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A B S T R A C T   

Inspired by the successful applications of metasurfaces in many other fields, this paper aims to explore the 
potential application of metasurfaces in designing aerodynamic systems. Bluff bodies are proposed to be wrapped 
in metasurfaces for improving galloping energy harvesting. Three different metasurfaces with convex cylinder, 
tri-prim, and wedge ornaments are designed. A general aeroelastic model for a galloping energy harvester is 
developed. The aerodynamic force is represented by a polynomial function with its coefficients being determined 
from three-dimensional CFD simulations. Subsequently, physical prototypes of the proposed galloping piezo-
electric energy harvesters are fabricated, and experimental tests are conducted. The theoretical model is vali-
dated by the experimental results. The analytical method and three-dimensional CFD simulation are combined to 
predict the dynamic responses of the metasurface-wrapped GPEHs. Besides, the results show that the metasurface 
can significantly change the aerodynamic characteristics of the bluff body, and it is learned that a bluff body 
wrapped in convex cylinder metasurface could bring benefits for promoting galloping energy harvesting per-
formance. Further experimental studies are conducted to reveal the effects of convex ornament parameters on the 
galloping energy harvesting performance. It is found that using the metasurface distributed with convex cylinder 
ornaments of diameter 6 mm and height 9 mm leads to the largest vibration displacement and largest voltage 
output. Compared to the typical GPEH, the maximum vibration displacement and maximum output voltage of 
the proposed galloping piezoelectric energy harvester can be increased by 26.81% and 26.14%, respectively. The 
vortex shedding processes around the wind flow fields near the bluff bodies wrapped in metasurfaces are 
simulated. The underlying aerodynamic mechanism of the influence of the metasurfaces is unveiled. Finally, 
based on the validated theoretical model, a parametric study is carried out to investigate the effects of the load 
resistance and electromechanical coupling strength on the galloping energy harvesting performance. It is 
concluded that increasing the coupling strength to a certain level and tuning the load resistance to the optimal 
value could further improve the power output. However, when the electromechanical coupling strength increases 
to a certain extent, the power output will reach the saturation state, and the coupling strength is extremely large. 
Therefore, a piezoelectric element with a moderate coupling coefficient is recommended for practical applica-
tions from the perspective of economic benefit.   

1. Introduction 

In the past few decades, due to the massive consumption of non- 
renewable fossil fuels, the energy crisis problem is becoming more 
serious, accompanied by severe environmental degradation. Many re-
searchers are devoted to developing clean power generation technolo-
gies to address the above issues by collecting renewable energy from 

nature, such as solar energy, water energy, heat energy, wind energy, 
etc. Wind farms are typical products of such kinds of technologies. With 
the advance of microelectronic technology, the power consumption of 
electronic devices has been significantly reduced by several orders of 
magnitude. The above concept has been extended to small-scale energy 
generation in recent years for replacing chemical batteries to power 
micro-electro-mechanical-systems (MEMS) and wireless sensor 
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networks (WSNs) [1–12]. 
As a ubiquitous resource in the environment, the wind is one of the 

most important renewable energy sources that humans can efficiently 
harness for the current. Traditional wind-induced vibration needs to be 
suppressed to avoid structural failure and damage. Studies have been 
conducted by some researchers, e.g., Chen et al. [13] comprehensively 
investigated the vortex induced vibration of a flexible cable under a 
shear flow in experiments. On the other hand, to convert wind energy 
into electrical energy using a relatively compact structure, rather than 
rotary machinery, systems are often designed to harvest the energy from 
flow-induced vibrations as the consequence of fluid–structure interac-
tion (FSI). These kinds of devices are termed flow-induced vibration 
energy harvesters (FIVEHs). The vibration-to-electricity conversion can 
be realized through various transduction mechanisms, such as electro-
magnetic [14,15], triboelectric [16–18], piezoelectric [19–22], and 
electrostatic effects [23–25]. A lot of wind energy harvesters adopted 
piezoelectric transducers for energy transduction since they are easy to 
implement and of high power density [26]. 

Galloping is a typical self-excited oscillation phenomenon caused by 
aeroelastic instability [27]. Unlike other types of FIVs (vortex-induced 
vibration [13,28–30], flutter, buffeting, etc.), galloping can be initiated 
under a low wind speed and result in a high-amplitude oscillation. 
Moreover, increasing the wind speed can monotonically boost the high- 
amplitude oscillation [31]. Therefore, galloping piezoelectric energy 
harvesters (GPEHs) have been widely regarded as suitable candidates for 
harvesting wind energy. To improve the performance of GPEHs, some 
researchers have proposed techniques for introducing nonlinear forces. 
Alhadidi et al. [32] proposed a galloping-based piezoelectric energy 
harvester (GPEH) with magnetic forces. They discussed the effects of 
different magnetic forces on the performance of the GPEH. Dai et al. 
[33] established a nonlinear distributed parameter model and compared 
the performance of the GPEHs with different aerodynamic characteris-
tics. From the electrical perspective, some researchers attempted to 
optimize the shunt circuits to facilitate galloping vibration. Tan et al. 
[34] provided a simplified optimization method of an inductive-resistive 
circuit for broadband piezoelectric energy harvester, and introduced 
series and parallel inductor-resistor circuits. Zhao et al. [35] pointed out 
that the interface circuits are also very important in affecting the per-
formance of GPEHs. The application of synchronous charge extraction 
circuit (SCE), standard circuit, series, and parallel synchronous switch-
ing inductor circuits (SSHI) in galloping energy harvesting were 
analyzed. In addition, others attempted to modify the geometric profile 
of the bluff body to change the aerodynamic characteristics for pro-
moting galloping oscillation. Through experiments, Yang et al. [36] 
compared the performance of wind energy harvesters with different 
cross-section shapes (square, rectangle, triangle, and D-shape). The 

