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A B S T R A C T   

Bluff bodies play crucial roles in affecting the functionality of wind energy harvesting systems. Inspired by the 
versatility and wide application of metasurfaces in many fields, we propose to etch several metasurface patterns 
on a cylinder bluff body and investigate their effects on vortex-induced vibration (VIV). A general lumped 
parameter model is developed for VIV piezoelectric energy harvesters (VIVPEHs). Three-dimensional CFD 
simulation models are built to obtain the lift and drag coefficients. Wind tunnel tests are conducted to experi-
mentally study the dynamics and evaluate the voltage output. The theoretical results matched well with the 
experimental ones. It is unveiled that etching the concave metasurface patterns on the bluff bodies has a sig-
nificant influence on the dynamic behavior of the bluff body, thus enhancing or suppressing VIV. Beside, we 
demonstrate the influences of the etched metasurface patterns on the generated vortex street behind the bluff 
bodies through CFD simulations. It is shown that different concave metasurface patterns could significantly affect 
the wake pressure, thus influencing the aerodynamics. Furthermore, the effects of the electrical parameters, 
including the load resistance and electromechanical coupling strength, on energy harvesting performance are 
investigated based on the theoretical model.   

1. Introduction 

Bluff bodies can be widely discovered in many engineering structures 
and systems, such as chimneys [1], heat exchangers [2,3], heating 
ventilation and air condition (HVAC) systems [4], and marine risers [5]. 
Fluid-induced vibration (FIV) occurs due to the fluid flow interaction 
with bluff body structures [6–9]. FIV can greatly reduce the service life 
of systems by causing structural fatigue damage, thus usually treated as 
a disruptive phenomenon. In recent years, the power consumption of 
micro-electro-mechanical systems (MEMS) has been tremendously 
lowered with the fast development of MEMS technology. However, ad-
vancements in battery technology have been relatively sluggish. 
Chemical batteries are bulky, toxic, and have limited lifespans. Driven 
by the rapidly rising demand for implementing millions and even bil-
lions of Internet of Things (IoTs) nodes, researchers proposed to develop 
sustainable and environmentally friendly energy technologies [10–13]. 
Since fluidic flows ubiquitously exist around the world, leveraging FIV 
phenomena for harnessing energy from the ambient environment has 
attracted enormous research interest. Piezoelectric [14–17], 

electromagnetic [18–21], electrostatic [22–24], triboelectric [25–28], 
and thermoelectric [29] transductions are the several most commonly 
used energy conversion mechanisms. By virtue of the high-power den-
sity, low bare cost, and ease of integration, piezoelectric materials have 
been extensively used in designing various kinds of energy harvesting 
systems. 

Flow-induced vibration (FIV) is a relatively wide concept that in-
cludes vortex-induced vibration (VIV) [30–33], galloping [34–37], 
flutter [38–40], and buffeting [41–43]. VIV is more inclined to take 
place at relatively low wind speeds and thus has received much atten-
tion. Lots of studies have been conducted on the topic of VIV energy 
harvesting from various aspects. Bishop and Hassan [44] showed that 
the VIV of a cylinder bluff body is a self-limiting oscillation through an 
experimental study and suggested the existence of “wake oscillator”. Dai 
et al. [45] developed a nonlinear continuous model of a piezoelectric 
cantilever beam equipped with a cylinder bluff body for VIV energy 
harvesting. Wang et al. [46] developed an equivalent circuit model 
(ECM) for a general VIVPEH based on the Ehsan-Scanlan model. Gu et al. 
[47] numerically investigated the influence of the submergence depth 
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on the energy conversion of a smooth cylinder. They noticed that the 
vibration amplitude and power output stopped increasing if the sub-
mergence depth exceeded 0.5 m. Zhang et al. [48] introduced the Lor-
entz force in VIV and found that the Lorentz force has significant 
influences on the displacement, lift force, and drag force. 

Since bluff bodies play essential roles in affecting the functionality of 
wind energy harvesters, researchers attempted to change their shapes to 
enhance energy harvesting efficiency. Ding et al. [49] compared the 
performance of different bluff bodies for FIV energy harvesting and 
found that a trapezoid-sectioned bluff body performed best. Zhu et al. 
[50] studied the effect of the splitter plate on the aerodynamics of a 
cylinder bluff body. It was unveiled that the splitter plate installed up-
stream of the bluff body could suppress VIV. Ding et al. [51] added 
symmetrical fin-shaped rods to a cylinder bluff body for realizing energy 
harvesting over a broad wind speed range. Zhou et al. [52] designed an 
energy harvester consisting of two magnetically coupled beams attached 
with cylinder bluff bodies. The experimental results showed that the 
lock-in region of the system significantly increased, and the power 
output increased by 679% compared with a conventional counterpart. 
Wang et al. [53] developed a cylinder bluff body with Y-shaped orna-
ments to realize VIV-to-galloping transition and greatly widened the 
effective bandwidth. Ranjbar et al. [54] demonstrated the efficiency 
sensitivity of a wind energy harvester to the aspect ratio change of the 
bluff body. They found that the oscillation amplitude increased by 230% 
when the aspect ratio reduced from 28.8 to 5.0. 

