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Abstract: This paper proposes a novel hybrid piezo-dielectric (PD) wind energy harvester, to 
efficiently harvest the vortex-induced vibration (VIV) energy from low-speed wind. The hybrid 
PD harvester brings together the following two electromechanical transduction mechanisms: 
piezoelectric ceramic (PZT) sheets and a vibro-impact (VI) dielectric elastomer generator 
(DEG). The PZT sheets directly transduce the beam’s vibration into electricity, whereas the VI 
DEG transduces the impacts between the inner ball and the dielectric elastomer membranes 
resulting from the bluff body’s vibration into electricity. The theoretical model of the hybrid 
PD harvester subjected to VIV is formulated. Wind tunnel experiments are performed to 
validate the aerodynamic part of the theoretical model and identify the aerodynamic coefficients. 
Afterward, based on the theoretical model, the numerical investigation of the hybrid PD 
harvester is conducted, which uncovers the insights of the conjunction of the PZT and VI DEG 
for VIV energy harvesting enhancement. It is seen that in the lock-in region of the VIV, where 
both the PZT and VI DEG can effectively harvest the VIV energy, the VI DEG can generate 
much higher power. This demonstrates the superiority of the hybrid PD harvester. Parametrical 
studies show that the smaller mass, higher stiffness and larger diameter of the bluff body are 
beneficial designs, which broadens the working wind range and enhances the generate power. 
 
Keywords: vortex-induced vibration; energy harvesting; piezoelectric; dielectric elastomer 
generator; vibro-impact 
 

Nomenclature 

Parameter Unit Definition 
A  - a constant in a wake oscillator model depicting the VIV 

0A  m2 the minimum (original) surface area of the pre-stretched membrane 
A′  m2 the maximal surface area of the pre-stretched membrane at impacts 
C  N·s/m the equivalent first-mode damping coefficient of the PZT beam 

0C ( minC ) F the minimum capacitance of the membrane with the original shape 

pC  F the clamped capacitance 
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DC  - the steady mean drag coefficient 

0LC  - the steady mean lift coefficient 

TC  F the capacitance of the transfer capacitor of the energy harvesting circuit 
C′ ( maxC ) F the maximal capacitance of the membrane at each impact 
d  m the distance between two membranes 
D  m the diameter of the bluff body 
E  J the electrical energy increment from the DEG at each impact 

totalE  J the total energy harvested from the DEG 
EI  N/m the bending stiffness of the piezoelectric beam 

0h  m the maximal (original) thickness of the pre-stretched membrane 
h′  m the minimal thickness of the membrane at each impact 
H  m the height of the bluff body 
K  N/m the equivalent first-mode stiffness of the PZT beam 
l  m the total length of the DEG 

bL  m the length of the cantilever beam 
m  kg the mass of the inner ball 
M  kg the effective mass of the vibratory system 

totalP  w the total output power of the system 

DEGP  w the power generated from the DEG 

PZTP  w the average output power from the PZT 

( )q t  - An imaginary intermediate variable of the wake oscillator model depicting the 
VIV aerodynamics 

r  - the coefficient of restitution of the pre-stretched membrane 

br  m the radius of the inner ball 

0R  m the inner radius of the hollow capsule 

LR  Ω the resistance of the electrical load across the PZT 
s  m the largest distance that the ball can travel between two membranes 

rS  - the Strouhal Number 
T  K the environmental temperature 
U  m/s the speed of the wind 

mv  m/s the velocity of the ball along the y-axis 

Mv  m/s the velocity of the bluff body along the y-axis 
Vol  m3 the volume of the membrane 

inV  V the input voltage of the DEG 

DEGV  V the output voltage from the DEG at each impact 

PZTV  V the output voltage produced from the PZT 
( , )w x t  m the deflection of the beam at coordinate x  and time t  

hw  m the width of the uniform hollow cylindrical frames 

my  m the displacement of the ball along the y-axis 

My  m the displacement of the bluff body along the y-axis 
α  rad an angle that decided by the deflection of the membrane 
δ  m the largest central deflection of the membrane at each impact 

oε  F/m the vacuum permittivity 

rε  F/m the volume of the DEM 
λ  - a constant in a wake oscillator model depicting the VIV 

preλ  - the pre-stretched ratio of the DEM 

0ρ  Kg/m3 the air density 



shedω  - the vortex shedding frequency 
v∆  m/s the absolute value of the impact velocity 
y∆  m the relative displacement between the ball and the capsule 

Θ  N•s/m the electromechanical coupling coefficient in the lumped mass model 
( )xφ  - the shape function of the first mode 

 

1. Introduction 

Wind energy harvesting is a clean energy technology that can transduce the wind energy into 
electricity [1,2]. This technology has broad applications in the modern industry, e.g. sustaining 
the wireless sensors of Internet of Things in unpopulated zones [3,4]. Hence, the research on 
wind energy harvesting attracts much attention in recent years.  