results indicated that the square cross-section led to a lower threshold 
wind speed and higher power output. Based on the traditional bluff body 
with a square cross-section, Wang et al. [37] devised the novel spindle- 
like and butterfly-like bluff bodies, which coupled vortex-induced vi-
bration (VIV) and galloping phenomena. The results showed that the 
minimum width ratio of the vertical spindle-like bluff body could reduce 
the threshold wind speed by more than 13% and increase the maximum 
output voltage by more than 160% compared to the conventional GPEH. 
Besides, Hu et al. [38] investigated the performance of a galloping en-
ergy harvester with fins installed in different positions of the square 
prism by wind tunnel experiments. Noel et al. [39] added a rigid splitter 
plate at the end of the prism column to consider its effect on the flow 
field around the prism column. It was proven that the effective range of 
aerodynamic instability could be expanded in this way, and a larger 
oscillation amplitude and power output could be obtained. Zhu et al. 
[40] introduced an attached free-to-rotate pentagram impeller device on 
a circular cylinder. Based on the CFD simulation, they found that the 
rotation of the pentagram impeller would have a strong interference on 
the trailing vortices falling behind the cylinder, transforming the oscil-
lation of the bluff body from vortex-induced vibration to galloping with 
the increase of flow velocity. Similarly, for a VIV-based PEH proposed in 
[41], such a VIV-to-galloping transition phenomenon was also observed 
due to the introduction of Y-shaped appendages. 

In recent years, metasurfaces with unique properties have been 
extensively applied in various disciplines, e.g., electromagnetics 
[42,43], thermology [44,45], and acoustics [46,47]. Amer et al. [48] 
constructed an electromagnetic energy acquisition system based on a 
wide-angle metasurface to capture electromagnetic waves efficiently. 
Wang et al. [49] reviewed the latest research of thermal metamaterials 
and showed that metasurfaces are widely used in various thermal 
functional devices. Liu et al. [50] proposed an acoustic metasurface with 
sub-wavelength thickness for potential application in underwater 
acoustic communication and medical ultrasound imaging. Though 
numerous successful applications of metasurfaces have been reported in 
many other fields, utilizing metasurfaces to design systems for galloping- 
based energy harvesting has not been found in the field of aerodynamics. 
Inspired by the modified bluff bodies with attachments, this paper ex-
plores the idea of wrapping ordinary cuboid bluff bodies in three met-
asurfaces with different ornaments, namely, convex cylinder, convex tri- 
prism, and convex wedge. Since the aerodynamic behaviors of the bluff 
bodies are altered due to the introduction of the metasurfaces, the three- 
dimensional CFD simulation is used to determine the aerodynamic force 
coefficients of the modified bluff bodies. 

The rest of this paper is organized as follows. In Section 2, the 
theoretical model of a galloping-based piezoelectric energy harvester 
(GPEH) is established. Based on the quasi-steady-state theory, the 
analytical method and three-dimensional CFD simulation are combined 
to predict the dynamic responses of the metasurface-wrapped GPEHs, 
which are termed as Meta-GPEHs for short hereinafter. Section 3 pre-
sents the designed prototypes and experimental setup. The established 
theoretical model is validated by wind tunnel experiments in Section 4. 
Moreover, by varying the convex cylinder ornament height, the exper-
imental results of the bluff bodies wrapped in the metasurfaces are 
discussed. In Section 5, the vortex shedding processes of different bluff 
bodies in Section 4 are simulated by CFD to explain the underlying 
mechanisms. Besides, based on the theoretical model, parametric ana-
lyses are carried out to investigate the influences of the electrical load 
resistance and the electromechanical coupling strength on the energy 
harvesting performance. Finally, relevant conclusions are summarized 
in Section 6. 

2. Modeling 

2.1. Theoretical model 

Fig. 1 shows the diagram of a bluff body that undergoes galloping. 

Fig. 1. Schematic diagram of a bluff body that undergoes galloping.  
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The elastically mounted bluff body oscillates in the z-direction under the 
aerodynamic force produced by a uniform wind flow of a constant speed 
U. The governing equation of the galloping bluff body can be written as: 

Mz̈(t) + Cż(t) + Kz(t) = Fgalloping(t) (1)  

where M is the mass of the bluff body; C is the system damping; K is the 
spring stiffness; and z(t) is the translational displacement of the bluff 
body. The aerodynamic force in Eq. (1) can be expressed as: 

Fgalloping(t) = 0.5ρScU2CFz (2)  

where ρ is the air density;Sc = H × L0 is the cross-sectional area (normal 
to the wind flow), where H is the characteristic length of the bluff body 
and L0 is the length of the bluff body.CFz is the coefficient of the vertical 
component of the fluid-dynamic force, which can be expressed by a 
polynomial function as: 

CFz =
∑n

i=1
Ai(α)i (3)  

where Ai (i = 1,2, …, n) are the coefficients for the polynomial fitting 
function. They can be determined using the least square method based 
on the data obtained from wind tunnel experiments or CFD simulations. 
The angle of attack α is: 

α = arctan
ż(t)
U

(4) 

When ż(t) is small, Eq. (4) can be approximated as: 

α =
ż(t)
U

(5) 

Substituting Eq. (2) into Eq. (1), the governing equation can be 
rearranged as: 

Fig. 2. Schematic diagram of a typical GPEH.  