In addition to substantially changing the geometric shapes of bluff 
bodies, other researchers found that introducing surface treatment to the 
bluff bodies could also remarkably alter their aerodynamic behaviors. 
Gao et al. [55] investigated the aerodynamics of a circular bluff body 

with different surface roughness. It was noted that the displacement 
amplitude of the bluff body displayed an increasingly prominent 
jumping characteristic with the increase of the surface roughness. 
Huang et al. [56] conducted an experiment and suppressed the VIV of a 
cylinder bluff body by 64% by introducing helical grooves. Zhu et al. 
[57] studied the FIV of a cylinder bluff body attached with a rigid wavy 
splitter. The results indicated a reduction in cross-flow amplitude up to 
92.44% at a particular wind speed. Jin et al. [58] added different bionic 
attachments on a smooth cylinder and found that different types and 
numbers of attachments had significant effects on energy harvesting 
performance. Wang et al. [59] explored the influences of different 
convex metasurfaces on energy harvesting performance. They found 
that convex metasurfaces changed the flow fields formed behind the 
bluff bodies, thereby, their aerodynamic behaviors. 

According to the literature review, it is known that the surfaces of 
bluff bodies can significantly influence their aerodynamic behaviors. 
Metasurfaces have been widely used in many disciplines and diverse 
engineering applications, such as acoustics [60,61], electronics [62,63], 
and material science [64]. Ma et al. [65] reported a novel acoustic 
metasurface to achieve impedance matching and realize no reflection on 
the incident waves. Wu et al. [66] proposed a programmable metasur-
face that could deflect the terahertz (THz) beam and open a novel route 
for THz communication. Shalaginov et al. [67] provided a critical active 
control algorithm for optical metasurface, which enabled some optical 
devices to realize unprecedented new functions. 

Inspired by the abovementioned studies, this paper investigates the 
aerodynamic responses of several cylinder bluff bodies with etched 
concave metasurface patterns. The paper is structured as follows. Sec-
tion 2 introduces the structure of the proposed FIV energy harvester and 
a general single-degree-of-freedom (SDOF) model to capture its dy-
namics. The experimental setup and the physical prototypes are pre-
sented in Section 3. The simulated lift and drag coefficients of different 
bluff bodies are presented in Section 4. Section 5 compares and discusses 
the experimental and theoretical results. The effects of electrical pa-
rameters on energy harvesting performance are discussed in Section 6. 
Conclusions drawn from this work are summarized in Section 7. 

2. Theoretical model 

2.1. Lumped parameter model 

For a traditional VIVPEH, as shown in Fig. 1, its fundamental reso-
nance will be prominently activated at low wind speeds, while higher- 
order resonances have negligible contributions. Hence, only the funda-
mental mode of the VIVPEH will be considered for simplicity. Based on 
Euler’s beam theory [68], the governing equation of the piezoelectric 
beam can be written as: 

Z̈(t) + 2ξωnŻ(t) + ω2
nZ(t) + αeV(t) = fVIV(t) (1)  

where Z(t) is the model coordinate, Ż(t) and Z̈(t) are the model velocity 
and the modal acceleration, respectively. ξ is the damping ratio, ωn is the 
natural angular frequency of the fundamental resonance. αe is the modal 
electromechanical coupling coefficient. fVIV(t) is the vortex-induced 
aerodynamic force, which can be further expressed as: 

fVIV(t) =
1
2

ρDU2L0CLΦ(Lc) −
1
2

ρDUL0Cmean
D [Φ(Lc)]

2Ż(t) (2)  

where CL = q(t)CL0/2 is the fluctuating lift force coefficient. CL0 is the 
amplitude of the fluctuating lift force coefficient and Cmean

D is the mean 
drag coefficient. Φ(Lc) is the modal shape of the fundamental resonance. 
ρ is the air density. D is the characteristic diameter of the bluff body. A 
broadband piezo-electromagnetic hybrid energy harvester under com-
bined vortex-induced and base excitations U and L0 are the fluid velocity 
and bluff body length, respectively. 

In 2004, Facchinetti et al. [69] proposed to use the van der Pol wake 

Fig. 1. Diagram of the vortex-induced vibration-based piezoelectric energy 
harvester (VIVPEH). The near-wake motion is described by the van der Pol 
equation. A small gap between the PZT patch and the clamped end is to prevent 
damage due to stress concentration. 

Fig. 2. A simplified SDOF model of the VIVPEH. The piezoelectric element in 
the electrical domain is treated as a current source. 
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oscillator equation to model the dynamics of the near wake generated 
behind the bluff body. 

q̈(t) + λωV
[
q2(t) − 1

]
q̇(t) + ω2

V q(t) =
A
D

Φ(Lc)Z̈(t) (3)  

where q(t) describes the near-wake vortex motion. It is a variable related 
to the averaged transverse component of the flow [70] and proportional 
to the transverse velocity of the near-wake fluid [71]. ωV is the vortex 
shedding angular frequency, which can be calculated by ωV = 2πStU/D. λ 
and A are the constants equaling 0.3 and 12, respectively [69]. 