Unlike traditional large scale horizontal or vertical axis wind generators, the fluid-structure 
interaction mechanism provides an effective solution to harvest low-speed wind energy. When 
the airflow passes by the bluff body supported by an elastic structure, the vortex shedding 
emerges, which produces an unsteady aerodynamic force exciting the vibration of the elastic 
structure. Generally, the vibration of the elastic structure is transduced into electricity through 
a piezoelectric (PZT) transducer. The galloping and vortex-induced vibrations are the 
frequently utilized fluid-structure interaction for effective wind energy harvesting. The 
effective galloping-based wind energy harvesting requires that the wind speed should be greater 
than a cut-in speed, and higher wind speed can enhance the voltage output [5-10]. That is, 
limited by the physical feature of the galloping, the galloping-based energy harvesting is 
ineffective for a very low wind speed. As a result, some researchers turn towards the vortex-
induced vibration (VIV) for harvesting wind energy at low speeds. Different from the galloping-
based harvesters, the VIV-based harvesters use the bluff body with a round cross-section to 
improve the vortex shedding of the low-speed airflow near the bluff body [11-15]. This can 
significantly enhance the vibration level of the elastic structure at very low wind speeds, thereby 
improving the electrical power output. Thus, the VIV-based harvesters are suitable for 
harvesting low-speed wind energy. For example, Dai et al. [16] and Wang et al. [17] 
theoretically investigated the VIV phenomenon for wind energy harvesting. The cylinder-like 
bluff body is widely used to activate the VIV owing to the particular fluid-structure interaction 
between the bluff body and airflow. It is seen that in the low-speed wind region, a dynamic 
phenomenon of lock-in occurs when the vortex shedding frequency is close to the system’s 
natural frequency. The lock-in phenomenon is similar to the resonance phenomenon in 
structural dynamics, where significant vibration can be activated, which is beneficial to the 
wind energy harvesting. Owing to the benefit of the VIV for low-speed wind energy harvesting, 
some researchers made some efforts to enhance the potential application of VIV-based energy 
harvesting [18,19]. Furthermore, Naseer et al. [20] introduced the multi-stable nonlinearity into 
the structure to improve the VIV level for enhancing harvesting efficiency. Sun and Seok [21] 
have proposed a self-tuning natural frequency VIV-based harvester with a slidable bluff body, 
which realized a force balance between centrifugal force and drag force. Wang at al. [22] 
proposed the cross-coupled dual-beam structure to harvest bi-direction wind energy. These 
novel structures can adapt to the variation of the wind excitation, and therefore significantly 
enhance the VIV for performance improvement. 



It is seen that the current research work on the VIV-based harvesters is focusing on 
modification of the elastic structure and bluff body shape to improve the VIV strength for 
enhancing the PZT transduction efficiency. None of them has considered using a much more 
efficient transduction mechanism to improve energy harvesting efficiency. The deficiencies of 
the PZT harvesters [23-32], such as the relatively small amount of generated energy [33], make 
them less versatile than desired. Therefore, in order to improve the performance of the extant 
wind energy harvesters, it is necessary to keep searching for more suitable alternative solutions. 

In recent years, a type of a novel electrostatic (ES) energy harvester based on dielectric 
elastomer (DE) materials, which are commonly termed as dielectric elastomer generators 
(DEGs), have received widespread attention due to their power density as high as 3.8 μW mm-

3 [34], large deformation, moderate/low cost, and good electromechanical conversion efficiency, 
etc. [35,36]. The DEGs can convert mechanical energy into electrical one under an input voltage 
and the capacitance variances resulting from external excitations [37]. The major advantages 
of DEGs are their high energy density (up to 0.4 J/g), which is at least an order of magnitude 
higher than that of the PZT harvesters [38] (especially at low frequencies). Moreover, it was 
reported that the largest power density achieved by a DEG (3.8 μW mm-3) is much larger than 
that of a PZT harvester (0.375 μW mm-3) [34]. Therefore, after Pelrine et al. first proposed a 
DEG back in 2001 [39], and Suo et al [40] established the DE theory based on thermodynamics 
and continuum mechanics, many studies related to DEGs have been published. Based on the 
fundamental research results on DEGs, the authors have proposed a vibro-impact (VI) DEG 
that can be used in energy harvesting from external vibrations [41-44]. 

The advantages of the DEGs in energy harvesting provide a potential solution to further 
enhance the energy harvesting performances of the galloping and vortex-based harvesters. 
Inspired by this, a wind energy harvester with a VI DEG embedded into a square-sectioned 
bluff body was proposed by the authors previously [45]. Research results showed that this 
scheme is suitable to harvest galloping-induced vibrational energy from a relatively high-speed 
wind, while it can barely work effectively under a very low-speed wind. Considering that the 
vortex-based harvesters can work effectively under a very low-speed wind and combining this 
type of wind energy harvesters with a VI DEG it is a possible to harvest wind energy under a 
very low-speed wind with a much better energy harvesting performance compared to the 
traditional pure vortex-based PZT harvesters. 

In this paper, a novel hybrid piezo-dielectric (PD) energy harvester is proposed to harvest the 
vortex-induced vibration (VIV) energy from low-speed wind. The structure and wind energy 
harvesting mechanism of the proposed hybrid PD harvester are introduced in Section 2, along 
with the experimental verification and parameter identifications. In Section 3, the system’s 
dynamical and electrical outputs for different incoming wind speeds are studied through 
numerical simulations. In Section 4, the influences of the effective mass, effective stiffness, 
diameter of the bluff body and the distance between two membranes on the system-level energy 
harvesting performance are studied. Comprehensive conclusions are given in Section 5. 

2. Theoretical analysis and parameter identifications 

2.1 Physical model 
Figure 1 shows the physical model of a novel hybrid piezo-dielectric (PD) energy harvester, 

which mainly contains a round sectioned cylinder bluff body (made of foam) equipped on a 



cantilever beam connected to a fixture, two PZT sheets deposited to both surfaces of the 
cantilever, and a VI DEG embedded into the bluff body. When the wind is coming from the 
horizontal direction, the system functions as an elastic oscillatory system along the 
perpendicular direction of the wind, as shown in Figure 1(a). Thus, wind energy can be 
harvested from both the PZT and the VI DEG subjected to the vortex-induced vibrations (VIVs). 

A xyz O−   Cartesian coordinate system is presented first for the convenience of further 

analysis: the coordinate origin is located the same as the center of the bluff body; x  -axis 
indicates the reverse direction of the incoming horizontal wind flow; y  -axis indicates the 

horizontal direction coincided with the symmetry axis of the VI DEG, which is installed 
perpendicular to the x -axis; z -axis indicates the upward direction perpendicular to both the 
x -axis and the y -axis. 

As shown in Figure 1(a), the length of the cantilever beam is bL , and the diameter and height 

of the bluff body are D  and H , respectively. The scheme of the bluff body embedded with 
a VI DEG is shown in Figure 1(b) and that of the VI DEG is shown in Figure 1(c). It can be 
seen that the DEG contains a hollow capsule with an inner radius 0R , an inner ball of the radius 

br   (slightly less than 0R  ) and mass m   inside the capsule and two pre-stretched circular 

dielectric elastomer membranes (DEMs) with effective radius 0R  at both ends of the capsule. 