Fig. 3. D3Q27 discrete velocity model.  

Table 1 
Parameter values of the incoming flow (T = 288.15 K).  

Description Symbols Values/Units 

Thermal conductivity λ 0.0243 W⋅(m⋅K)-1 

Reference density ρ 1.2041 kg⋅m− 3 

Dynamic viscosity ν 1.7894e-5 Pa⋅s 
Molecular weight Mol 28.996 g /mol 
Specific heat capacity c 1006.43 J⋅(kg⋅K)-1  

Fig. 4. Schematic of the computation domain and boundary conditions.  

Fig. 5. The time history responses of the drag coefficient for (a) crude lattice 
size; (b) medium lattice size; (c) fine lattice size. 

Table 2 
Comparison of the lift and drag coefficients computed using different lattice 
sizes.  

Size Lattice numbers CLrms CD 

Crude 890,600  1.197  2.255 
Medium 1,516,800  1.467  2.483 
Fine 3,448,960  1.443  2.431  
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Mz̈(t) +

{

C − 0.5ρScU

[
∑n

i=1
Ai

(
ż(t)
U

)i− 1
]}

ż(t) + Kz(t) = 0 (6) 

From the mathematical form of Eq. (6), the aerodynamic force can be 
regarded as an effective damping term. The linear and nonlinear com-
ponents of the overall damping are separately written as: 

linear C − 0.5ρScUA1 (7a)  

nonlinear − 0.5ρScU

[
∑n

i=2
Ai

(
ż(t)
U

)i− 1
]

(7b) 

According to Eqs. (6), (7a), and (7b), when the wind speed U is small, 
the system is dominated by the positive linear damping term. In other 
words, any small disturbance will be eventually damped out, and the 

system will stabilize at the equilibrium position. If U gradually increases 
to a critical value, i.e., Ucr = 2C/(ρScA1), the total linear damping 
component becomes negative. As a consequence, the system loses sta-
bility and starts to vibrate until reaching a steady state. It is thus known 
that the linear damping term determines the cut-in wind speed. How-
ever, as the system starts to vibrate, the higher-order nonlinear term 
plays the role of a resistance to prevent the vibration amplitude from 
unboundedly increasing. In other words, the higher-order nonlinear 
damping term restricts the oscillation amplitude of the galloping system. 

The schematic diagram of a typical galloping-based piezoelectric 
energy harvester (GPEH) is shown in Fig. 2. A piezoelectric sheet (PZT-5, 
Lp × Wp × Tp = 30 mm × 20 mm × 0.5 mm) is bonded at the clamped 
end of the elastic cantilever beam (Lb × Wb × Tb = 143 mm × 25 mm ×
0.5 mm). The other end of the cantilever beam is attached with a cuboid 

Fig. 6. Definition of angle of attack and aerodynamic forces.  

Fig. 7. Aerodynamic force coefficient CFz for the ordinary cuboid bluff body.  

Fig. 8. The bluff bodies wrapped in metasurfaces with different ornaments: (a) Convex C-d6h3; (b) Convex T-d6h3; (c) Convex W-d6h3.  
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bluff body. The length and the height of the cuboid bluff body are, 
respectively, L0 = 120 mm and H = 32 mm. Though distributed 
parameter models have been developed in previous studies in the 
existing literature [51], when an energy harvester undergoes galloping 
oscillation around its fundamental mode, it will degenerate into a single- 
mode model. For the above reason, a galloping piezoelectric energy 
harvester, as shown in Fig. 2, is often represented by a single-degree-of- 
freedom (SDOF) model. 

The dynamic behavior of the lumped SDOF model of the GPEH 
subjected to an aerodynamic force is governed by the following equa-
tion. 

Meff z̈(Lb, t) + Ceff ż(Lb, t) + Keff z(Lb, t) + ΘV(t) = Fgalloping(t)

where Meff , Ceff , and Keff are the equivalent mass, damping coefficient, 
and spring stiffness, respectively. Lb is the length of the cantilever beam. 
z(Lb, t) is the translational tip displacement of the cantilever beam. V(t)
is the voltage across the piezoelectric transducer. Θ is system electro-
mechanical coupling coefficient. The galloping force is often empirically 
represented by a polynomial function as: 

Fgalloping(t) = 0.5ρScU2
∑n

i=1
Aiαi− 1 (9)  

where α is the wind attack angle. By taking the rotation of the bluff body 
into account, the expression of the attack angle α should be rewritten as: 

Fig. 9. Aerodynamic force coefficients CFz for bluff bodies wrapped in metasurfaces with different ornaments: (a) Convex C-d6h3; (b) Convex T-d6h3; (c) Convex 
W-d6h3. 