Suppose the external load of the VIVPEH is a simple resistor RL and 
the current flowing through the resistor is Ip(t), as shown in Fig. 2, one 
can write the governing equation of the electrical domain by using 
Kirchhoff’s current law. 

αeŻ(t) − CpV̇(t) =
V(t)
RL

(4) 

Combining Eqs.(1) - (3) and eliminating the term Φ(Lc), the gov-
erning equations of the SDOF model [72] of the VIVPEH can be 
obtained: 

Meff z̈(t) +
[

1
2

ρDUL0Cmean
D +Ceff

]

ż(t) + Keff z(t) + θV(t) =
1
4

ρCL0DL0U2q(t)

(5)  

q̈(t) + λωV
[
q2(t) − 1

]
q̇(t) + ω2

V q(t) =
A
D

z̈(t) (6)  

θż(t) − CpV̇(t) =
V(t)
RL

(7)  

where Meff = 1/Φ2(Lc), Ceff = 1/Φ2(Lc), Keff = 1/Φ2(Lc), θ = αe/Φ(Lc), z 
(t) = Φ(Lc)Z(t), Cp is the clamped capacitance of the piezoelectric 
transducer and θ is the electromechanical coupling coefficient. 

By introducing the intermediate variable Y: 

Y =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

y1

y2

y3

y4

y5

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

z(t)

ż(t)

V(t)

q(t)

q̇(t)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8) 

Eqs.(5) - (7) can be cast in the state-space representation: 

Fig. 3. D3Q27 discrete velocity model of the LBM. The velocity space is dis-
cretized into 27 discrete velocities. 

Fig. 4. Bluff bodies etched with different metasurface patterns. From left to right, they are concave hourglass (concave H), concave semicircle (concave S), concave 
circle (concave C), concave prism (concave P), concave triangle (concave T), and concave waterdrop (concave W) metasurface patterns. 

Fig. 5. The physical prototype of the baseline VIVPEH using a smooth cylinder 
bluff body. The VIVPEH is mounted on a metal frame, which will be placed in a 
wind tunnel in the experimental test. 
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Ẏ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

ż(t)

z̈(t)

V̇(t)

q̇(t)

q̈(t)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

y2

1
Meff

[
1
4

ρCL0DL0U2y4 − θy3 − Keff y1 −

(
1
2

ρDUL0Cmean
D + Ceff

)

y2

]

θy2

Cp
−

y3

CpRL

y5

A
DMeff

⎡

⎢
⎢
⎢
⎢
⎣

1
4

ρCL0DL0U2y4 − θy3 − Keff y1

−

(
1
2

ρDUL0Cmean
D + Ceff

)

y2

⎤

⎥
⎥
⎥
⎥
⎦
− λωV

(
y2

4 − 1
)
y5 − ω2

V y4

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(9) 

One can easily solve the ordinary differential equations in Eq. (9) 
using numerical approaches, such as the Runge-Kutta method. 

2.2. D3Q27 model 

This section introduces the D3Q27 model used in CFD simulation 
based on Lattice Boltzmann method (LBM). Instead of the traditional 

commercial software ANSYS Fluent which adopts the finite element 
method (FEM), the CFD platform XFlow which adopts the Lattice- 
Boltzmann method, is utilized to simulate the flow fields. LBM is 
eminently suitable for simulating the aerodynamics of structures with 
complicated geometries, and XFlow provides an excellent solution for 
large-scale CPU/GPU parallel computing. Moreover, compared with the 
traditional CFD method, which needs to solve the complex second-order 
nonlinear Navier-Stokes equation (NS equation), the Boltzmann trans-
port equation solved by LBM is a more straightforward first-order 
equation [73]: 

fn( r→+ endt, t+ dt) − fn( r→, t) = Ωn(f0, ..., fb), n = 0, 1, ..., b (10)  

where fn( r→, t) is the particle distribution function; the vector r→ can be 
futher expanded as r→= xi + yj + zk, where i, j, k are the unit vectors 
corresponding to x, y and z axes, respectively; en is the particle velocity 
component in nth direction; dt is the time step and Ωn is the collision 
operator; b = 26 (b starts from 0) indicates that the velocity space is 
discretized into 27 discrete velocities, as shown in Fig. 3. Thus, the 
model is referred to as the D3Q27 model [74]. The required mathe-
matical processing is much simpler than FEM. 

