV 188 

of the cylinder at α = 0° elapses, resulting in no voltage output. In contrast, the vibration of the 189 

inclined cylinder at α = 25° still exists, which continuously produces a larger voltage output. 190 

Interestingly, it can be seen that the inclined cylinder at α = 25° has two humps phenomena within 191 

the investigated range of wind speeds. These phenomena occur because of the coupling between 192 

the transverse bending and torsional modes of vibration of the inclined cylinder at high wind speeds, 193 

which will be interpreted in the following section in detail. The wind speed bandwidth of the first 194 
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hump and the second hump are U = 1.41 m/s ~ 4.02 m/s and U = 4.02 m/s ~ 6.48 m/s, respectively. 195 

However, the wind speed bandwidth of the inclined cylinder at α = 0° is U = 1.69 m/s ~ 3.19 m/s, 196 

which is far less than the working wind speed range when the inclined cylinder at α = 25°. In 197 

addition, the maximum RMS voltage output of the first and second hump of the inclined cylinder 198 

at α =25° reaches 4.63 V and 2.55 V, respectively, which is lower than the maximum voltage of 199 

5.44 V that can be obtained by the conventional circular cylinder at α = 0°. The plotted curves in 200 

Fig. 3(b) presents the maximum displacement comparison of energy harvesters with the circular 201 

cylinder at α = 0° and α = 25°. It follows from this figure that the maximum displacement and 202 

generated voltage present the same trend. Similarly, the maximum displacement of the inclined 203 

cylinder at α = 25° has the phenomena of two humps, and it has lower threshold speed and wider 204 

wind speed bandwidth, but smaller displacement compared with the cylinder at α = 0°. This is 205 

consistent with the results studied by Shirakasi et al. [49], that is, the inclination angle may cause 206 

a decrease in the frequency of vortex shedding, which reduces the aerodynamic force received by 207 

the inclined cylinder, and thus leads to a decrease in the generated voltage and tip displacement of 208 

the energy harvester. In summary, compared with the conventional VIVPEH, the piezoelectric 209 

energy harvester with the inclined circular cylinder at α = 25° greatly improves the wind speed 210 

bandwidth and reduces the threshold wind speed, but the maximum voltage and displacement are 211 

slightly reduced. Therefore, this characteristic of the energy harvester with the inclined circular 212 

cylinder at α = 25° is suitable for low power sensor devices which are insensitive to voltage output 213 

but require larger wind speed bandwidth. 214 
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Fig. 3. Performance comparison between the energy harvester with the circular cylinder at α = 0° and α = 216 
25°: (a) RMS voltage output and (b) maximum displacement of the bluff body. 217 

To explain the two humps phenomena of the inclined cylinder at α = 25° shown in Fig. 3, Fig. 218 

4 presents the representative voltage time-histories (0 - 30 s in length) of the inclined cylinder at α 219 

= 25°. It can be found that when the wind speed is 1.41 m/s, 2.24 m/s, and 2.92 m/s, the amplitude 220 

of the voltage at each wind speed hardly changes with time, and the envelope of the generated 221 

voltage is almost straight. At this time, the bluff body is in a relatively stable single-frequency 222 

periodic oscillation due to the transverse bending. When the wind speed reaches 4.02 m/s, 4.70 m/s, 223 

and 6.48 m/s, the voltage signal at each wind speed has an obvious “beat” phenomenon, that is, the 224 

voltage amplitude exhibits a periodic change over time. Meanwhile, the envelope of voltage signal 225 

fluctuates periodically, which indicates that the bluff body is in the periodic oscillation state of 226 

superposition of multiple frequencies. 227 
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Fig. 4. The representative time-histories of voltages of the inclined cylinder at α = 25°. 229 
To further investigate the phenomenon of frequency superposition, Fig. 5(a) and (b) present 230 

the time-domain (0 - 1s) and frequency-domain curves of voltages at representative wind speeds of 231 

the inclined cylinder at α = 25°. One can see that when the wind speed is equal to 1.41 m/s, 2.24 232 

m/s, and 2.92 m/s, the voltage signal fluctuates periodically with time, and only one frequency 233 

appears in its spectrum, which indicates that the current wind speed is in the process of conventional 234 

