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Abstract. Dielectric elastomer (DE) generators may be used in harvesting energy from 

ambient vibrations. Based on existing research on the mechanical properties of a circular DE 

membrane, a DE-based dynamic vibro-impact system is proposed in this paper to convert 

vibrational energy into electrical one. The dimensional, electrical and dynamic parameters of 

the DE membrane are analysed and then used to numerically estimate the output voltage of the 

proposed system. The system output performances under harmonic excitation are further 

discussed. At last, the comparison study has been conducted with an electromagnetic energy 

harvesting system, served as a “shaking” flashlight. 

1. Introduction 

Vibrational energy recovered from various sources of ambient vibrations is considered to be 

renewable, clean and can be converted into electrical energy. The majority of investigations on energy 

harvesting (EH) from ambient vibrations so far have been focused on the use of piezoelectric (PZT) 

materials [1-3]. These PZT EH devices have simple structures and relatively high energy conversion 

efficiency. However, these devices have certain limitations and shortcomings and are less versatile 

than desired [4], which greatly restricts their areas of application and generates small amount of 

energy, usually in the range of tens to hundreds of mW. 

In recent years, dielectric elastomers (DEs) have shown their advantages for a vibrational energy 

conversion and attracted much attention from researchers [5-10]. Compared with PZT materials, DEs 

can convert linear or rotational motion under a wide frequency range [11]. Dielectric elastomer 

generators have also been developed for both small-scale energy scavenging and large-scale energy 

generation. The latter ones, which are of a regular or “mm/cm” scale, can potentially be useful for 

charging small devices or wearable sensors. DE is a type of electro-active polymers such as acrylic, 

silicones, polyurethanes, fluoroelastomers, ethylene-propylene rubbers, etc. It possesses such 

advantages as a low mass density, large deformability, high energy density, rather good electro-

mechanical conversion efficiency, moderate or low cost, solid-state monolithic embodiment with no 

sliding parts, good chemical resistance to corrosive environments, silent operation, as well as easy for 

manufacturing and recycling [12]. 
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DE acts as a deformable capacitor in the vibrational energy conversion. A DE generator was first 

proposed by Pelrine et al. back in 2001 [13]. Suo et al. [14] established the DE theory based on 

thermodynamics and continuum mechanics. Following their work, a lot of research results related to 

DE generators have been published. The basic material properties, failure mechanisms and 

identification methods were studied [15-17]. A detailed model that describes the four cycling phases 

of DE-based energy harvesting was developed in [18], whereas the influence of the material dielectric 

coefficient on the energy harvesting performance and bias voltage were reported in [19]. These 

researches laid the foundation for further investigations in DE-based energy harvesting systems. Up to 

now, several DE-based energy harvesting devices have been developed, e.g. an ocean wave generator 

[20-22]. These researches emphasized that a major advantage of DE-based generators was their high 

energy density of more than 0.4 J/g [23], especially at a low frequency and high stretch area. 

The majority of publications on DE generators provide some theoretical analysis, whereas only a 

few works have studied the practical vibrational energy conversion of a DE generator and its 

performance, which limits the application of DE for vibrational energy harvesting in real life. 

Therefore, some specific devices based on DE should be further considered, with analyses of energy 

conversion and evaluation of EH performance according to ambient vibration. 

In this paper, in order to practically utilize DE to convert vibrational energy into electrical energy, a 

DE-based dynamic vibro-impact system [24-26] under external excitation is proposed. The design of 

the system is inspired by the research results that vibro-impact motion makes the system dynamics 

highly nonlinear but in some cases this effect may lead to more efficient energy harvesting. The idea 

of using a vibro-impacting motion for energy harvesting has relatively recently been reported in [27], 

where the energy harvesting frequency range of 29~41 Hz was achieved. Lately, a number of papers 

have proposed various designs of EH devices with rigid barriers [28-34]. It is promising to propose a 

novel DE-based vibro-impact EH system by considering these PZT-based vibro-impact EH systems. 

The DE-based vibrational energy harvesting in a vibro-impact system is based on the capacitance 

changes resulting from the deformation of DE under an external excitation. To develop such an 

energy harvesting system, one needs to estimate how much energy will be harvested. To access that a 

parametric study of a DE generator, which takes into account its dynamic behaviour and mechanical 

properties of the DE material, is necessary. 

This paper discusses the basic electrical and mechanical properties of a DE material in Section 2. 