Solving the Boltzmann equation is difficult because of the complexity 
of the collision term. Fortunately, Bhatnagar et al. [75] introduced a 
simplified model for describing the collision process and significantly 
reduced the difficulty of solving the Boltzmann transport equation. They 
expressed the collision operator as: 

Fig. 6. Physical prototypes of the proposed VIVPEHs using cylinder bluff bodies etched with different metasurface patterns on their surfaces: (a) concave hourglass 
(H); (b) concave circle (C); (c) concave prism (P); (d) concave waterdrop (W); (e) concave triangle (T); (f) concave semicircle (S). 
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ΩBGK
n =

1
τ
(
f eq
n − fn

)
(11)  

where τ is the relaxation time, and the local equilibrium distribution 
function fneq further expands as: 

f eq
n = ρωn

[

1+
enαuα

c2
s

+
uαuβ

2c2
s

(
enαenβ

c2
s

− δαβ

)]

(12)  

where u→ is the macroscopic flow velocity vector, and ρ is the macro-
scopic density; 

∑n=b
n=0ωn = 1 are weighting constants to ensure the con-

servation of isotropy; the subscripts α and β indicate different spatial 
components of the vectors; δ is the Kronecker delta. cs is the sound speed 
that can be written as cs/c = 1/

̅̅̅
3

√
in the D3Q27 model, where c = dx/dt 

is the lattice speed, and dx is the lattice spacing. 
The macroscopic density and linear momentum can be formulated 

as: 

ρ =
∑n=b

n=0
fn =

∑n=b

n=0
f eq
n (13)  

ρ u→=
∑n=b

n=0
fnen =

∑n=b

n=0
f eq
n en (14)  

and the macroscopic pressure for incompressible fluid can be obtained 
by simply manipulating Eq. (14): 

p = ρc2
s =

1
3

(
dx
dt

)2∑n=b

n=0
fn =

1
3

(
dx
dt

)2∑n=b

n=0
f eq
n (15)  

3. Physical prototypes and experimental setup 

We designed several representative metasurface patterns shown in 
Fig. 4 and etched them on the surfaces of cylinder bluff bodies. Ac-
cording to the micro-shapes, they are referred to as the concave hour-
glass (concave H), concave semicircle (concave S), concave circle 
(concave C), concave prism (concave P), concave triangle (concave T), 
and concave waterdrop (concave W) metasurface patterns, respectively. 
The etching depth of the patterns is 4 mm, and the characteristic length 
L1 of the micro-shapes is 6 mm. The topmost array of micro-shapes sit-
uates 11 mm below the top surface of the cylinder. The distance between 
the centers of the adjacent arrays of micro-shapes is 14 mm. Sixty-four 
micro-shapes are regularly distributed on each bluff body. 

The conventional VIVPEH equipped with a cylinder bluff body, as 
shown in Fig. 5, is referred to as the baseline model and will be used for 
comparison. The proposed metasurface patterns are etched on the cyl-
inder bluff bodies with the same geometric dimensions. Fig. 6 shows the 
six experimental prototypes. The bluff bodies etched with different 
metasurfaces have different masses. Auxiliary weights are added to 
guarantee they have the same mass for a fair comparison in later studies, 
and the masses of different bluff bodies M2 are unified to 1.7 g. 

The cantilever beam with dimensions of Lc × Wc × Tc = 170 × 25 ×
0.5 mm3 is made of aluminum. The frame is made of aluminum alloy. 
The Expanded Polystyrene (EPS) made bluff body has a length of 12 cm 
and a diameter of 32 mm. A PZT-5 patch with dimensions of Lp × Wp ×

Tp = 30 × 20 × 0.5 mm3 is bonded on the cantilever beam near its root 

Fig. 7. (a) The whole experiment setup, including the wind tunnel, the wind speed controller (frequency converter), and the data acquisition system; (b) the enlarged 
view of the draught fan; (c) the enlarged view of the honeycomb baffle plates. 

Table 1 
Physical parameters of the incoming flow.  

Physical parameters Units Values 

Molecular weight kg/mol 28.996 
Temperature K 288 
Density kg/m3 1.225 
Kinetic viscosity Pa⋅s 1.7894 × 10− 5 

Thermal conductivity W/(m⋅K) 0.0243 
Specific heat capacity J/(kg⋅K) 1006.43  
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using acrylic acid. A small gap Lg = 3 mm shown in Fig. 1 is to prevent 
damage of the PZT-5 patch due to the stress concentration at the 
clamped end. The bluff body is assembled with the cantilever beam by 
glue. The total mass of the piezoelectric cantilever beam M1 (including 
the cantilever beam, the PZT-5 patch, and the acrylic acid) is 10.4 g. 

As shown in Fig. 7(a), the VIVPEH in the test is placed in a 0.4 m 
diameter wind tunnel. Two honeycomb baffle plates are installed to 

stabilize the incoming wind. The voltage output produced by the VIV-
PEH is measured by a dual-channel digital oscilloscope (ISDS220B), and 
the displacement of the bluff body is measured by a laser displacement 
sensor (Panasonic HG-C1400). The wind speed U in the wind tunnel is 
gauged by a hot-wire anemometer (Testo Co., USA). A draught fan 
generates a wind flow. A frequency converter controls the wind speed by 
changing the rotation frequency f. The relationship between U and f 
follows U = 0.137f + 0.18. The baseline VIVPEH attached with a smooth 
cylinder bluff body was tested first. The other prototypes were tested 
successively. In the following comparison study, the bluff body was 
replaced during the tests, while the cantilever beam and the bonded 
piezoelectric transducer were untouched. 