Both DEMs, which are fixed between two uniform hollow cylindrical frames with width hw , 

are coated with compliant electrodes on both sides and then connected to wires. The total length 
of the DEG is l   ( l D<  ) and the distance between the two DEMs can be calculated as 

2 hd l w= − . The friction between the hollow capsule slot surface and the ball is ignored as it is 

too small. 
The working process of the proposed hybrid PD harvester is as follows: when the continuous 

wind comes across the cylinder bluff body, periodic vortex generates and sheds, and the 
alternate pressure difference leads to the lift force acting on the bluff body. The bluff body can 
be excited to vibrate along the y  -axis by the aerodynamic force because it is elastically 

supported by the cantilever beam. In particular, when the vortex shedding frequency gets close 
to the natural resonant frequency of the system, the vibrational frequency can be locked on the 
resonant frequency, which is also called lock-in, and the system produce a large-amplitude 
vibration. This significant vibration of the beam can be transduced into the electrical power by 
the PZT sheets. On the other hand, the aerodynamic force acting on the bluff body provides 
excitations for the DEG, thus, vibrational energy can be further converted into electricity as the 
inner ball intermittently impacts both membranes. Therefore, wind energy can be harvested 
from both the PZT and the DEG. 



 
Figure 1  (a) The schematic of the hybrid piezo-dielectric energy harvester (b) The schematic of the 
bluff body embedded with VI DEG (c) The detailed schematic of the VI DEG. 

2.2 Energy harvesting from the PZT and the DEG subjected to VIV 
In this subsection, the dynamical model of the system under the wind flow is first introduced, 

and the energy harvesting process of the PZT is presented. The VI DEG can also produce 
electricity with the bluff body’s vibrations as external excitations. This is further studied in this 
subsection. Finally, the power generated from the hybrid PD harvester is analyzed theoretically. 

According to the Euler-Bernoulli beam theory, the governing equation of the cantilever beam 
supporting the bluff body can be written as: 
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where ( , )w x t  is the deflection of the beam at coordinate x  and time t . xρ  is the mass per 

unit length of the beam; ac   and sc   are the viscous damping coefficient and equivalent 

coefficient of the strain rate damping, respectively; I   is the cross-section moment of the 
inertia; EI  is the bending stiffness of the piezoelectric beam including the contribution of 
both the beam and the PZT; PZTV   is the voltage generated from the PZT; PΘ   is the 

piezoelectric coupling term, whose detailed expression is seen in [46]; ( )xδ  is the Dirac delta 

function at x ; 1pL  and 2pL  are the start and end positions of the PZT on the beam; ( , )f x t  

is the external force imposed on the beam related to aerodynamic force and inertia terms of the 



supported bluff body, and it can be expressed as: 
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where bM   and bI   are the mass and the rotational moment around the bluff body’s mass 

center; aF  is the aerodynamic force caused by vortex shedding when the airflow bypasses the 

cylinder bluff body, whose detailed expression will be given later; impactF   represents the 

impact force from the ball, when it intermittently impacts the membranes and applies a force 
onto the bluff body. 

Generally, for the thin cantilever beam, the modal frequency of the higher-order mode is 
much higher than the first modal frequency. Since this study is focus on the low frequency band 
where only the first vibration mode of the cantilever beam is dominant, the higher vibration 
modes of the beam are neglected. As a result, the truncation model by only keeping the first 

vibration mode is used to simplify Eq. (1). That is, ( ) ( ), ( )w x t x tφ η=   is assumed, where 

( )xφ  and ( )tη  are the shape function and modal coordinate of the first mode, respectively. 

When denoting the bluff body’s vibration displacement along the y -axis as My , it is seen that 

 ( ) ( ) ( ) ( ),
, 0.5 0) .5 )( (b b

M b b

w L t d L
y w L t D L t

d
t D

x x
φ

φ η
∂  

= + = + ∂  
 (4) 

Note that the amplitude of ( )xφ   is undermined. For simplicity, ( )xφ   can be assumed to 

satisfy 

 ( ) ( )0.5 1b
b

d LL D
dx

φ
φ + =  (5) 

Consequently, ( ) Mt yη =  . By subsisting ( ) ( ) ( ) ( ), Mw x t x t x yφ η φ= =   into Eq. (1), 

multiplying the ( )xφ  and integrating over the length of the beam, Eq. (1) can be written as 

a single-degree-of-freedom oscillator: 
 M M M PZT a impactMy Cy Ky V FF+ + + Θ +=  (6) 
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Instead of calculating the mode shape function ( )xφ  based on the boundary condition of the 

cantilever beam supporting a tip mass, one can use the free oscillation test and static deflection 
test to identify the equivalent mass M , equivalent damping C , equivalent stiffness K , and 
electromechanical coupling coefficient Θ . 

According to the wake oscillator model [47], when the airflow bypasses the cylinder bluff 
body, the aerodynamic force aF  can be written as: 

 
0

2
0 0

1 1
4 2a L D MF DU HC q UDHC yρ ρ= −   (7) 

In Eq. (7), 0 1.2041ρ =   Kg/m3 is the air density; U   indicates the speed of the incoming 

wind; 0
0.3LC =   is the steady mean lift coefficient; 1.2DC =   is the steady mean drag 

coefficient; ( )q t  is an imaginary intermediate variable of the wake oscillator model depicting 

the VIV aerodynamics, i.e., 

 ( )2 21shed shed M
Aq q q q y
D

λω ω+ − + =   (8) 

Here, λ   and A   are the constants in a wake oscillator model depicting the VIV; 
2 /shed rS U Dω π=  is the vortex shedding frequency, where 0.2rS =  represents the Strouhal 

Number. Considering that the impact force impactF   only exists when the ball impacts the 

membranes, and its value is much smaller than the aerodynamic force due to the assumption of 
m M , this study decouples the impact force and the aerodynamic force by removing impactF  

in Eq. (6). Thus, by substituting Eqs. (7) and (8) into Eq. (6), it can be obtained: 
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When the PZT is shunted by a load resistor LR  , the electrical equation of the PZT is 

introduced: 