Dynamic model of the proposed DE EH device, its features and basic principles are discussed in 

Section 3. Numerical simulations of various parameters of the system are presented in Section 4. In 

Section 5, the influences of the parameters of the excitation are studied, along with a comparison with 

an electromagnetic energy harvesting system. 

2. Material properties of DE 

2.1. Basic principle of DE 

A DE-based generator consists of a thin elastomer layer (membrane) between two electrodes. The 

principle of power generation by a DE generator relies on increased electrical potential due to 

mechanical deformation of the elastomer. The capacitance of a DE is  

 0 0
2

r DE rA V
C

h h

   
   (1) 
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where 0  is the vacuum permittivity, r  is the relative permittivity of the DE, DEA  is the effective 

area (coated on each side by electrodes), h  and V  are the thickness and volume of the elastomer, 

respectively. The second equality in (1) can be written because the volume of elastomer is essentially 

a constant due to the elastomer incompressibility, i.e., constantDEA h V  . 

Another important formula used here relates the charge Q  on the membrane and voltage U : 

=Q CU . Two different regimes are possible to observe with variable capacitance: constant charge and 

constant voltage. The first implies an increase in voltage with a decrease in capacitance; the second 

indicates a decrease in charge with a decrease in capacitance. However, the constant charge regime is 

less feasible because it requires disconnecting the power supply periodically and frequently, which is 

difficult in implementation and questionable from reliability point of view. Thus, this paper is focused 

on the constant voltage case. The fact that the DE devices require some initial voltage is considered 

against them but the amount of recovered energy is proportional to the initial voltage and, therefore, 

such devices can generate significantly larger amount of energy than PZT devices of similar size. 

Suppose that a DE membrane undergoes a mechanical deformation that causes an increase in the 

effective area and reduction of its thickness, as shown in Figure 1(a). Therefore, the deformed DE 

membrane has an increased capacitance according to (1). The deformed DE membrane is then 

charged from an electrical power source. The minor deformation due to electroelastic pressure can be 

neglected because it is relatively small compared with the total deformation of the DE membrane. As 

the mechanical force causing the deformation is removed (i.e., as the DE volume is restored, as shown 

in Figure 1(b)), the electrical potential and output voltage between the electrode layers increase due to 

the decreasing capacitance of the DE membrane. Therefore, charges with elevated electrical potential 

can be used for energy harvesting. 

 
Figure 1. Operating principle of a DE-based energy generator. 

2.2. Mechanical properties of DE 

In order to obtain the output voltage and electrical energy generated from a deformed DE, it is of 

great importance to exactly describe the deformation condition of a DE under an external force. In this 

paper, a pre-stretched circular DE membrane under impact of a fast moving spherical ball in its centre 

is considered, as shown in Figure 2. The original radius and thickness of the DE membrane before 

stretching are 1R  and 1h , respectively. The membrane is  -th times pre-stretched in its radial 

direction, thus its radius and thickness become 2 1R R  and 2
2 1 /h h  , respectively. A spherical 

ball with radius br  is then used to mechanically deform the membrane in the out-of-plane direction. 

The deflection of the membrane caused by the ball impact is denoted as x , and the force on the ball 

exerted by the membrane is denoted as ( )f x , as shown in Figure 2(b). 
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R2
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xf(x)

(a) (b)

 
Figure 2. The shapes of DE membrane (a) before and (b) after pressed by a spherical ball. 

The relation between ( )f x  and x  is the key to calculate the capacitance of the DE membrane 

under deformation resulting from the external excitation, which will be introduced in Section 3. In this 

subsection, this relation is obtained through experiments. 

A DE material named VHBTM 4910 (3M Corporation) is used in the experiments mentioned in this 

paper. A circular membrane with radius 1 3.15R   mm and thickness 1 1h   mm was pre-stretched 

radially twice of its size, namely 2 6.3R   mm and 2 0.25h   mm. This membrane was then fixed by 

two identical cylindrical frames, whose inner radius 6.3cinR   mm, as shown in Figure 3(a). The 

relation between the force on the ball and the deflection of the DE membrane was measured using an 

Instron 5567 material test system, as shown in Figure 3(b). 

 
Figure 3. Picture of (a) pre-stretched DE membrane and (b) the experiment. 

The data from three experiments are shown in Figure 4. For further calculation, the data are fitted 

by the following exponential function: 

   nf x K x   (2) 

where 54.0847 10K   , 2.6n   and ( )f x  in N. It can be seen from Figure 4, the fitted curve is in a 

good agreement with the experimental data. Therefore, (2) is used for further calculations in this paper. 