4. CFD setup and simulation results 

The influence of the lattice number on the convergence of simulation 
results was studied first. The simulation result is deemed converged 
when the change of the lattice number has little effect on the simulation 
results. We took a smooth cylinder bluff body as an example and placed 
it in a wind flow with the speed of U = 2.509 m/s. The cylinder diameter 
(D) is 32 mm, and the length (L0) is 120 mm. Detailed information on the 
wind flow is listed in Table 1. The Reynolds number (Re) can be deter-
mined to be 5900, which indicates a laminar flow condition for the 
boundary layer. Fig. 8 shows the scheme of the CFD computational 
domain and illustrates how the boundary conditions are implemented. 

The top and bottom boundaries are separated by 20D. Three global 
lattice scales (0.0344D, 0.0313D, 0.0297D), are referred to as coarse, 
normal, and fine sizes, respectively. The lattice resolution near the bluff 
body is 4 times that of the global lattice. The lattice numbers of the 
coarse, normal, and fine models are 1176,038, 1496,800 and 1761,596, 
respectively. The time step size is set as ‘Fixed-Automatic’. The built-in 
Smagorinsky model provided in XFlow is adopted for Large Eddy 
Simulation (LES) since it exhibits good accuracy in dealing with aero-
dynamic characteristics of bluff bodies [76–78]. 

The mean value of the drag coefficient Cmean
D and the root mean 

square (RMS) value of the lift coefficient CL
rms calculated by the coarse, 

normal, and fine models are listed in Table 2. It can be noted that both 
Cmean

D and CL
rms converge as the lattice size reduces. The normal lattice 

Fig. 8. Scheme of the computational domain and the boundary conditions. The left and right ends are, respectively, set as the inlet and outlet. Neumann and Dirichlet 
boundary conditions are applied to the top and bottom boundaries. 

Table 2 
Cmean

D and CL
rms computed using different lattice sizes.  

Lattice size Cmean
D CLr

ms 

Coarse 1.246 0.156 
Normal 1.192 0.235 
Fine 1.194 0.220  

Fig. 9. Time-history CL and CD for the cylinder bluff body with smooth surface.  
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Fig. 10. Time-history CL and CD for bluff bodies with different surface conditions: (a) concave hourglass; (b) concave circle; (c) concave waterdrop; (d) concave 
prism; (e) concave semicircle; (f) concave triangle. 

Fig. 11. Experimentally measured RMS output voltage Vrms and post-processed dimensionless displacement amplitudes ymax/D of the energy harvesters equipped 
with different bluff bodies. 
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size (0.0313D) is adopted in the simulations to compromise the 
computational efficiency and accuracy. 

The normal lattice size was first used to simulate the aerodynamics of 
the cylinder bluff bodies with smooth surface, concave H, concave C, 
concave P, concave W, and concave S metasurface patterns at U = 1.143 
m/s. The time-history CD and CL are shown in Figs. 9 and 10. These 
values can then be used in the general lumped parameter model pre-
sented in Section 2.1 for simulating their wind energy harvesting 
performance. 

5. Results and discussions 

5.1. Experimental results 

Fig. 11 presents the experimental results of the VIVPEHs equipped 
with different metasurface etched bluff bodies. It can be observed that, 
as compared to the baseline, the ones etched with concave H, C, P, and 
W metasurface patterns exhibit conspicuously different aerodynamic 
behaviors. Some metasurface patterns can help enhance VIV by 
enlarging the bandwidth (i.e., lock-in region) and increasing the vibra-
tion magnitude. In contrast, others can suppress VIV by narrowing the 
bandwidth and repressing the magnitude. The aerodynamics of the S 
and T patterns etched bluff bodies are consistent with the baseline model 
since their curves almost overlap. 

Fig. 12. Comparison between the experimental results of the baseline model and the concave H model: (a) RMS voltage output responses; (b) dimensionless 
displacement responses. 

Fig. 13. Comparison between the experimental results of the baseline model and the concave C model: (a) RMS voltage output responses; (b) dimensionless 
displacement responses. 

Fig. 14. Comparison between the experimental results of the baseline model and the concave P & W models: (a) RMS voltage output responses; (b) dimensionless 
displacement responses. 
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We classify the metasurface patterns into three categories according 
to their effects on the aerodynamics of the bluff body and investigate 
each category separately. Fig. 12 compares the responses of the baseline 
model and the one etched with the concave H metasurface pattern, 
which is referred to as the concave H model hereafter for brevity, as well 
as for the other models. The maximum RMS voltage output of the 
baseline model is 5.336 V, the maximum dimensionless displacement 
amplitude (ymax/D) is 0.770, and the effective working bandwidth is 
1.550 ~ 3.879 m/s. The maximum RMS voltage output of the concave H 
model is 5.892 V, the maximum dimensionless displacement amplitude 
is 0.823, and the effective working bandwidth is 1.550 ~ 3.331 m/s. In 
terms of the maximum RMS voltage output, the maximum dimensionless 
displacement amplitude, and the effective working bandwidth, the 
concave H model demonstrates improvements of 10.42%, 6.44%, and 
30.77%, respectively. 