Table 3 
Fitting coefficients of CFz for bluff bodies wrapped in different metasurfaces.  

Bluff body surface A1 A3 A5 A7 

Smooth surface  2.11 − 100.31 4000 − 57900 
Convex C-d6h3  1.97 − 63.81 4000 − 63000 
Convex T-d6h3  1.97 − 71.81 4000 − 57900 
Convex W-d6h3  1.88 − 67.31 4000 − 57900  
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α =
ż(Lb, t)

U
+ z’(Lb, t) (10)  

where the rotation angle at the free end of the beam should be expressed 
as follows: 

z’(Lb, t) = bz(Lb, t) (11)  

where b is the proportional coefficient between the rotation angle and 
the transverse displacement at the free end of the cantilever beam. 

On the other hand, according to Kirchhoff’s current law, the circuit 
governing equation can be written as: 

I(t) + CpV̇(t) − Θż(Lb, t) = 0 (12)  

where I(t) is the current flows into the circuit and Cp is the clamped 
capacitance of the piezoelectric transducer. Assuming the piezoelectric 
transducer is shunted to a resistor RL, the inflow current can be 
expressed as I(t) = V(t)/RL. 

Fig. 10. (a) The GPEH prototype installed in the wind tunnel; (b) the data acquisition system.  

Fig. 11. The three GPEH prototypes with bluff bodies wrapped in different metasurfaces.  

Table 4 
The equivalent lumped parameters of the GPEH phys-
ical prototype.  

Properties Values/Units 

Meff 4.5 × 10–3 kg 
fn 9.76 Hz 
ξ 0.0199 
Ceff 0.0109 N/(m/s) 
Keff 16.834 N/m 
Cp 20.38 (nF) 
Θ 3.85 × 10–5 N/V  
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Introducing the following variables: 

q =

⎧
⎨

⎩

q1
q2
q3

⎫
⎬

⎭
=

⎧
⎨

⎩

z(Lb, t)
ż(Lb, t)
V(t)

⎫
⎬

⎭
(13) 

Eq. (8) and Eq. (12) can then be rewritten in the state-space form as: 

q̇ =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

q̇1

q̇2

q̇3

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

q2

−
1

Meff

[
Ceff q2 + Keff q1 + Θq3 − Fgalloping(t)

]

Θ
Cp

q2 −
q3

CpRL

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

(14) 

By numerically integrating Eq. (14) using such as the Runge-Kutta 
method, the dynamic response of the GPEH can be obtained. 

2.2. Three-dimensional CFD model 

In this section, the commercial software XFlow is adopted to perform 
the three-dimensional (3D) CFD simulation to determine the aero-
dynamic force applied on the bluff body for varying the wind attack 
angle. The kernel algorithm of XFlow is realized based on the Lattice- 
Boltzmann method (LBM). The LBM interprets the motion of the fluid 
as consecutive propagation and collision processes of particles. It does 
not need to solve the complex Navier-Stokes equations. Therefore, this 
method is very suitable for analyzing the fluid–structure interaction 
between coupled systems. The Boltzmann’s transport equation is nor-
mally defined as follows: 

ni(r + DiΔt, t + Δt) = ni(r, t) + Ωi(n1,⋯, nb) (15)  

where ni stands for the statistical distribution function in the direction of 
i, based on the conservation of mass, linear momentum, and energy. Di is 
the velocity component in one of the predetermined directions. Δt is the 
discrete time-step. Ωi represents the collision operator, which computes 
a post-collision state conserving mass and linear momentum. 

By introducing the Bhatnagar-Gross-Krook (BGK) model [52] pro-
posed in 1954, the collision operator is expressed in the following 
formula: 

Ωi = −
1
τ (ni − neq

i ) (16)  

where τ is the relaxation time. Fig. 3 shows the 27 discrete velocity di-
rections that are usually used in a 3D element. The subscript i can take 0, 
1, …, 26. neq

i is the local equilibrium function, which can be defined as: 

neq
i = ωiρ

⎡

⎢
⎢
⎢
⎣

1 +
u→⋅ e→i

l2
s

+

(

u→⋅ e→i

)2

2l4
s

−
( u→)

2

2l2
s

⎤

⎥
⎥
⎥
⎦

(17)  

where u→ and ρ are the macroscopic velocity and the density of the fluid, 
respectively. ωi is the weight parameter in the model, which can be 
found in previous work [53]. e→i is the discrete velocity that restricts the 
motion of the particles to the finite lattice sites. ls is the lattice sound 
speed, and usually defined as: 

ls = (RT)
1
2 (18)  

where R is the gas constant, and T is the macroscopic temperature. 
According to the definition of the aerodynamic force, the pressure 

Fig. 12. Comparison of theoretical and experimental results for the three GPEHs using different bluff bodies.  
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distribution around the bluff body needs to be first obtained. The lift and 
drag coefficients can then be computed by integrating the pressure over 
the bluff body surface. The macroscopic variables density term ρ and the 
velocity term ρ u→ are defined as: 

ρ =
∑

i
ni =

∑

i
neq

i (19)  

ρ u→=
∑

i
Dini =

∑

i
Dineq

i (20) 

The pressure could be obtained by the following equation: 

P = ρl2
s (21) 