 Θ 0PZT
P PZT M

L

V C V y
R
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where PC   is the clamped capacitance. Note that, the values of λ   and A   need to be 

identified by matching the simulation and wind tunnel experimental data. Defining * Myy
D
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2
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D
ξ = , Eqs. (8)-(10) can be written as their dimensionless forms: 

 ( ) * 2 * 2* 2 Ω Ωa PZTU y y V Uy qζ ζ θ σ+ + + + =   (11) 

 ( )2 2 *1shed shedq q q q Ayλω ω+ − + =    (12) 

 *
1 2 Θ 0PZT PZTV V yξ ξ+ − =   (13) 

The average output power from the PZT can be further calculated as: 



 

2

1

2

2 1

( )
=

( )

t

PZTt
PZT

L

V t
P

t t R−
∫

 (14) 

where 1t  and 2t  are the beginning and ending time for simulation, respectively. Notably, that 

PZTV  is discretized and Eqs. (8)-(10) should be transformed into its discrete form in numerical 

calculations. 
The vibratory output of the cylinder bluff body ( ( )My t ) also performs as the excitation of 

the VI DEG. Thus, the dynamical behavior of the DEG system subjected to VIV can be further 
analyzed to reveal its energy harvesting process. These have been fully studied in [41-43]. 
Therefore, in this paper, only a brief introduction to the energy harvesting process of the VI 
DEG is presented below. 

It is apparent that the inner ball experiences no outer force and moves with a constant speed 
when it is moving horizontally between two membranes. However, the ball’s velocity changes 
when it impacts one of the membranes under the following conditions: 

 
/ 2,         when the ball impacts the left membrane

/ 2,            when the ball impacts the right membrane
m M m M

m M m M

y y y s y y
y y y s y y

′ ′∆ = − = −  <
 ′ ′∆ = − =  >

 (15) 

where ( )my t   represents the ball’s displacement, m My y y∆ = −   the relative displacement 

between the ball and the capsule, and 2 bs l r= −  the largest distance that the ball can travel 

between two membranes. 
At each impact, the capsule’s speed can be regarded as unaffected because the ball has a quite 

smaller mass than the rest system. Therefore, the velocity of the ball after each impact ( mv + ) 

can be simply calculated through: 
 ( 1)m m Mv rv r v+ −= − + +  (16) 

where mv −   represents the velocity of the ball just before each impact, and r   ( 0 1r< <  ) 

indicates the coefficient of restitution (COR) of the pre-stretched membrane under the impacts 
of the ball. The relationship between r   and the absolute value of impact velocity 

m Mv v v−∆ = −  for a given pre-stretched membrane can be obtained experimentally [45]: 

When the VI DEG is connected to the energy harvesting circuit with a constant input voltage 

inV  proposed by Shian [48], the output voltage from the DEG at each impact can be calculated 

as: 

 max

min

T
DEG in

T

C CV V
C C

+
=

+
 (17) 

Here, TC  is the capacitance of the transfer capacitor of the energy harvesting circuit. It was 

reported that most electrical energy can be harvested through such a circuit when 01.2TC C= . 

maxC  and minC  indicate the maximal and minimum capacitances of the membranes at each 

impact. Their values are decided by the membrane’s dimensions at its largest deformation 
(represented by δ , which is the largest central deflection of the membrane at each impact) and 
original shape, as detailed in Appendix A. 

The electrical energy increment from the DEG at each impact is [49]: 



 max min
1 ( )
2 in DEGE V V C C= −  (18) 

Thus, when the system is in a steady oscillatory state, the total energy harvested from the 
DEG and the generated power can be calculated as: 
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E E
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DEG

EP
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where 1t  and 2t  are the start time and end time, which are the same as those in Eq. (14); iE  

is the harvested energy at ith impact and n  is the number of impacts during the time interval. 

Finally, the total output power of the system between 1t  and 2t  can be obtained: 

 total PZT DEGP P P= +  (21) 

2.3 Experimental verification and parameter identifications 
The energy harvesting process of the DEG under external excitations has been verified in 

[37,45]. In this subsection, the dynamical model of the system is verified through a wind tunnel 
experiment and the aerodynamic coefficients are further identified. Before performing the 
experiment, the parameters in Eqs. (8)-(10) associated with the solid dynamics of the 
piezoelectric beam should be identified. The effective mass M , damping coefficient C , and 
stiffness K  can be identified through a free vibration test (e.g. measuring the beam’s free 
vibration frequency and attenuation time), which is a classic identification method to identify 
the lumped mass model of a cantilever beam [50]. For the PZT parameter identifications, LR  

and PC  are measured by the electricity meter, and Θ  is measured by curve fit of the voltage 

output and bending displacement of the beam subjected to the free vibration. 
When the above parameters are identified, the wind tunnel experiment is performed to 

identify the aerodynamic coefficients λ   and A  . Figure 2 presents the wind tunnel 
experiment setup, the prototype of the VIV-based PZT harvester and the plot of both the 
experiment and simulation results. The VIV-based PZT harvester is mounted in the open 
circular wind tunnel which can produce a wide range of different wind speeds by controlling 
the draught fan speed. The airflow becomes steady in the wind tunnel owing to the function of 
the honeycomb. As shown in Figure 2(c), The aerodynamic coefficients are identified for 
different wind speeds through wind tunnel tests, and then the parametric values are rounded 
[51]. The results not only validate the VIV-based fluid-structure dynamic model in Eqs. (8)-
(10), but also identify the aerodynamic coefficients, which are presented in Table 1 along with 
the structure parameters. The values of the identified parameters are used for the following 
simulations in this paper. It is noted that the aerodynamic coefficients are only influenced by 
the bluff body’s dimension which affects the boundary layer of the airflow, and therefore adding 
DEG to alter the bluff body’s mass would not influence the structure parameters (except M ) 
and the aerodynamic coefficients identified in the experiment.  



 
Figure 2  (a) The wind tunnel experiment setup, (b) the prototype of the VIV-based PZT harvester, and 
(c) the comparisons of the present experimental data and simulation data. 