In contrast, etching the concave C metasurface pattern on the bluff 
body suppresses VIV. The experimental results of the baseline model and 
the concave C model are compared in Fig. 13. The maximum RMS 
voltage output, the maximum ymax/D, and the effective working band-
width of the concave C model are, respectively, 4.038 V, 0.614, and 
1.550 ~ 2.783 m/s. Compared to the baseline model, the corresponding 
parameters of the concave C model decreased by 24.33%, 20.26%, and 
44.44%, respectively. 

Etching concave P and W metasurface patterns on the bluff body also 

suppress VIV but more weakly than the concave C metasurface pattern. 
The experimental results of the concave P and W models are presented in 
Fig. 14. The maximum RMS voltage outputs of the concave P and W 
models are 4.389 V and 5.329 V, respectively, indicating a decrease of 
17.75% and 0.13% compared to the baseline model. Their maximum 
dimensionless displacement amplitudes are 0.711 and 0.769, respec-
tively, suggesting a decline of 7.66% and 0.13%, respectively. And their 
effective working bandwidths are 1.550 ~ 3.194 m/s and 1.550 ~ 
3.057 m/s, respectively, manifesting a shrinkage of 7.69% and 15.38%, 
respectively. 

Etching metasurface patterns on bluff bodies does not necessarily 
modify their aerodynamics. Fig. 15 presents experimental results of the 
concave S and T models and reveals that the two metasurface patterns 
almost did not result in any appreciable change. The maximum RMS 
voltage output of the concave S model diminishes by just 3.37% 
compared to the baseline model. The decrease in the maximum 
dimensionless amplitude of the concave S model is around 4.81%. The 
declines of the maximum RMS voltage and maximum dimensionless 
amplitude of the concave T model are even smaller, respectively, 2.83% 
and 0.91%. The effective working bandwidths of the concave S and T 
models are the same, 1.550 ~ 3.468 m/s, which indicates a decrement of 
7.69%. 

5.2. Theoretical model validation 

The experimental results are also used to validate the theoretical 
model (Eqs.(5) - (7)). The equivalent mass of the VIVPEH can be 
approximately calculated by Meff = 33/140 × M1 + M2. The damping 
coefficient Ceff and the stiffness Keff can be calculated as Ceff = 2ξωnMeff 
and Keff = ωn

2Meff. The natural angular frequency ωn equals 2πfn. Both fn 
and ξ can be experimentally determined via a free decay test. The 
piezoelectric transducer is open-circuited. The equivalent lumped pa-
rameters of the physical prototypes are listed in Table 3. The aero-
dynamic coefficients of the bluff bodies with and without surface 
treatments are listed in Table 4. 

Fig. 16 shows the theoretically predicted and experimental obtained 
RMS voltage outputs and the dimensionless displacement amplitudes of 
different VIVPEH prototypes. Overall speaking, all the theoretical results 
generally match the experimental results. The discrepancies between 
them may arise due to the following reasons. First, the simplified SDOF 
model is not sufficiently accurate to capture the dynamics of the VIV-
PEHs. Second, minor errors may exist in the measurement for deter-
mining the equivalent lumped parameters. Third, the CFD simulation 
results could not exactly reveal the aerodynamics of the bluff bodies in 
the practical tests. Moreover, the equations of the aerodynamic forces 
applied to the bluff bodies in the theoretical models are obtained 
empirically. 

As can be found in Table 4, the Strouhal number St of the bluff body 
etched with the concave H pattern is smaller than that of the baseline 

Fig. 15. Comparison between the experimental results of the baseline model and the concave S & T models: (a) RMS voltage output responses; (b) dimensionless 
displacement responses. 

Table 3 
The lumped parameters of the experimental prototype.  

Lumped parameters Units Values 

Meff g 4.151 
Ceff N/(m/s) 0.0072 
Keff N/m 14.58 
ωn rad/s 59.26 
ξ / 0.0147 
θ N/V 7.9 × 10− 6 

Cp F 1.875 × 10− 8  

Table 4 
The aerodynamic coefficients of bluff bodies etched with different metasurface 
patterns.  

Concave patterns Cmean
D CL0 St 

Baseline 1.345 0.499 0.131 
Concave H 1.335 0.407 0.119 
Concave C 1.281 0.617 0.172 
Concave W 1.357 0.515 0.138 
Concave P 1.384 0.528 0.141 
Concave S 1.363 0.513 0.132 
Concave T 1.357 0.504 0.132  
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bluff body, but the St values of the buff bodies etched with concave C, W, 
and Q patterns are larger than the baseline. The St of the bluff body 
etched with the concave S pattern is almost the same as the baseline. 
These results imply that smaller St provides a sign of enhancing VIV, 
while larger St suppresses VIV. A further explanation can be obtained by 
revisiting the definition of the Strouhal number St and the mechanism of 
VIV. 