The reason for noisy experimental data comes from the fact that very low values of the force used to 

load the membrane. Although the noise looks significant its values are mainly within 0.2  N, which 

in absolute terms are very small. It can also be seen that the noise decreases as the force increases.  
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Figure 4. Experimental data and fitted curve of the relation between force and deflection. 

3. Modelling and analysis 

3.1. Model introduction 

A dynamic vibro-impact model presented in this paper for energy harvesting from vibrations is 

shown in Figure 5. The system comprises a cylinder, an inner ball sliding freely in inside the cylinder 

and two pre-stretched DE membranes at both ends of the cylinder. Both pre-stretched membranes are 

sandwiched between compliant electrodes and wires are connected to both sides of each membrane. 

Each membrane is fixed between two identical cylindrical frames and then connected to the cylinder. 

The system can move freely in the horizontal direction subject to an external excitation. 

zM

M

m zm

F(t)

rbRcin

d/2 d/2w
 

Figure 5. Sketch of the proposed DE-based dynamic vibro-impact system. 

In this model, the mass of the outer structure (the system without the inner ball) is denoted by M  

and the mass of the inner ball by m . The inner radiuses of the cylinder is cinR , the radius of the ball is 

br . The length of the cylinder is d  whereas the width of the cylindrical frame is denoted by w . The 

cylinder is excited by an external force ( )F t  applied along the horizontal direction. Here, Mz  and mz  

are defined as the displacements in the horizontal direction of the outer structure and inner ball, 

respectively, as shown in Figure 5. The origin of the coordinate system for the inner ball coincides 

with that of the cylinder and is set in the middle of the cylinder. The friction between the ball and slot 

is quite small and ignored. 

The device is meant to work in the following way. When the cylinder moves under the external 

excitation the ball moves freely inside of it until it collides against one of the membranes causing its 

deformation. At the maximum deformation the membrane capacitance will be maximal 
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(corresponding to its minimal thickness due to deformation). This will lead to an increase in charge, 

which is being harvested at that moment, thereby converting mechanical energy into electric. Then the 

ball velocity changes to opposite (refers to the cylinder) and it moves until it hits either membranes 

again, and the process will repeat itself again and again. Obviously, to generate more energy larger 

deformations of the membranes are required, which can be achieved by using the internal ball with 

bigger mass and higher impacting velocity. The latter depends on the type of a steady-state motion as 

well as the membrane mechanical properties. 

3.2. Parametric analysis of the system 

It is important to understand how the DE membrane works and thus its electrical properties are 

revisited here. The DE membrane has four stages in this model, as shown in Figure 6(a). Initial stage 

1 represents the original condition of the circular membrane with radius 1R  and thickness 1h . Stage 2 

indicates the initial condition of the membrane after being stretched to radius 2 cinR R . Stage 3 

shows the largest deformation condition of the membrane at impacts. The membrane will recover its 

shape at stage 4 after an impact so that its shape is the same as at stage 2 but its electrical properties 

are not. Stages 2~4 will be repeated in each cycle of the external excitation. 

 
Figure 6. Shapes of the DE membrane at different stages. 

In this paper, iR , iA , ih , iC , DEiU  and iQ  ( 1, 2, 3, 4i     ) are used to represent the radius, area, 

thickness, capacitance, voltage and charge of the membrane at each stage, respectively. Denote 

= i iV A h  as the constant volume of the membrane. Input voltage inU  is applied to the membrane at 

stages 2, 3 and 4. The dimensional and electrical parameters of the membrane at different stages [6] 

are summarized in Table 1. 

Table 1. Dimensional parameters and electrical parameters of the DE membrane at different stages. 