Table 1  Identified parameters through experiment 
Experiment type Parameter Value and unit 

Structural parameter 
identifications 

M  4.1945 × 10-3 kg 
C  0.0053 N•s/m 
K  9.655 N/m 

LR  2.46 × 106  Ω 

PC  10.15 nF 
Θ  2 ×10-5 N•s/m 

Aerodynamic coefficient 
identifications 

DC  1.2 

0LC  0.3 

λ  4.2 
A  28 

rS  0.2 

3. Numerical simulation of the hybrid performance 

Due to the strong nonlinearity of the proposed hybrid PD harvester [52], the 4th order Runge-
Kutta method is used in this paper to solve the system’s governing equations for obtaining the 
dynamical and electrical responses. In this section, the influence of the wind speed on the 
system output power is fully investigated through numerical simulations, and the results are 
further explained by plotting the dynamical responses and the voltage outputs of the proposed 
system. 

According to the analyses in Section 2, Table 2 presents the parameters’ values that are 
applied in the following simulations unless otherwise stated. The values of the structural and 
dimensional parameters are based on our pre-design, and the values of the structure parameters 
and aerodynamic coefficients in the governing equations are obtained from experiments shown 



in Section 2.3. It should be noted that the value of M  in the simulation is significantly greater 
than that in the experiment shown in Figure 2 as the proposed system contains an embedded 
DEG. In such cases, the power generated from the PZT in the effective operating wind speed 
range of the system drops [16]. Moreover, the bluff body’s initial states are (0) 1My =  mm and 

(0) 0My′ = , and those of the inner ball are set as 0 in simulations. 

Table 2  Parameters’ values for numerical simulations 
Parameter Value Parameter Value Parameter Value 

M  100 g K  9.655 N/m C  0.0053 N•s/m 
Θ  2×10-5 bL  200 mm D  32 mm 

H  118 mm T  25 ℃ 0ρ  1.2041 kg/m3 

λ  4.2 DC  1.2 
0LC  0.3 

rS  0.2 A  28 LR  2.46×106 Ω 

PC  10.15×10-9 F m  3.5 g l  25 mm 

hw  6 mm br  5 mm preλ  3 

0R  6 mm 0h  0.111 mm rε  4.687 

TC  5.07×10-11 F inV  2000 V   

It should be first noted that the values of r  and δ  as functions of v∆  for a given pre-

stretched membrane with 3preλ =  , 2000inV =   V, 0 6R =   mm and 0 0.111h =   mm have 

been obtained experimentally in [45]: 
 1.310.5989 0.2241vr e− ∆= +  (22) 
 0.34980.006903 0.00832veδ − ∆= − +  (23) 
The curve of the system output power with respect to the incoming wind speed (0.3~0.6 m/s) 

is presented in Figure 3, where the generated powers from the PZT and the DEG are also plotted. 
The powers are calculated between 100~200 s, during which the system is regarded to reach an 
oscillatory steady state. 
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Figure 3  System output powers against wind speed 

It can be seen from Figure 3 that by taking the system output power as the index, the wind 
speed range between 0.3 m/s and 0.6 m/s can be roughly divided into three regions. It is well 
known that the cylinder bluff body can only operate normally among a narrow wind speed range 

through VIV due to the lock-in of the resonant frequency, which is around / 9.826K M =  
rad/s. The wind speed among Region 2 ranges from 0.392 m/s to 0.459 m/s, indicating a vortex 
shedding frequency ranging from 15.394 rad/s to 18.025 rad/s, which is close to the natural 



resonant frequency of the system. It can be seen from Figure 3 that among this wind speed 
range the VIV energy can be harvested from both the PZT and the DEG effectively. Notably, 
the power generated from the DEG is much larger than that from the PZT, which means the 
embedded VI DEG is beneficial to significantly enhance the energy harvesting performance of 
the VIV-based PZT harvester. Among Region 1, where the wind speed is smaller than 0.392 
m/s, both the PZT and the DEG can hardly harvest energy from the VIV. Among Region 3, 
where the wind speed is larger than 0.459 m/s, the system generated power drop to almost 0 
again. To better understand the energy harvesting performance in different regions, the 
dynamical and electrical responses of the system in different regions are presented in detail 
below. 

First, the dynamical and electrical responses of the harvester under 0.2U =  m/s, which is 
among Region 1, are plotted in Figure 4. One can see from Figure 4(a, b) that for the quite low 
wind speed, the bluff body vibrates from its initial position ( 1My =  mm) to its original one 

( 0My = ) due to the damping. This means that the very low-speed wind has insufficient energy 

to conquer the cantilever’s stiffness and excite the bluff body. Thus, the PZT can only generate 
a small-amplitude output voltage due to the tiny vibration of the cantilever (Figure 4(c)), and 
the membranes cannot be impacted by the inner ball and no output voltage can be produced 
from the DEG (Figure 4(d)). Therefore, the system generates nearly no power under such a 
small wind speed. 

 
Figure 4  The dynamic responses of the system for the wind speed 0.2U =  m/s. (a) The displacements 
of the bluff body (the red solid line) and the ball (the blue solid line), and the positions of the left/right 
membranes (the black dashed lines); (b) the velocities of the bluff body (the red solid line) and the ball 
(the blue solid line); (c) the output voltage from the PZT as a function of time; (d) the output voltage of 
the DEG as a function of time. 

For the increased wind speed 0.35U =  m/s, which is also among Region 1 shown in Figure 
3, the responses of the system are plotted in Figure 5. The bluff body intends to a small-
amplitude periodic vibration after a transient process which is much more complicated 
compared to Figure 4 (Figure 5(a, b)). However, the vibrations are still so weak that almost no 
power can be generated from both the PZT and the DEG. 
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Figure 5  The dynamic responses of the system for the wind speed 0.35U =   m/s. (a) The 
displacements of the bluff body (the red solid line) and the ball (the blue solid line), and the positions of 
the left/right membranes (the black dashed lines); (b) the velocities of the bluff body (the red solid line) 
and the ball (the blue solid line); (c) the output voltage from the PZT as a function of time; (d) the output 
voltage of the DEG as a function of time. 