The Strouhal number St is defined as St = fsD/U. It is a dimensionless 
proportionality constant that describes the relationship between the 
vortex shedding frequency fs, the characteristic length of the bluff body 
D, and the flow velocity U. When the fluid flows around a bluff body 

with elastic support, due to the boundary layer separation effect, 
vortices periodically occur in the wake behind the bluff body, producing 
an asymmetric but periodic pressure field. Hence, an alternating aero-
dynamic force will be applied to the bluff body and drives the VIVPEH to 
vibrate. When the vortex shedding frequency gets closer to the natural 
frequency of the VIVPEH, structural resonance will take place, and the 
displacement amplitude will increase significantly; then, the vortex 
shedding frequency will be ‘locked’ within a specific range of flow 
speed. 

As the wind speed keeps increasing, the vortex shedding frequency 
drifts away from the resonant frequency; thus, the system vibration 

Fig. 16. Comparison of the experimental and 
theoretical results of the dynamic responses (i. 
e., RMS voltage output and the dimensionless 
displacement amplitudes) of the VIVPEHs. (a) 
concave H model versus baseline on voltage; 
(b) concave H model versus baseline on 
displacement; (c) concave C model versus 
baseline on voltage; (d) concave C model 
versus baseline on displacement; (e) concave 
W & P models versus baseline on voltage; (f) 
concave W & P models versus baseline on 
displacement; (g) concave S & T models 
versus baseline on voltage; (h) concave S & T 
models versus baseline on displacement.   
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Fig. 17. Vorticity contours at a period of different bluff bodies for U = 2.372 m/s: (a) the baseline bluff body (a smooth cylinder); (b) the bluff body etched with the 
concave H pattern; (c) the bluff body etched with the concave S pattern; (d) the bluff body etched with the concave C pattern. 

Fig. 18. The variation of (a) Vrms and (b) Pavg with the change of wind speed under different load resistances.  
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eventually terminates. By combining the data in Table 4 and the re-
sponses in Fig. 16(c) and (d), one knows that a larger St indicates a larger 
increase rate of the vortex shedding frequency, making it more easily to 
exceed the system resonant frequency. That explains why the concave S 
model with a larger St has a much narrow effective working bandwidth. 
The results in Fig. 16(a) & (b) and the St of the concave H bluff body in 
Table 4 indicate that for a smaller St, the vortex shedding frequency 
catches up with the resonant frequency slowly. Similar conclusions and 
explanations can be obtained by interpreting the results in other sub- 
plots of Fig. 16 with the help of the data in Table 4. In brief, by 
comparing the Strouhal number St with the baseline, one can fast predict 
whether VIV will be enhanced or suppressed: a smaller St enhances VIV 
by enlarging the effective working bandwidth, but a larger St brings the 
opposite effect by reducing the effective working bandwidth and sup-
pressing VIV magnitude. 

5.3. Interpretation of CFD results 

To illustrate the effects of different metasurfaces, Fig. 17 presents 
CFD simulated vortex shedding processes over a cycle. All the four 
vorticity contours show the typical 2S (Single pattern) shedding pattern: 
only one vortex will be generated in the wake region of a half vortex- 
induced vibration period, and two independent vortices will be gener-
ated in a complete vortex-induced vibration period. The vortices behind 
the bluff body etched with the concave H pattern are more intense, and 
the vortex strength within one period (Fig. 17(b)) is larger than the 
baseline (Fig. 17(a)). Its vortex strength does not significantly decrease 
after shedding off the bluff body. However, the vortex strength behind 

the bluff body etched with the concave C pattern is remarkably reduced 
(Fig. 17(d)). The vortex strength within a stable period is much smaller 
than that of the baseline bluff body. Regarding the bluff body etched 
with the concave S pattern, its vorticity contour plot (Fig. 17(c)) is 
almost the same as that of the baseline bluff body (Fig. 17(a)). 

The vorticity contour plots obtained by CFD simulations vividly 
reveal the effects of the metasurface patterns on the aerodynamics of the 
bluff bodies. The flow field at the wake of the bluff body changes more 
violently due to the introduction of the concave H pattern, accompanied 
by a remarkable change of the wake pressure. Consequently, larger vi-
brations can be induced to enhance the energy harvesting performance. 
However, the existence of the concave C pattern mitigates the change of 
the flow field in the wake of the bluff body, leading to a weaker pressure 
change, which is beneficial to suppressing VIV. The vorticity contour 
plots of other metasurface pattern etched bluff bodies can be simulated 
and interpreted in a similar way. For brevity, we only picked the three 
typical ones. 