According to the above principle, the lift and drag coefficients can be 
calculated by CFD simulations using XFlow. Before proceeding to the 
case study, the lattice size convergence is first assessed. The cuboid bluff 
body is taken as an example. The wind speed is assumed to be U = 2.509 
m/s. Table 1 lists more detailed parameter values of the incoming flow. 
We test three different lattice sizes (0.0375H, 0.03125H, 0.02344H), 
which are referred to as crude, medium, and fine sizes, respectively. The 
near-wall lattice resolution is four times higher than the far-field lattice 
resolution. The settings of the computation domain and the boundary 
conditions are illustrated in Fig. 4. The left- and right-hand side 
boundaries are defined as the velocity inlet and the flow outlet, 
respectively. The remaining boundaries are set as stationary walls. The 
external single-phase and enforced incompressible model is adopted for 
simulating the flow. 

The fixed automatic time-stepping mode is applied, and the time step 
is 9.21659e-5 s. For the given parameters, the Reynolds number (i.e., 

Re = ρUH/ν) is calculated to be around 5400, which indicates a tur-
bulent flow situation. Therefore, the Smagorinsky turbulence model 
implemented in XFlow is adopted to carry out the turbulence simulation 
[54]. Fig. 5 shows the time history responses of the drag coefficient 
computed using the crude, medium, and fine lattice sizes, respectively. 
The root-mean-square (RMS) value of the lift coefficient CLrms and the 
mean value of the drag coefficient CD are listed in Table 2. It is noted that 
for the lattice numbers of 1,516,800 and 3,448,960, the computational 
results of the CLrms and CD are close. Thus, the lattice number of 
1,516,800 is chosen in the following simulations for the sake of 
computing cost efficiency. 

As the lattice independence has been successfully verified, the 
aerodynamic force applied on the different bluff bodies is simulated 
based on the quasi-steady hypothesis. The quasi-steady-state (QSS) 
theory is valid if the time scale of the structural oscillation character-
istics of the galloping 2π/ωn is much larger than the characteristic time 
scale of the flow passing the bluff body H/U [55]. Fig. 6 presents the 
cross-section shape of a three-dimensional cuboid. The clockwise di-
rection indicates a positive angle of attack. The total aerodynamic force 
on the three-dimensional cuboid can be decomposed into the lift force 
and the drag force: 

FL = 0.5ρScU2CL (22)  

FD = 0.5ρScU2CD (23) 

Fz is the vector resultant of the lift and drag forces in the vertical 
direction. It is expressed as follows: 

Fz = − FLcosα − FDsinα = 0.5ρScroU2CFz (24) 

Fig. 13. The experimental results of the GPEHs using the bluff bodies wrapped in metasurfaces with convex cylinder ornaments of different heights: (a) vibration 
displacement versus wind speed; (b) RMS voltage output versus wind speed; time history responses of typical GPEH and Meta-GPEH with Convex C-d6h9 (c) 
displacement and (d) voltage at U = 4.29 m/s. 
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Energy Conversion and Management 243 (2021) 114414

9

where the vertical force coefficient can be expressed using the following 
formula: 

CFz = −
U2

rel

U2 (CLcosα + CDsinα) = − (CL + CDtanα)secα (25)  

where CL and CD are the mean lift coefficient and mean drag coefficient, 
respectively. According to the QSS theory and based on Eq. (25), CFz at 
different wind attack angles can be obtained by 3D CFD simulations. The 
calculation results for the cuboid bluff body are plotted in Fig. 7 as a 
collection of discrete points. Ng et al. [56] demonstrated that the use of a 
seventh-order polynomial is already sufficient for describing the 
nonlinear relationship between the wind attack angle and the aero-
dynamic force coefficient. Thus, Eq. (26) is adopted in this present study 
to fit the simulation data shown in Fig. 7. 

CFz = A1α + A3α3 + A5α5 + A7α7 (26) 

Using the least-squares method, the coefficients Ai can be determined 
based on the simulation data. In Fig. 7, the 3D CFD vorticity contour at 
the angle of attack corresponding to the maximum CFz is also illustrated. 

As presented in Fig. 7, CFz first increases then decreases with the 
increase of attack angle α, and finally becomes negative. It can be seen 
that the instability criterion ∂CFz/∂α greater than 0 for galloping is 
satisfied, which requires coefficient A1 to be positive and A3 to be 
negative [57]. The validated 3D CFD method is then used to compute CFz 
for the three metasurface-wrapped bluff bodies, as shown in Fig. 8. 
Uniform ornaments in the shape of a convex cylinder (CC), convex tri- 
prism (CT), and convex wedge (CW) are periodically distributed on 
the three metasurfaces. The periodicities of the three types of convex 
ornaments are the same: eight rows and two columns on each side of the 

Fig. 14. Vorticity contours obtained from 3D CFD simulations to illustrate the vortex shedding processes around: (a) the ordinary cuboid bluff body; (b) the bluff 
body wrapped in the metasurface with Convex C-d6h6 ornament; (c) the bluff body wrapped in the metasurface with Convex C-d6h9 ornament; (d) the bluff body 
wrapped in the metasurface with Convex C-d6h12 ornament. 
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cuboid bluff body. The characteristic width d and the height of the 
convex ornaments are 6 mm and 3 mm, respectively. Fig. 9 presents the 
results of the aerodynamic force coefficients CFz for the three bluff 
bodies wrapped in different metasurfaces. 