VIV. However, when the wind speed reaches 4.02 m/s, a high-frequency harmonics of 35.21 Hz 235 

appears, which is the threshold wind speed resulting in the high frequency. In addition, due to the 236 

small voltage amplitude of higher frequency, the voltage amplitude superimposed by frequency has 237 

a small change. Afterward, when the wind speed reaches 4.70 m/s and 6.48 m/s, the amplitude of 238 

higher frequency is significantly larger than that of U = 4.02 m/s, and an obvious frequency 239 

superposition phenomenon can be observed on the time-history of the voltage curve. It is worth 240 

noting that when U < 4.02 m/s, the voltage amplitude of the lower frequency rises first and then 241 

drops as the wind speed increases, so it is regarded as a conventional VIV process. And when U > 242 

4.02 m/s, with the introduction of higher frequency, the voltage amplitude of the lower frequency 243 

rises and then drops again, resulting in the second hump phenomenon. Therefore, it can be 244 

concluded that the first hump of the inclined cylinder at α = 25° is a conventional VIV with a 245 

broadened wind speed bandwidth, while the second hump is caused by the introduction of a higher 246 

frequency harmonics.  247 
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Fig. 5. Time-domain and frequency-domain curves of voltages at representative wind speeds of the 249 
inclined cylinder at α = 25°: (a) the time-history responses (0 - 1s) and (b) the associated frequency 250 

spectra. 251 
To better understand the vibration mode of the higher frequency in the second hump, Fig. 6(a) 252 

and (b) present two vibration modes of the bluff body observed in the experiment. One can see that 253 

the transverse bending vibration mode is a translational movement, that is, the upper and lower 254 

ends of the bluff body move in parallel in the same direction. However, in the torsional vibration 255 

mode, the upper and lower ends of the bluff body move in opposite directions, which leads to the 256 

torsion of the beam connected with the bluff body and the torsional deformation of the piezoelectric 257 

sheet attached to the end of the beam, resulting in output voltage. It is worth noting that the laser 258 

spot of the laser displacement sensor hits the center of the bluff body when measuring displacement, 259 

which means that when torsional vibration occurs, a large voltage can be collected, but the 260 

measured transverse displacement may be negligible. In this study, beam and bluff body are not 261 

connected by a conventional joint or a hinge. Fig. 6(c) and (d) show the downwind cross-section 262 

schematic diagrams of bluff body attached to the beam. The insertion area of the beam and the 263 

constraint length may affect the torsion of the inclined cylinder. As the inclination angle increases, 264 

the constraint length of the inserted beam gradually increases, which will make it more and more 265 

difficult for the inclined cylinder to twist, which will change the torsional mode natural frequency. 266 
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Fig. 6. The windward cross-section schematic diagrams of: (a) transverse bending vibration mode and (b) 268 
torsional vibration mode of bluff body observed in the experiment; the downwind cross-section schematic 269 

diagrams of (c) cylinder and (d) inclined cylinder bluff body attached to the beam. 270 
To prove that the higher frequency in the second hump is the torsional vibration of Fig. 6(b), 271 

the torsional free decay test is done on the inclined cylinder at α = 25°. It should be noted that the 272 

transverse free decay test is to make the bluff body performing the translational movement shown 273 

in Fig. 6(a) during the entire process of free decay. In contrast, the torsional free decay test is to 274 

keep the bluff body vibrating in the torsion state, as shown in Fig. 6(b), and then perform the free 275 

decay test, so that the transverse bending vibration and torsional vibration modes will appear 276 

simultaneously during the entire process. Fig. 7(a) and (b) present the voltage time-history curves 277 

and corresponding FFT results of the transverse and torsional free decay tests of the inclined 278 

cylinder at α = 25°. It can be seen that there is a fundamental frequency of 8.48 Hz in the transverse 279 

free decay test, while there are two frequencies of 8.46 Hz and 35.15 Hz in the torsional free decay 280 

test. Therefore, it can be concluded that the lower fundamental frequency in Fig. 7(b) is the 281 

transverse bending natural frequency and the higher fundamental frequency is the torsional natural 282 