6. Parametric studies 

As an electromechanical system, electrical system parameters, such 
as the load resistance RL and electromechanical coupling strength ke

2, 
also have significant effects on the performance of wind energy har-
vesters. This section investigates the influence of RL and ke

2 on the en-
ergy harvesting performance. The following formulas respectively 
define the average power and electromechanical coupling strength: 

Pavg =
V2

rms

RL
(16)  

k2
e =

θ2

CpKeff
(17) 

The concave H model is taken as an example to conduct the following 
parametric study. Fig. 18 shows the variation of RMS voltage output and 
average power with the change of wind speed under different load re-
sistances. As can be found in Fig. 18(a), Vrms increases with the increase 
of RL. But according to the maximum power theory, Pavg cannot grow 
infinitely, and there must be a maximum value. Fig. 18(b) shows that 
with increasing RL, Pavg first increases and then decreases. The optimal 
load resistance Ropt is estimated between 0.6 and 1.2 MΩ. 

Fig. 19 shows the variation of Pavg in response to the change of the 
load resistance under different wind speeds. Regardless of the wind 
speed, with the increase of the load resistance, the average power always 
increases first, then decreases. The maximum average power is obtained 
at RL = 0.9 MΩ. Hence, we could deduce that the optimal load is Ropt =

0.9 MΩ. Moreover, we notice that the optimal resistance is the same 
under different wind speeds. The maximum average power obtained at 
U = 3.5 m/s and Ropt = 0.9 MΩ is 0.0297 mW. 

Fig. 19. The variation of Pavg with the change of load resistance under different 
wind speeds. The optimal resistance is identified to be 0.9 MΩ. 

Fig. 20. The variation of (a) the RMS voltage output and (b) the average power with the change of the electromechanical coupling strength under different 
wind speeds. 
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ke
2 is another important factor that affects the energy harvesting 

performance. It is closely related to the clamped capacitance Cp of 
piezoelectric transducers. Therefore, we regulate the ke

2 by changing Cp. 
Fig. 20 shows the variations of Vrms and Pavg with ke

2 under different 
wind speeds. With the increase of ke

2, Vrms and Pavg both first increase 
rapidly and then tend to saturate. It is unsurprising that Vrms and Pavg 
increase with the wind speed. The maximum Vrms and Pavg obtained at U 
= 3.5 m /s and ke

2 = 7.783 × 10− 3 are 7.329 V and 0.06 mW, 
respectively. 

The above studies indicate that the performance of wind energy 
harvesters can be enhanced by appropriately tuning the load resistance 
and increasing the electromechanical coupling strength, even if the 
mechanical structure is already determined. However, arbitrarily 
increasing ke

2 is unwise. Piezoelectric materials with higher coupling 
coefficients are usually more expensive. As revealed in Fig. 20, the 
power output of a harvester saturates when the electromechanical 
coupling strength is sufficiently large. An excessive increase of ke

2 will 
only raise the bare cost but not boost the energy harvesting efficiency. 

7. Conclusions 

This article has presented several novel bluff bodies etched with 
metasurface patterns for VIV energy harvesting. Wind tunnel experi-
ments have been conducted to explore the influences of metasurface 
patterns on the dynamic behaviors and the energy harvesting perfor-
mance. A lumped parameter model based on the van der pool wake 
oscillator equation has been developed to predict the energy harvesting 
performance. 

According to the experimental results, the metasurface patterns can 
be classified into three categories depending on whether they can 
enhance or suppress VIV. The metasurface in the concave H pattern 
belongs to the first category that reinforces VIV and is beneficial for 
wind energy harvesting. Compared to the baseline model, which uses a 
smooth cylinder bluff body, the maximum RMS output voltage produced 
by the concave H model is increased by 9.44%. Moreover, the effective 
working bandwidth (i.e., the lock-in region) of the concave H model is 
enlarged by 30.77%. The second category includes the concave C, P, and 
W metasurface patterns. Etching the second category of metasurface 
patterns on a cylinder bluff body leads to significant suppression of VIV. 
Therefore, the energy harvesting performance deteriorates, i.e., the 
maximum RMS voltage output decreases, and the effective working 
bandwidth narrows down. The last category, including the concave S 
and T metasurface patterns, has inapplicable influences on the aero-
dynamics of the bluff body. CFD simulations have been conducted to 
provide insights into how the metasurface patterns affect the aero-
dynamics of bluff bodies. 

The vorticity contours of three different bluff bodies have been 
simulated to unveil the vortex-shedding process. It has been demon-
strated that different metasurface patterns result in the formation of 
different vortex streets behind the bluff bodies and produce different 
aerodynamic forces on the bluff bodies, thus, affecting the performance 
of energy harvesting. 

Finally, based on the theoretical model, parametric studies have been 
carried out to investigate the effects of several electrical parameters on 
energy harvesting performance. The results have indicated that 
achieving impedance matching and having a sufficiently large electro-
mechanical coupling strength are pivotal to maximizing the power 
output. However, the power saturation phenomenon suggests that 
arbitrarily increasing the electromechanical coupling strength is unwise 
and will only lead to an increment in cost. 
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