Based on the simulation data (a collection of circular or triangular 
points in Fig. 9), the aerodynamic force coefficients for the three bluff 
bodies wrapped in metasurfaces are identified and listed in Table 3. 
From Table 3, one knows that the linear coefficient A1 for the ordinary 
bluff body is the largest, indicating that the typical GPEH has a greater 
tendency to lose stability. Thus, it can be inferred that the typical GPEH 
should have the lowest cut-in wind speed. On the other hand, the cubic 
coefficients A3 for the three Meta-GPEHs are smaller than that of the 
typical GPEH. Hence, we can deduce that the cubic coefficients A3 for 
the three Meta-GPEHs have weaker constraints on their oscillation 

amplitudes. In other words, the three Meta-GPEHs may attain larger 
oscillation amplitudes and produce larger voltage outputs when the 
wind speed is large. 

3. Design prototypes and experimental setup 

Fig. 10 demonstrates the physical prototype and the experimental 
setup. The cantilever beam and the bluff body of the GPEH are made of 
aluminum and foam, respectively. The GPEH is mounted on a fixed 
frame. The whole system is placed in an open circular wind tunnel with a 
diameter of 0.4 m. A honeycomb device is installed at the right-hand 
side of the wind tunnel to straighten the air flow by minimizing the 
lateral velocity components caused by swirling motion. The wind speed 
in the wind tunnel can be controlled by changing the fan rotation speed, 

Fig. 15. Vorticity vectors obtained from 3D CFD simulations to illustrate the leading-edge flow around: (a) the ordinary cuboid bluff body; (b) the bluff body 
wrapped in the metasurface with Convex C-d6h6 ornament; (c) the bluff body wrapped in the metasurface with Convex C-d6h9 ornament; (d) the bluff body wrapped 
in the metasurface with Convex C-d6h12 ornament. 

Fig. 16. (a) The RMS output voltage and (b) the averaged power versus wind speed under different electrical load resistances.  
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which is realized by adjusting the frequency converter. To be more 
specific, the conversion relationship between wind speed and frequency 
is U = 0.137f + 0.18. A hot-wire anemometer (405i, Testo Co, USA) is 
used to calibrate the wind speed with a resolution of 0.001 m/s. Fig. 10 
(b) shows the data acquisition system. The voltage generated by the PZT- 
5 transducer is recorded by a dual-channel oscilloscope (ISDS220B), and 
its bandwidth, sampling rate, and vertical resolution are 60 MHz, 200 
MS/s, and 8 bits, respectively. The vibration displacement of the bluff 
body is measured by a laser sensor (Panasonic: HG-C1400), which has a 
repeatability resolution of 300 μm. The laser spot strikes at the center of 
the bluff body. Fig. 11 presents the three GPEH prototypes with bluff 
bodies wrapped in different metasurfaces. It should be noted that the 
weight of the GPEH prototype changes when the ordinary cuboid bluff 
body is wrapped in a different metasurface. Therefore, in the experi-
ment, suitable small mass blocks are added inside the bluff bodies to 
compensate for the weight difference to guarantee the comparison 
fairness. It is worth mentioning that in the following experiment, the 
working wind speed range is 1.824 ~ 4.29 m/s. 

According to the SDOF modelling method, the effective mass Meff is 
the weighted sum of the masses of the metasurface-wrapped bluff body, 
the piezoelectric transducer, and the cantilever beam. The natural fre-
quency fn can be obtained from the free decay test. The damping ratio ξ 
can be determined using the logarithmic decrement method based on 
the free decay test result. The effective damping can thus be calculated 
as Ceff = 4πfnξMeff. The effective spring stiffness is determined by Keff =

(2πfn)2Meff. The equivalent lumped parameters of the GPEH prototype 
are listed in Table 4. It is worth noting that the equivalent lumped pa-
rameters of the three Meta-GPEHs are the same as those of the ordinary 
GPEH. 

4. Experimental results and discussion 

Fig. 12 compares the theoretical and experimental results of the root- 
mean-square (RMS) output voltage Vrms from the GPEHs. The theoretical 
results are overall in agreement with the experimental data over the 
wind speed range (1.7 ~ 4.5 m/s). The slight discrepancy may be due to 
the following two reasons. First, the CFD simulation normally can not be 
absolutely accurate, and there often exists a prediction error as 
compared to the experimental test. Second, the aerodynamic force is 
obtained by using a seventh-order polynomial function to fit the CFD 
simulation data. Therefore, the curving fitting operation also causes 
additional errors. As shown in Fig. 9, when the wind attack angle is 
small, the aerodynamic force coefficient calculated using the seventh- 
order polynomial function is slightly larger than the simulation result. 
In contrast, when the wind attack angle is large, the aerodynamic force 
coefficient calculated using the seventh-order polynomial function is 
slightly smaller than the simulation result. This generally matches the 
discrepancy revealed in Fig. 12. The experimental data are distributed 
on both sides of the theoretical curves. The experimental and theoretical 
results of the typical GPEH with an ordinary cuboid bluff body are also 
provided in Fig. 12 for comparison. It can be found that though the cut- 
in wind speeds of Meta-GPEHs are increased compared to that of the 
typical GPEH, once the wind speed is sufficiently high, Meta-GPEHs can 
produce larger voltage outputs. As aforementioned when discussing Eqs. 
(7a) and (7b), the linear coefficient A1 implies the stability condition of 
the GPEH, thus its cut-in wind speed. The above phenomenon agrees 
well with the previous discussion on the fitting coefficients of CFz listed 
in Table 3. 