frequency. Furthermore, the higher frequency in the voltage spectrum shown in Fig. 5(b) is close 283 

to the torsional natural frequency, so it can be concluded that the inclined cylinder at α = 25° has 284 

high-frequency torsional vibration at high wind speed. It is also worth noting that the transverse 285 
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bending natural frequencies obtained from both the transverse and torsional free decay tests are 286 

almost the same. As a comparison, Fig. 7(c) depicts the results of the transverse free decay test of 287 

the cylinder at α = 0°. The transverse bending natural frequency is insignificantly affected by the 288 

incline angle. However, the torsional mode is not excited for the cylinder at α = 0° in the wind 289 

tunnel experiment due to the symmetric wind loads. 290 

Fig. 7. Voltage time-history curves and corresponding FFT results of free decay tests: (a) transverse free 292 
decay test at α = 25°, (b) torsional free decay test at α = 25°, and (c) transverse free decay test at α = 0°. 293 

To analyze the interaction of the two vibration modes in the experiment, Fig. 8(a) and (b) 294 

demonstrate the variation of the dimensionless vibration frequency versus the wind speed for 295 

cylinders at α = 0° and α = 25°. It should be noted that the dimensionless frequency fc / fcn is the 296 

ratio of the transverse bending vibration frequency and the transverse bending natural frequency. 297 

Similarly, ft / ftn is the ratio of the torsional vibration frequency and the torsional natural frequency. 298 

fc and ft are obtained from the voltage time-history by the FFT method, that is, the vibration 299 

frequency of the bluff body is assumed to consistent with the fluctuation frequency of the voltage. 300 
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fcn and ftn are obtained from the torsional free decay test of the cylinder. As the wind speed increases, 301 

two branches of the cylinder at α = 0°, which are the initial excitation branch and the lower branch, 302 

can be observed in Fig. 8(a). However, the upper branch (lock-in region), which is one of the three 303 

typical regions of VIV, has not been observed due to the high mass ratio [53]. In Fig. 8(b), three 304 

typical regions of VIV can be observed. The dimensionless frequency fc / fcn increases gradually 305 

with the increase of wind speed in the initial excitation branch region of VIV, and then maintains 306 

near 1 in the upper branch region (lock-in region). As the wind speed further increases to the lower 307 

branch region of VIV, the dimensionless frequency fc / fcn increases rapidly again. It is worth noting 308 

that the effective wind speed bandwidth of the transverse vibration region of the inclined cylinder 309 

at α = 25° is 1.41 m/s ~ 4.02 m/s, which is 90.51% wider than that of the cylinder at α = 0° (i.e. 310 

[(4.02 - 1.41) - (3.06 - 1.69)] / (3.06 - 1.69) × 100%).  311 

Moreover, compared to the cylinder at α = 0° with only transverse bending vibration, the 312 

inclined cylinder at α = 25° begins to exhibit torsional vibration when the wind speed is 4.02 m/s. 313 

In the coupled vibration region, the dimensionless frequency ft / ftn of torsional vibration increases 314 

almost linearly with the increase of wind speed. Interestingly, the appearance of torsional vibration 315 

has caused a decrease in fc / fcn that should have been rising all the time after the lock-in region of 316 

VIV. When the wind speed is in the range of 4.02 m/s ~ 5.11 m/s, the dimensionless frequency fc / 317 

fcn and ft / ftn are both around 1, indicating that the transverse bending vibration frequency and the 318 

transverse bendingnatural frequency are synchronized again, and the torsional vibration frequency 319 

and the torsional natural frequency are also synchronized. Therefore, the transverse bending 320 

vibration of the bluff body produces a larger oscillation amplitude, while the torsional vibration 321 

produces a larger torsional amplitude and brings a larger strain to the piezoelectric cantilever. 322 

Finally, under the combined action of the transverse bending vibration and torsional vibration, the 323 

energy harvester produces high voltage output. When U > 5.11 m/s, the torsional vibration 324 

frequency gradually increases as the wind speed increases, which is accompanied by a gradual 325 

decrease in the transverse bending vibration frequency. Therefore, fc / fcn and ft / ftn are both far 326 

away from 1, and the transverse bending vibration and torsional vibration responses both enter the 327 

desynchronization, which results in a decrease in the generated voltage. According to the above 328 

analysis of frequency, the reason for the formation of the second hump is explained. 329 