When the wind speed enters Region 2 shown in Figure 3, the dynamical responses change. 
For example, for 0.45U =  m/s, the vortex shedding frequency is within the “lock-in” of the 
resonant frequency. The system responses are shown in Figure 6, where one can see that the 
bluff body commences vibrating subjected to the wind until it reaches a steady-state (Figure 
6(a,b)). In this steady-state the bluff body vibrates periodically with an amplitude large enough 
to be impacted by the inner ball regularly, thus generating considerable output voltages from 
both the PZT and the DEG (Figure 6(c,d)). It can be calculated that the generated powers from 
the PZT and the DEG during 100 s to 200 s are 0.00016 mW and 0.020 mW, respectively, with 
the latter one much larger than the former one. This result indicates that the embedded DEG 
can significantly enhance the energy harvesting performance of the VIV-based PZT harvester 
during the effective wind speed range. Thus, the superiority of the hybrid PD harvester is 
demonstrated. 

Moreover, the phase trajectories of the bluff body and the ball at the system’s steady-state 
are presented in Figure 7(a, b), in which the closed phase trajectories indicate that both the bluff 
body and the ball moves periodically. The shapes of the phase trajectories can be further 
understood from Figure 7(c), which is the enlarged drawing of Figure 6(a) during 100 s and 
102 s indicating the displacements of the bluff body (the red solid line), the inner ball (the blue 
solid line) and the left/right membranes (the lower and upper black dashed lines) in the system’s 
steady state. It can be seen from Figure 7(c) that the bluff body presents a sinusoidal movement, 
which is represented by the circular closed phase trajectory shown in Figure 7(a). The 
vibrational frequency of the bluff body can be read as 1/(0.6 s)=1.66 Hz, which is accordance 

with the natural resonant frequency / / (2 ) 1.564K M π =  Hz. It can be also observed from 

Figure 7(c) that the ball moves periodically with a much more complicated curve. Imagine a 
complete cycle starting from point a, which is also marked in Figure 7(c). The ball impacts the 
left membrane at this point and its velocity changes immediately with its displacement 
unchanged. Thus, the ball’s state after the impact is marked as point a’ in both Figure 7(b, c). 
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Next, the ball moves rightward with a constant velocity until it impacts the right membrane at 
point b, while the point b’ indicates the ball’s state after this impact. Similarly, the ball’s state 
during this cycle changes following the points c, c’ and gets back to point a again. The ball 
impacts the membranes three times in one complete cycle, therefore, six convex points appear 
in the ball’s phase trajectory, where the straight line segments between two neighboring points 
indicate that the ball’s velocity changes immediately at impacts and keeps constant between 
impacts. 

 
Figure 6  The dynamic responses of the system for the wind speed 0.45U =   m/s. (a) The 
displacements of the bluff body (the red solid line) and the ball (the blue solid line), and the positions of 
the left/right membranes (the black dashed lines); (b) the velocities of the bluff body (the red solid line) 
and the ball (the blue solid line); (c) the output voltage from the PZT as a function of time; (d) the output 
voltage of the DEG as a function of time. 

 
Figure 7  The phase trajectories of (a) the bluff body and (b) the ball between 100 s and 200 s; the 
enlarged drawing of Figure 7(a) during 100 s and 102 s is plotted in (c). 
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By increasing the wind speed to 0.5U =  m/s, which is among Region 3 shown in Figure 3, 
the responses of the system are presented in Figure 8. Results show that as the VIV starts to get 
out of the “lock-in” of the resonant frequency, the vibration gets to the desynchronization [11], 
and the vortex shedding frequency gets higher. However, the bluff body can only vibrate with 
a small amplitude after a transient process (Figure 8(a,b)), thus producing small-amplitude 
output voltages from the PZT and no output voltages from the DEG. Therefore, the power 
output of the system is near zero. 

 
Figure 8  The dynamic responses of the system for the wind speed 0.5U =  m/s. (a) The displacements 
of the bluff body (the red solid line) and the ball (the blue solid line), and the positions of the left/right 
membranes (the black dashed lines); (b) the velocities of the bluff body (the red solid line) and the ball 
(the blue solid line); (c) the output voltage from the PZT as a function of time; (d) the output voltage of 
the DEG as a function of time. 

It can be learned from previous analyses that the proposed system can generate relatively 
high output power among a certain wind speed range, thus making it possible to operate 
effectively under the wind environment with appropriate wind speed. Moreover, the DEG 
embedded into the cylinder bluff body can greatly enhance the energy harvesting performance 
of a similar VIV-based PZT generator, which is another advantage of the proposed system. 

4. Parametric analysis 

It can be seen from previous analyses that due to a larger effective mass for the proposed 
hybrid PD harvester, it can generate power under a wind with a quite low speed (0.392~0.459 
m/s) with the help of the embedded VI DEG. This is a significant advantage compared to a 
traditional VIV-based PZT harvester, which cannot generate power from such a low-speed wind 
[16]. However, although the proposed system can enhance the energy harvesting performance 
under a quite low-speed wind, there exist several issues that should be further solved for the 
application of the system in the real wind environment. First, as we can see the effective 
operating wind speed range shown in Figure 3 is quite narrow, therefore, it is of great 
significance to figure out how to adjust the system parameters to expand the wind speed range, 
or at least change the effective operating wind speed range to match different given wind speeds. 
Moreover, it is also important to further enhance the generated power of the system among the 
effective operating wind speed to make it more valuable in practical applications. 

The above issues can be solved by fully studying the influences of the system parameters on 

0 50 100 150 200

t (s)

-4

-2

0

2

4

y M
 &

 y
m

 (m
)

10 -3

(a)

0 50 100 150 200

t (s)

-0.01

-0.005

0

0.005

0.01

y'
M

 &
 y

'
m

 (m
/s

) (b)

0 50 100 150 200

t (s)

-0.5

0

0.5

V
P

Z
T

 (V
)

(c)

0 50 100 150 200

t (s)

1999

1999.5

2000

2000.5

2001

V
D

E
G

 (V
)

(d)



the system energy harvesting performances, which are presented in this section. It is notable 
that among the system parameters presented in Table 2, some parameters are fixed empirical 
constant such as Θ  , DC  , 

0LC  , λ  , rS  , A   and PC  ; some parameters are intercoupling. 