From the above experimental results, one notes that compared to the 
typical GPEH using an ordinary cuboid bluff body, the Meta-GPEH using 
a bluff body wrapped in the metasurface with convex cylinder orna-
ments exhibits an enhanced energy harvesting performance: the voltage 
output is significantly improved, though the cut-in wind speed is slightly 
increased. It is, thus, motivated to perform a further study to investigate 
the influences of the parameters of the convex cylinders that constitute 
the metasurface. The diameter of the cylinder is fixed the same as 6 mm. 
The height of the cylinder is varied. Three bluff bodies wrapped in the 
metasurfaces with different ornaments, namely Convex C-d6h6, Convex 
C-d6h9, and Convex C-d6h12, are investigated. dXhY denotes that the 
diameter and the height of the ornament are, respectively, X mm and Y 
mm. Fig. 13 presents the experimental results of the Meta-GPEHs with 
different convex cylinder heights. The result of the typical GPEH is also 

Fig. 17. The averaged power versus the electrical load resistances under 
different wind speeds. 

Fig. 18. (a) The RMS output voltage and (b) the averaged power versus the electromechanical coupling strength k2
e under different wind speeds.  
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provided for comparison. It can be observed from Fig. 13 (a) that under 
the wind speed of U = 4.29 m/s, the displacement amplitude of the 
typical GPEH is about 26.11 mm. Under the same wind speed, for the 
convex cylinder height of h = 3, 6, 9, and 12, the maximum displace-
ment amplitudes of the Meta-GPEHs are, respectively, 31.32 mm, 32.55 
mm, 33.11 mm, and 27.94 mm. As plotted in Fig. 13 (b), the output 
voltage amplitude of the typical GPEH is about 7.23 V. By changing the 
convex height of h to 3, 6, 9, and 12 mm, the output voltage amplitude of 
the Meta-GPEH correspondingly becomes 8.45 V, 8.74 V, 9.12 V, and 
7.46 V. It is noted that the displacement and output voltage amplitudes 
first increase then decrease with the increase of the convex height h. 
Among the four samples, the Convex C-d6h9 yields the best perfor-
mance: the displacement and output voltage amplitudes of the Meta- 
GPEH are increased by 26.81% and 26.14%, respectively, compared to 
the typical GPEH. 

The time history responses of typical GPEH and Meta-GPEH with 
Convex C-d6h9 at U = 4.29 m/s are shown in Fig. 13 (c) and (d). At this 
wind speed, both the vibration amplitude and the output voltage reach 
their maximum values. The oscillations of the two energy harvesters 
with different bluff bodies are single-period. It can be clearly observed 
that the displacement/voltage amplitude of the Meta-GPEH with Convex 
C-d6h9 is significantly larger. 

5. Further simulation and theoretical analysis 

5.1. Interpretation of the flow field 

The vortex shedding processes are analyzed to further unveil the 
mechanism of the improvements brought by the metasurfaces. Fig. 14 
presents the CFD simulation obtained vorticity contours around convex 
cylinder bluff bodies with different ornament height h and the ordinary 
cuboid bluff body. T is the time of a vortex shedding cycle. The variation 
of vortex shedding frequency can be illustrated by the streamwise dis-
tance between two adjacent vortices shed from the same shear layer 
[58]. In Fig. 14, the existence of metasurface structures makes the vortex 
shedding mode change from “P + S” type to “2S” type [59]. For the bluff 
body wrapped in the metasurface, when h = 6, 9, and 12, the streamwise 
distances between two adjacent vortices are 5.90H, 5.82H, and 6.32H, 
respectively. They are all smaller than that of the ordinary cuboid bluff 
body (6.79H), indicating the increase of the vortex shedding frequency. 
The densified vortex shedding contributes to the increase of the aero-
dynamic force applied on the bluff body, as well as the output voltage 
amplitude from the piezoelectric transducer. Among the three convex 
cylinder bluff bodies, the streamwise distance between two adjacent 
vortices of the Convex C-d6h9 bluff body is the smallest, which well 
explains why the corresponding Meta-GPEH produces the largest output 
voltage amplitude. 

Fig. 15 presents the vorticity vectors obtained from 3D CFD simu-
lations around bluff bodies with different characteristics to illustrate the 
variation near the leading-edge flow field. By comparing Fig. 15 (a)–(d), 
one can see that the existence of metasurfaces influences the flow field 
near the bluff bodies. Compared with the ordinary cuboid bluff body, 
with the increase of the convex height h, the vortex phenomenon begins 
to appear on both sides of the bluff body upstream, resulting in a faster 
boundary layer separation near the bluff body and a faster vortex 
shedding process. However, as the convex cylinder height h is 12 mm, 
small vortices are formed between the protrusion structures, which in-
dicates that when the convex height is too lager, the boundary layer 
separation could be delayed to a certain extent. Thus, the vortex shed-
ding will slow down, and the generated vortices will be weaker, so the 
improvement of energy harvesting performance will be suppressed. This 
is consistent with the experimental result. 