15 
 

Fig. 8. Variation of the dimensionless vibration frequency versus wind speed: (a) α = 0° and (b) α = 25°. 331 

3.2. Performance comparison of inclined cylinders at α = 25 ° ~ 40° 332 

 In this subsection, the performance of the energy harvesters with inclined circular cylinders at 333 

α = 25° ~ 40° is compared, and the comprehensive frequency analysis further reveals the interaction 334 

mechanism between the transverse bending vibration and torsional vibration. The plotted curves in 335 

Fig. 9 show the performance comparison between the piezoelectric energy harvesters with circular 336 

cylinders at α = 25° ~ 40° and α = 0°. It can be seen that the threshold wind speed of the inclined 337 

cylinder at α = 25°, 30°, 35°, and 40° is 1.41m/s, which is lower than the threshold wind speed of 338 

1.69 m/s of the cylinder at α = 0°. In general, the wind speed bandwidth of the VIV region (the first 339 

hump) increases with the increase of inclination angle α of the inclined cylinder, while the 340 

maximum RMS voltage and displacement in the VIV region decrease gradually. Similar to the 341 

cylinder at α = 25°, the inclined cylinders at α = 30°, 35°, and 40° also have the second hump. 342 

However, with the increase of angle α, the position of the second hump shifts towards higher wind 343 

speed, which means that the threshold wind speed of torsional vibration increases gradually. It 344 

should be mentioned that the second hump for the cylinder at α = 35° can produce a higher voltage 345 

than that for the cylinder at α = 30°, but the displacement of the cylinder at α = 35° is less than that 346 
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of α = 30°. In addition, within the investigated range of wind speeds, the second hump with α = 347 

40 ° is in a rising phase and can produce higher voltage, but its displacement is extremely small. 348 

Fig. 9. Performance comparison between the energy harvesters with cylinders at α = 0°, 25°, 30°, 40°: (a) 350 
RMS voltage output and (b) maximum vibration displacement of the bluff body. 351 

Fig. 10(a) - (c) present the FFT results of torsional free decay responses of inclined cylinders 352 

at α = 30°, 35°, and 40°, and the corresponding variation of the dimensionless vibration frequency 353 

versus wind speed. One can see that the torsional natural frequencies of cylinders at α = 30°, 35°, 354 

and 40° are 35.22 Hz, 37.47 Hz, and 38.61 Hz, respectively, which indicates that the torsional 355 

natural frequencies increase with the increase of angle α. According to the corresponding 356 

dimensionless frequency diagram, the threshold wind speed of torsional vibration is gradually 357 

increased with the increase of angle α. In detail, the threshold wind speeds of cylinders at α = 30°, 358 

35°, and 40° are 4.15 m/s, 4.43 m/s, and 4.98 m/s, respectively. Therefore, it can be concluded that 359 

when the threshold wind speed of the torsional vibration is reached, the torsional vibration 360 

frequency of the bluff body is close to the torsional natural frequency and then enters a 361 
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synchronized state, which causes the torsional vibration to produce a larger torsional amplitude. In 362 

addition, compared with the cylinder at α = 25°, it can be more clearly seen that, for cylinders at α 363 

= 30°, 35°, and 40°, the appearance of torsional vibration rapidly reduces the frequency of the 364 

transverse bending vibration, then making the transverse bending vibration enter the 365 

synchronization region again. Finally, the synchronous region of the transverse bending vibration 366 

and torsional vibration superposed in a certain same wind speed range, which causes the voltage to 367 

increase rapidly. Besides, as the wind speed keeps increasing, the frequency of torsional vibration 368 

continues to increase, and the frequency of transverse bending vibration continues to decrease, and 369 

then both of them enter the desynchronization region, resulting in the voltage reduction. 370 

Fig. 10. FFT results of torsional free decay responses of inclined cylinders at different inclination angles 372 
and corresponding variation of the dimensionless vibration frequency versus wind speed: (a) α = 30°, (b) α 373 