For example, both the CL  and D  affect K  and C ; T  decides 0ρ ; rε  is decided by 

both T   and preλ  ; the calculation approaches of r   and δ   in each impact are identified 

from experiments and are affected by m  , br  , preλ  , 0R  , 0h   and inV  ; the value of TC   is 

decided by the initial capacitance of the membrane. Therefore, it is difficult to analyze the 
influences of these parameters on the system energy harvesting performance. Moreover, the 
value of LR  affects the power generated from the PZT but hardly affects that generated from 

the DEG. Considering that the latter one is much larger, the value of LR  has little influence 

on the system output power, so this parameter is not studied in this paper. Thus, in this section, 
we take the parameters including M , K , D  and l  into account. 

4.1 Influence of the system effective mass 
The effective mass M  of the proposed system (contributed by the masses of the bluff body, 

the cantilever beam, the PZT sheets and the outer structure of the DEG) can be adjusted by 
changing the relevant materials. Therefore, the effective mass can be selected as an adjustable 
parameter to improve the system energy harvesting performance under different wind speeds. 
It should be noted that the value of M  should not be too small because it is assumed large 
enough compared with m , thus making Eq. (16) feasible. Based on this assumption, we plot 
the curves of system output power against wind speed with different values of M  to present 
the influence of M  on the system energy harvesting performance, as shown in Figure 9. 

 
Figure 9  System total output powers against the wind speed with different values of M  

It can be seen from Figure 9 that when the effective mass M   varies, the shapes of the 

totalP U−   curves are similar to that in Figure 3, indicating that the system always has an 

effective operating wind speed range with different values of M  . The effective operating 
ranges for M  equaling to 150, 125, 100, 75 and 50 g are 0.34~0.37, 0.36~0.41, 0.39~0.46, 
0.44~0.54 and 0.52~0.66 m/s, respectively. This result indicates that, as the value of M  
decreases, the effective operating wind speed range for the proposed system can be expanded 
and shifted to a larger wind speed range. Moreover, the highest output power during this range 
is significantly enhanced from around 0.016 mW for 150M =   g to around 0.045 mW for 

50M =   g. This can be easily explained that a smaller M   results in a larger resonant 
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frequency (lock-in bandwidth) and a larger threshold value of the lock-in region [11], and more 
energy can be generated from both the PZT and the DEG due to a larger VIV under a higher 
wind speed. This rule can be better illustrated from Figure 10, where the system total output 
power corresponding to various sets of M  and U  are presented. One can see that along with 
the increase of M  , the effective operating wind speed range, which is represented by the 
obvious vertical bright range, is shifted to lower wind speed range and becomes narrower. 
Therefore, M   is an available adjusting parameter for the system to match different wind 
speed and produce output power effectively. However, it should be pointed out that the value 
of M  should be large enough compared to that of m . Hence, the approach to increase the 
effective operating wind speed range and enhance the output power by decreasing the value of 
M  has an obvious limitation. 

 
Figure 10  System total output power (in mW) corresponding to different sets of effective mass and 
wind speed. 

4.2 Influence of the stiffness 
Changing the cantilever length and material of the beam can easily tune the system stiffness 

K , and consequently, it is a variable parameter to improve the energy harvesting performance 
of the system. Similar to Section 4.1, the system energy harvesting performance influenced by 
the stiffness is studied in this subsection. Figure 11 shows the system output powers against 
wind speed with different values of K , and Figure 12 shows those for different sets of K  
and U  . It is found that for K   equaling to 7.5, 10, 12.5, 15 and 17.5 N/m, the effective 
operating wind speed ranges for the system are 0.35~0.41, 0.39~0.47, 0.43~0.53, 0.47~0.58 
and 0.50~0.63 m/s, respectively. Moreover, the highest output power generally increases from 
around 0.018 mW for 7.5K =  N/m to around 0.043 mW for 17.5K =  N/m. The results show 
that as the value of K  increases, the effective operating wind speed range is expanded and is 
shifted to a higher wind speed range, and the generated output power during this range is 
enhanced. This phenomenon can be interpreted that when the value of K   increases, the 
resonant frequency of the system increases synchronously, indicating that it is harder to arouse 
the bluff body to resonate at the lock-in region and the threshold wind speed get higher. 
Moreover, as the effective operating wind speed is higher for a larger K , more output power 
can be generated. Therefore, K  is another available adjusting parameter for the system to 
match different wind speed and enhance the system energy harvesting performance. 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

U
 (m

/s
)

0.05 0.1 0.15

M (g)

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045



 
Figure 11  System total output powers against wind speed with different values of K  

 
Figure 12  System total output power (in mW) corresponding to different sets of effective stiffness and 
wind speed. 

4.3 Influences of the diameter of the bluff body and the distance between two DEMs 
It can be learned from Eqs. (8)-(10) that the diameter D  of the bluff body influences the 

system dynamical behavior, thus affecting the system electrical outputs. Generally speaking, 
under the same system resonant frequency, a larger wind speed is necessary to produce the same 
vortex shedding frequency for a larger D  . Thus, a larger D   results in a larger effective 
operating wind speed range and a larger output power during this range. It should be pointed 
out that the change of D  barely has influence on the effective mass M  because the bluff 
body is made of foam. Moreover, it is apparent that the distance l  has an influence on the 
dynamical and electrical outputs of the DEG, thus affecting the system output power. It is 
notable that the value of l  should be larger than the diameter of the ball ( 2 br ) and smaller 

than the bluff D  (Actually the value of l  cannot be equal to that of D  as the section of the 
bluff body is a circle, but in simulations, we consider it can be as large as D  without loss of 
generality). Therefore, the analyses of parameters D  and l  are a little complicated due to 
their coupling. In this subsection, the effects of D  and l  on the system energy harvesting 
performance are investigated qualitatively. 