5.2. Parametric analysis 

This section aims to explore the means to further improve the energy 

harvesting performance from the electromechanical perspective. To this 
end, the influences of the electrical load resistance and the electrome-
chanical coupling strength on the performance of the energy harvester 
are investigated. Since the theoretical model has already been validated 
in Section 4, the following parametric study is performed based on the 
theoretical model. We take the galloping energy harvester using the 
bluff body wrapped in the metasurface with Convex C-d6h3 ornaments 
as an example for the following parametric analysis. k2

e is a dimen-
sionless parameter that is introduced to indicate the electromechanical 
coupling strength. The averaged power is used to assess the energy 
harvesting performance. 

k2
e =

Θ2

CpKeff
(27)  

Pavg =
V2

rms

RL
(28) 

Fig. 16 shows the RMS output voltage and the averaged power under 
different electrical load resistances. It can be seen from Fig. 16 (a) that 
under the same wind speed, the RMS output voltage is proportional to 
the RL, and the increasing rate gradually slows down. When RL = 2.0 
MΩ, the maximum output voltage can reach 10.612 V. While, as can be 
found from Fig. 16 (b), the average power first increases and then de-
creases with the increase of the electrical load resistances, indicating 
that there is an optimal electrical load resistance in the range of 0.7 ~ 
1.1 MΩ. Therefore, to further determine the optimal electrical load 
resistance, Fig. 17 presents the relationship between the averaged power 
and the electrical load resistances under different wind speeds. One can 
see that under each wind speed, the averaged power has a peak value 
and the optimal RL0 = 0.8 MΩ. 

The electromechanical coupling strength is also one of the important 
factors that affect the energy harvesting performance. With the change 
of the electromechanical coupling strength k2

e , the variations of the RMS 
output voltage and the averaged power under different wind speeds are 
shown in Fig. 18. It is worth noting that the change of the electrome-
chanical coupling strength k2

e is realized by changing the capacitance, 
while the system electromechanical coupling coefficient Θ remains 
constant. The results show that the RMS output voltage and the averaged 
power increase with the increase of k2

e and converge to constant values. 
When k2

e = 4.319 × 10-2 and U = 5.0 m/s, the maximum RMS output 
voltage is 10.718 V, and the maximum averaged power is 143.589 μW. 
Hence, it is learned that an appropriate increase of the electromechan-
ical coupling strength helps to improve the energy harvesting 
performance. 

6. Conclusions 

In summary, we have demonstrated that wrapping bluff bodies in 
metasurfaces can potentially improve the galloping energy harvesting 
performance. A general theoretical model has been developed for pre-
dicting the performance of a galloping piezoelectric energy harvester 
using a universal bluff body. The aerodynamic force in the theoretical 
model has been represented by a seventh-order polynomial function 
determined by fitting the data from 3D CFD simulations. Three meta-
surfaces distributed with convex cylinder, tri-prim, and wedge orna-
ments have been designed. Physical prototypes have been fabricated. 
The experimental test results have validated the theoretical model. The 
synergy of three-dimensional CFD simulation and theoretical model is 
specifically for the modeling and computation of the proposed galloping 
system with metasurfaces. The results show that the metasurface can 
significantly change the aerodynamic characteristics of the bluff body. 
Wrapping the bluff body in the metasurface with convex cylinder or-
naments has been found to result in a significant increase in the output 
voltage amplitude. 

A further experimental investigation has shown that when the 
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convex cylinder ornaments are designed with a diameter of 6 mm and 
height of 9 mm, the maximum vibration displacement and maximum 
output voltage of the proposed galloping piezoelectric energy harvester 
can be increased by 26.81% and 26.14%, respectively, compared to the 
typical GPEH. Vorticity contours around the bluff bodies have been 
simulated to provide insights into the vortex shedding processes for 
explaining the improvements brought by metasurfaces. It has been 
observed that the existence of metasurfaces could fasten the boundary 
layer separation and intensify the vortex shedding process, resulting in 
the increase of the aerodynamic force applied on the bluff body. 

Besides the bluff body, we have also attempted to improve the energy 
harvesting performance by manipulating the electrical domain settings. 
A parametric study based on the theoretical model has revealed the ef-
fects of the load resistance and the electromechanical coupling strength 
on the galloping energy harvesting performance. It is learned that by 
considerably increasing the electromechanical coupling strength and 
tuning the load resistance to the optimal value, the power output can be 
significantly increased. However, when the electromechanical coupling 
strength increases to a certain extent, the power output will reach the 
saturation state, and the coupling strength is extremely large. Since the 
cost of a strong coupling coefficient piezoelectric element is usually 
high, it is suggested to choose a piezoelectric element with a moderate 
coupling coefficient from the perspective of economic benefit. 

In the future, on the one hand, efforts may be devoted to further 
optimizing the metasurface-based galloping energy harvester. A sys-
tematic optimization scheme may be developed to select the most 
appropriate metasurface and determine the optimal parameters for 
achieving the best energy harvesting performance. On the other hand, 
one can dedicate to exploring the feasibility of using metasurfaces to 
realize the coupling between galloping and vortex-induced vibration 
phenomena for promoting energy harvesting performance. 
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