= 35°, and (c) α = 40°. 374 
To further analyze the interaction between the transverse bending vibration and torsional 375 
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vibration in the coupled vibration region, Fig. 11(a) - (d) present the frequency spectra of the 376 

inclined cylinders at α = 25°, 30°, 35°, and 40°. On the whole, it can be seen that with the increase 377 

of the inclination angle α, the dominant vibration mode gradually changes from the transverse 378 

bending mode to the torsional mode, that is, the generated voltage amplitude of the transverse 379 

bending vibration gradually decreases, while the torsional vibration amplitude gradually increases. 380 

In detail, it can be seen from Fig. 11(a) that the voltage amplitude of transverse bending vibration 381 

is significantly greater than that of torsional vibration when the wind speed is 4.02 m/s ~ 5.11 m/s, 382 

indicating that the circular cylinder α = 25° performs vibrations dominated by transverse bending 383 

vibration. Moreover, the voltage amplitudes of the cylinder at α = 25° for both transverse bending 384 

vibration and torsional vibration first increase and then decrease with the increase of wind speed. 385 

When the wind speed is 4.02 m/s ~ 5.11 m/s, the transverse bending vibration, and torsional 386 

vibration can both produce higher voltage, which corresponds to the synchronous region shown in 387 

Fig. 8(b). As shown in Fig. 11(b) and (c), cylinders at α = 30° and 35° perform vibrations dominated 388 

by torsional mode. However, compared with the cylinder at α = 30°, the amplitude of torsional 389 

vibration for the cylinder at α = 35° is higher, and the proportion of torsional vibration is larger. 390 

Therefore, it can be used to explain that the observation in Fig. 9: the second hump for the cylinder 391 

at α = 35° can produce a higher voltage than that for the cylinder at α = 30°, but the displacement 392 

of the cylinder at α = 35° is less than that of α = 30°. In particular, as seen from Fig. 11(d), the 393 

cylinder at α = 40° performs vibrations completely dominated by torsional mode. The voltage 394 

generated by the transverse bending vibration is extremely small, and its higher voltage output is 395 

almost entirely generated by torsional vibration. As a result, the second hump of the cylinder at α 396 

= 40° as shown in Fig. 9 can generate a higher voltage, but its displacement is extremely small. 397 
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Fig. 11. Frequency spectrum of the coupled vibration region of the inclined cylinder at different inclination 399 
angles: (a) α = 25°, (b) α = 30°, (c) α = 35°, and (d) α = 40°. 400 

3.3 Performance comparison of inclined cylinders at α = 45° ~ 60°  401 

In this subsection, the performance of the energy harvesters with inclined circular cylinders at 402 

α = 45° ~ 60° is compared, and the conditions of torsional vibration are further revealed. Fig. 12 403 

shows the performance comparison of the energy harvesters with inclined cylinders at α = 45° ~ 404 

60°. Compared with α = 25° ~ 40°, when α > 40°, continuing to increase the inclination angle α 405 

cannot significantly broaden the effective wind speed bandwidth. In addition, as α increases, the 406 

threshold wind speed gradually increases. Specifically, the threshold wind speed for α = 45° and 407 

50° is around 1.41 m/s, and the threshold wind speed for α = 55° and 60° is around 1.55 m/s. The 408 

inclined cylinder at α = 60° has the widest effective wind speed bandwidth of 1.55 m/s ~ 6.07 m/s, 409 

which is 229.93% wider than that of the cylinder at α = 0° (i.e. [(6.07 - 1.55) - (3.06 - 1.69)] / (3.06 410 

- 1.69) × 100%). It should be noted that the overall behaviors for cylinders at α = 45° and α = 40° 411 

are similar, i.e., both appear in the rising phase of the second hump. After the end of the first hump, 412 

the voltage curve has a short rise, but there is only a very small displacement. In particular, when 413 

α = 50°, 55°, and 60°, only the first hump appeared, while the second hump was not observed in 414 

the considered wind speed range. 415 
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Fig. 12. Performance comparison between the energy harvesters with inclined cylinders at α = 0°, 45°, 50°, 417 
55°, 60°: (a) RMS voltage output and (b) The maximum vibration displacement of the bluff body. 418 