Firstly, the totalP U−  curves with different values of D  and a constant l  ( 25l =  mm) 

are plotted in Figure 13. It can be seen that for D  equaling to 30, 40, 50, 60 and 70 mm, the 
corresponding effective operating wind speed ranges are 0.38~0.43, 0.46~0.58, 0.57~0.73, 
0.68~0.88, 0.79~1.05 m/s, and the highest output power significantly increases from 0.020 mW 
for 30D =   mm to 0.10 mW for 70D =   mm. The results show that as D   increases, the 
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effective operating wind speed range is expanded and is shifted to a wider wind speed range 
and the highest output power during this range increases. This can be better demonstrated from 
Figure 14, where the system total output power under different sets of D  and U  is presented. 
These results accord with our previous analysis. 

 
Figure 13  System total output powers against wind speed with different values of D  

 
Figure 14  System total output power (in mW) corresponding to different sets of bluff body’s diameter 
and wind speed. 

Next, with the bluff body’s diameter fixed as 32D =  mm and 70D =  mm, respectively, 
the influence of l  on the system performance is presented by plotting the system output power 
under different sets of l  and U , as shown in Figure 15. It can be seen that the system can 
work effectively in a limited region of both l  and U , which looks like a trapezoid. Therefore, 
the value of l  should carefully selected to match the wind speed. Moreover, the comparison 
between Figure 15(a, b) shows that the limited region expands with a larger D , which means 
both the effective ranges of l   and U   expand and the highest output power increase. 
Moreover, it can be seen that by appropriately adjusting the value of l  when 70D =  mm, 
the system output power can be as high as 0.117 mW, which is a further enhancement. 
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Figure 15  System total output power (in mW) under different sets of distance between two DEMs and 
wind speed under (a) 32D =  mm and (b) 70D =  mm. 

The simulated results show that D  and l  are also available adjusting parameters for the 
system to match different wind speed conditions and produce higher output power. However, 
in order to produce high power output, the value of l   must be carefully selected within a 
narrow range, which is decided by other parameters. Therefore, the selections of l  and other 
system parameters should be considered jointly. In practical applications, we can use multi-
parameter optimization algorithms such as particle swarm optimization and genetic algorithm 
to select the optimal parameters for the design and optimization of the proposed hybrid PD 
harvester. 

5. Conclusion 

This study proposed a novel hybrid piezo-dielectric energy harvester to convert energy from 
vortex-induced vibrations (VIVs) into electricity using both the piezoelectric ceramic (PZT) 
sheets and the vibro-impact (VI) dielectric elastomer generator (DEG). After introducing the 
dynamics model of the cylinder bluff body subjected to a wind load, the detailed wind energy 
harvesting process of the system was studied with the vortex-induced dynamical outputs of the 
bluff body as the excitations of both the PZT sheets and the VI DEG. The theoretical model 
was verified and some key aerodynamic coefficients were identified through a set of wind 
tunnel experiments. Thus, the evaluation indexes of the system wind energy harvesting 
performance, including the output voltages of both the PZT sheets and the VI DEG and the 
system output power, can be calculated quantitatively. Next, the system output powers 
corresponding to different wind speeds were numerically obtained, and the system’s dynamical 
and electrical responses under some representative wind speeds were further presented. 
Furthermore, the study discussed the influences of some system parameters including the 
effective mass ( M ), stiffness ( K ), diameter of bluff body ( D ) and the distance between two 
DEMs ( l  ) on the system wind energy harvesting performance. Based on the results of the 
numerical simulations it can be stated that: 

1. The system can harvest wind energy effectively within a narrow low wind speed range, 
which is actually the wind speed range to produce the lock-in of the VIV. This shows a 
superiority of the proposed hybrid PD harvester in harvesting wind energy from low-speed 
wind compared to the previously proposed galloping-based wind energy harvesters.  

2. Due to a large effective mass of the system, it can generate power under a quite low wind 
speed with the help of the embedded VI DEG. This is a significant advantage compared to a 
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traditional VIV-based PZT harvester, which cannot generate power from such a low speed wind. 
3. The decrease of M   and the increases of K  , D   can broaden the narrow effective 

operating wind speed range of the system and shift it to a higher wind speed range. This 
provides some solutions to match different wind speeds by adjusting these parameters. 

4. Decreasing M   or increasing K  , D   increase the system output power within the 
effective operating wind speed range. This is beneficial to further enhance the system energy 
harvesting performance. 

In conclusion, this work demonstrated that by combing a VI DEG with a VIV-based PZT 
harvester, the proposed hybrid PD harvester is superior to a galloping-based energy harvester 
and a traditional VIV-based PZT harvester by harvesting energy effectively within a very low 
wind speed range. This work also provided guidelines on how to adjust the system parameters 
to match different wind speeds and further enhance the system energy harvesting performance. 
This is beneficial for the further design and optimization of the proposed hybrid PD harvester 
in practical applications. 
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Appendix A 

The calculations for the maximal and minimum capacitances of the membranes at each 
impact have been fully studied in [41-43]. In this appendix, the calculation process is briefly 
introduced for the convenience of the readers. 

At the beginning of each impact, the membrane has its minimum (original) surface area 
2

0 0A Rπ=   and maximal (original) thickness 0h  . While at the largest deformation of each 

impact, the membrane has its maximal surface area, which can be calculated as: 
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Here, the value of α  can be obtained from: 
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where δ  represents the largest central deflection of the membrane at each impact. 
Hence, due to the incompressibility of the membrane, the membrane’s minimal thickness at 

each impact can be obtained: 
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According to the membrane’s dimensions, its minimum and maximal capacitance with the 
original shape and largest deformation at each impact can be calculated as: 
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where 12
0 8.854 10ε −= × F/m the vacuum permittivity, Vol  the volume of the DEM, and rε  

the relative permittivity of the material of the DE, which can be calculated as [53]: 
 2 /r prea b T cε λ= + +  (A.6) 

where the empirical constants a, b, c in Eq. (12) are -0.053, 638 and 3.024, respectively. 