 Fig. 13(a) - (d) present the FFT results of the torsional free decay responses of inclined 419 

cylinders at α = 45°, 50°, 55°, and 60°. It can be seen that the torsional natural frequencies of 420 

cylinders at α = 45°, 50°, 55°, and 60° are 40.85 Hz, 42.15 Hz, 44.92 Hz, and 46.55 Hz, respectively, 421 

which are considerably higher than that for cylinders at α = 25° ~ 40°. The torsional natural 422 

frequency gradually increases with the increase of the inclination angle α. When α = 50°, 55°, and 423 

60°, the current wind speed cannot induce torsional vibration of the bluff body due to the high 424 

torsional natural frequency and the small arm of the flow-induced forces. They may have torsional 425 

vibration at higher wind speed, which needs further research in the future. 426 
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Fig. 13. FFT results of torsional free decay responses of inclined cylinders at different inclination angles: 428 
(a) α = 45°, (b) α = 50°, (c) α = 55°, and (d) α = 60°. 429 

3.4. Impacts of the inclined cylinder on the optimal performance of the harvester 430 

As known that there exits an optimal electrical load resistance at which the energy harvester 431 

has the maximum output power. This subsection explores the impacts of the inclined cylinder on 432 

the optimal performance of the energy harvester. Fig. 14(a) presents the power output versus the 433 

electrical load resistance for the circular cylinder at α = 0° at different wind speeds. Fig. 14(b) 434 

shows the power output versus load resistance for different inclined cylinders at U = 2.37 m/s. It 435 

can be seen that as the load resistance increases, the power output first increases and then decreases. 436 

For all the cases, the power output reaches the maximum value when R = 0.8 MΩ. The results 437 

indicate that the optimal load resistance obtained from the wind speed range of the transverse 438 

vibration region is the same in all cases. In summary, it can be concluded that the Ropt depends on 439 

the primary structure, and R = 0.8 MΩ is selected as the load resistance in this experiment. 440 
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Fig. 14. Variation of the power output against load resistance: (a) power output versus load resistance for 442 
the cylinder at α = 0° at different wind speeds and (b) power output versus load resistance for different 443 

inclined cylinders at U = 2.37 m/s. 444 
The plotted curves in Fig. 15 depict the variation of the harvested power under load resistance 445 

(R = 0.8 MΩ) against wind speed for different cylinders. It should be mentioned that the variations 446 

of the power and voltage versus wind speed are basically the same. Compared with the conventional 447 

vertical cylinder bluff body (α = 0°), the inclined cylinder can significantly broaden the effective 448 

wind speed bandwidth of the energy harvester. However, the maximum power output is reduced by 449 

the inclination angle. Therefore, the energy harvester with the inclined cylinder bluff body is 450 

suitable for low-power sensor equipment that requires a large effective wind speed bandwidth but 451 

does not require a very large power. 452 
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Fig. 15. Variation of the power output against wind speed for different cylinders: (a) cylinders at α = 0°, 454 
25°, 30°, 35° ,40°; (b) cylinders at α = 0°, 45°, 50°, 55° ,60°. 455 

4. Mechanism analysis based on CFD 456 
This section uses three-dimensional CFD simulation results to illustrate the mechanism of 457 

torsional vibration and explain the causes of the aforementioned typical experimental results. A 458 

series of CFD simulations were conducted in the platform XFlow (Dassault, co.) [35]. The XFlow 459 

platform is a platform based on the Lattice-Boltzmann method (LBM), which can realize parallel 460 

multi-core computing. In order to better understand the solution process of the LBM, Fig. 16 depicts 461 

the flowchart of the CFD simulation solution to show the step-by-step implementation of the 462 

method. The Smagorinsky turbulence model of large eddy simulation function providing by XFlow 463 

platform is adopted to perform the turbulence simulation. The Smagorinsky turbulence model has 464 

reasonable accuracy when calculating aerodynamic characteristics, which can minimize the error 465 

of computational and modeling [54,55]. 466 
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Fig. 16. Flowchart of the simulation solution by Lattice-Boltzmann method (LBM). 468 
Fig. 17(a) – (c) present the vorticity contours of the three selected typical cases obtained from 469 

CFD simulations to illustrate the flow patterns around. The simulation calculation time for each 470 

case on the Xflow platform is approximately 72 hours with present computational precision and 471 

resources. As shown in Fig. 17(a), for the cylinder at α = 0°, the wake shape has shown obvious 472 

three-dimensional characteristics. However, it can still be observed that the free shear layer on the 473 

surface of the cylinder can regularly fall off and form vortices, which will disperse until it is 474 

dissolved as the fluid moves downstream. As a result, there is still a regular turbulent vortex street 475 

behind the cylinder at α = 0°. In Fig. 17(b), compared to the circular cylinder at α = 0°, the vortex 476 

street behind α = 30° is more chaotic, with only a small number of broken vortices appear at the 477 

top, and a large number of strong vortices gather at the bottom of the inclined cylinder. The reason 478 

for this phenomenon is the influence of an axial flow proposed by Matsumoto [50]. The axial flow 479 

will prevent the free shear layer from falling off at the top of the inclined cylinder, which makes 480 

the formation of the vortex more difficult. However, the axial flow will cause a large number of 481 

vortices to converge at the bottom of the inclined cylinder at α = 30°, and form a more violent 482 

continuous vortex shedding than that behind the cylinder at α = 0°. Moreover, the stronger vortex 483 



25 
 

shedding can cause stronger aerodynamic instability, which leads to much a stronger aerodynamic 484 

force at the bottom of the inclined cylinder at α = 30° than that at the top. Therefore, compared with 485 

the cylinder at α = 0° with balanced forces on the top and bottom ends, the bottom end of the 486 

inclined cylinder at α = 30° can generate greater aerodynamic force at a lower wind speed so that 487 

the local force excites the vibration of the whole bluff body. As a result, the inclined cylinder at α 488 

= 30° has a lower threshold speed compared to α = 0°. Meanwhile, the results studied by Shirakasi 489 

et al. [40] indicated that the inclination angle will cause a decrease in the frequency of vortex 490 

shedding, which will reduce the aerodynamic force received by the inclined cylinder. Therefore, 491 

the maximum RMS voltage and displacement of α = 30° are inferior to that of α = 0°. It should be 492 

noted that at low wind speed, even if the force at the top and bottom of the inclined cylinder at α = 493 

30° is unbalanced, the bluff body still behaves with the transverse bending vibration mode under 494 

the restriction of the cantilever structure. However, at high wind speed, when the vortex shedding 495 

frequency of the inclined cylinder at α = 30° approaches the torsional natural frequency, the bluff 496 

body will break through the restriction of the structure and begin to produce torsional vibrations. 497 

As shown in Fig. 17(c), compared with the inclined cylinder at α = 30°, the inclined cylinder at α 498 

= 60° has a stronger axial flow effect, which makes the fluid along the axial direction strongly 499 

mixed and destroys the complete vortex structure, resulting in a more chaotic turbulent vortex street. 500 

The vortex intensity at the bottom of the inclined cylinder at α = 60° is significantly lower than that 501 

of the cylinder at α = 30°. The vortex of the former one is far away from the surface of the bluff 502 

body, which cannot provide more atmospheric power for the bluff body and hence the vibration of 503 

the cylinder at α = 60° is lower than that at α = 30°. Simultaneously, because the aerodynamic force 504 

produced by the bottom of the inclined cylinder at α = 60° is small, the torsional vibration cannot 505 

be excited within the experimental wind speed range. 506 
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Fig. 17. Vorticity contours of inclined cylinder with different inclination angles obtained from CFD 508 
simulation: (a) α = 0°, (b) α = 30°, and α = 60°. 509 

Fig. 18(a) - (c) demonstrate the vorticity vectors of inclined cylinders with different inclination 510 

angles to illustrate the near-filed flow around. As can be seen in Fig. 18(a), there are some small 511 

spanwise vortices on the back of the cylinder at α = 0°, which makes the flow around the cylinder 512 

present obvious three-dimensional characteristics. In general, the streamlines along the 513 

downstream direction are roughly parallel to each other, and there is no major deviation. In Fig. 514 

18(b), it can be seen that there is an axial vortex (where the streamlines converge) on the backside 515 

of the top of the inclined cylinder at α = 30°, and all streamlines radiate out after passing through 516 

the vortex. One part of the streamline moves to the downstream end in the direction of the cylinder 517 

axis, and the other part moves horizontally downstream in the downstream direction. The existence 518 

of this axial vortex causes the generation of an axial flow and destroys the free shear layer at the 519 

tip of the inclined cylinder, thus destroying the complete vortex structure. In Fig. 18(c), compared 520 

to the inclined cylinder at α = 30°, the top of the inclined circular cylinder at α = 60° produces a 521 

larger axial vortex, which will undoubtedly damage the vortex shedding behind the cylinder to a 522 

greater extent. Simultaneously, the streamline is more inclined along the downstream direction, 523 

resulting in a stronger axial flow effect. 524 
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Fig. 18. Vorticity vectors of inclined cylinders with different inclination angles to illustrate the near-filed 526 
flow around: (a) α = 0°, (b) α = 30°, and (c) α = 60°. 527 

5. Conclusions 528 
Energy harvesters based on VIV are a classic choice for effectively harvesting wind energy in 529 

the environment, and can be used to solve the problem of sustainable power supply for wireless 530 

sensors and embedded devices in the environment. It is known that these VIV-based energy 531 

harvesters can be deployed in many locations, such as urban high-rises, vents, bridges, rivers, and 532 

aircraft structures, etc. However, the conventional VIV-based energy harvester with vertical circular 533 

cylinder restricts its development due to its narrow effective wind speed bandwidth. This paper 534 

proposed to change the inclination angle α of the circular cylinder relative to oncoming flow to 535 

broaden the effective wind speed bandwidth of the VIV-based energy harvester. Wind tunnel 536 

experiments were performed to thoroughly investigate the wind speed bandwidth of the energy 537 

harvester in terms of the nine different inclination angles α (0°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, 538 

60°). The results showed that compared to the conventional VIVPEH, an appropriate inclined 539 

cylinder can significantly broaden the effective wind speed range for the VIVPEH. The inclined 540 

cylinder at α = 60° can reduce the threshold wind speed and broaden the effective wind speed bandwidth 541 

by more than 229%. Besides, the performance curves of inclined cylinder at 25°, 30°, 35°, 40°, and 542 

45° exhibited two humps within the studied wind speed range. The first hump is the conventional 543 

VIV, and the second hump is the coupling of the conventional VIV and torsional vibration. Through 544 

dimensionless frequency analysis, it was found that when the threshold wind speed of the torsional 545 

vibration was reached, the torsional vibration frequency of the inclined cylinder was close to the 546 

torsional natural frequency and then entered a synchronized state. Moreover, the appearance of 547 

torsional vibration rapidly reduces the frequency of the conventional transverse VIV, then making 548 
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the transverse bending vibration enter the synchronization region again. Finally, the synchronous 549 

region of transverse bending vibration and torsional vibration superposed in a certain wind speed 550 

range, which causes the voltage to increase rapidly. When α = 50°, 55°, and 60°, the wind speed 551 

currently studied cannot induce torsional vibration of the inclined cylinders due to the high torsional 552 

natural frequency and the limitation of the structure. The internal mechanisms in the experimental 553 

results are further interpreted through comprehensive CFD simulations. The CFD simulations 554 

revealed that the existence of an axial vortex downstream of the inclined cylinder led to the 555 

generation of an axial flow. The axial flow will prevent the free shear layer from falling from the 556 

top of the inclined cylinder and cause a large number of vortices to converge at the bottom, resulting 557 

in unbalanced forces at the top and bottom, thus inducing torsional vibration and a series of other 558 

phenomena.  559 

It should be mentioned that the energy harvesters with inclined cylinder significantly broaden 560 

the wind speed range for harvesting energy, but reduce the power output of the harvesters. The 561 

focus of future research is to explore the application of torsional vibration and improve the 562 

efficiency of energy harvesters. 563 
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