Stage 
Dimensional parameters Electrical parameters 

Radius Area Thickness Capacitance Voltage Charge 

Stage 1 1R  1 1
2A R  1h  1C  1 0DEU   1 0Q   

Stage 2 2 = cinR R  2 2
2A R  2 2/h V A  0

2 2
2

rVC
h

 


2DE inU U  2 2 2DEQ C U

Stage 3 ‐‐ 3A  3 3/h V A  0
3 2

3

rVC
h

 


3DE inU U  3 3 3DEQ C U

Stage 4 4 2R R  4 2A A  24h h  4 2C C  4 4 4/DEU Q C  4 3Q Q  

Page 6 of 19AUTHOR SUBMITTED MANUSCRIPT - SMS-105042.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



The original dimensional parameters of the membrane are given at stage 1. At stage 2, the 

membrane is pre-stretched to a new radius 2R , which determines the new thickness 2h  and the initial 

capacitance 2C  of the membrane. At stage 3, the membrane is under impact from the inner ball. As 

shown in Figure 7, the membrane can be treated as consisting of two parts. The part shown by a solid 

line adheres to the ball, hence, its area is the same as the surface area of the contact part of the ball, 

denoted as 31A . The part shown by a dashed line, whose area is 32A , is tangential to the ball and has 

an angle of   to the original membrane plane. Therefore, the area of the membrane at stage 3 is: 

 3 31 32= +A A A  (3) 

where the first component corresponds to the surface area of a spherical segment, whereas the second 

component is the surface area of a cone segment. It can be calculated according to Figure 7 that: 

 

2
31

2 2
2

32

=2 ( cos ) 2 (1 cos )

( sin )

cos

b b b bA r r r r

R r
A

   

  


   

 




 (4) 

 
Figure 7. Geometry of the DE membrane at largest deformation condition. 

In (4), all the parameters are given except of the angle  , which is determined by the interaction of 

the inner ball and the membrane. If   denotes the largest deflection of the membrane at an impact, 

the relation between   and   can be written as: 

 
2

(1 cos )sin
tan

cos sin
b

b

r

R r

 
 

 
 


 (5) 

Taking into account the trigonometric identity 2 2sin cos 1   , the value of   can be obtained as 

following equation: 

 
 

 

2 2
2 2

22
2

2 2 2
cos

2

b b b

b

r r R R r

R r

    


    

  



 (6) 

Therefore, having known the value of  , the value of   and then the area of the membrane at 

stage 3 can be calculated. The area 3A , thickness 3h  and capacitance 3C  of the membrane at this 

stage can be obtained as well. The value of   depends on the dynamic behaviours of the cylinder and 

inner ball, which are governed by their relative motion/position and impact interaction. Therefore, it is 

important to further conduct the dynamic analysis of the system. 

Suppose a harmonic excitation   0= cos(2 )F t A f t  is applied to the system, where A  and 0f

denote its amplitude and frequency, respectively. Due to the low mass ratio of the inner ball to the 
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outer structure, impacts have little effect on the outer structure. The outer structure will move under 

this excitation as following: 

    = /Mz t F t M  (7) 

The inner ball, in its turn, experiences no external force (friction has been neglected), which means 

its velocities will not change until the ball impacts the membrane. Introducing the relative 

displacement = M mz z z   as the difference between Mz  and mz , and 2 2 bs d w r    the largest 

distance of the ball moving inside the cylinder. Thus, the conditions of impacts can be written as: 

 / 2M mz z z s     (8) 

The velocity of the ball changes after impacts. Let mv   and mv   represent the velocities of the ball 

before and after each impact, and Mv   and Mv   the velocities of the outer structure before and after 

each impact, respectively. Here, =M M Mv v v    due to the above assumption and application of the 

excitation force. When impacts occur the varying elastic force of the membrane  f x  will produce 

negative work on the ball until it reaches the largest deflection  , at that moment the velocity of the 

ball becomes equal to Mv . Considering the outer structure as the reference frame, the following 

equation can be written according to the kinetic energy theorem 

    2 1
0 0

1
0

2 1
n n

m M
K

m v v f x dx Kx dx
n

 
 

             (9) 

then the largest deflection of the membrane at impacts can be obtained: 

  
1

121

2

n
m M

n
m v v

K
 


    

 (10) 

Substituting the value of   into (6) leads to the value of   and, consequently, the dimensional and 

electrical parameters of the membrane during an impact can be found. It should be stressed that 

nonlinear model (2) is used in this paper for estimating the membrane deformation (10) only, which 

defines the voltage output of the DE element. Formula (2) implies the Hertzian contact of two bodies, 

which takes the following assumptions, among others, that the strain is small and the contact area is 

much smaller than the characteristic dimensions of the contacting bodies. Since these assumptions are 

not fulfilled formula (2) is not used for describing the ball dynamics at the impacts. 

To estimate the ball velocity after an impact the Newton’s model of impact is implemented 

    1m m M M m Mv r v v v rv r v           (11) 

where r  is the restitution coefficient of the membrane. The ball will keep moving at this velocity 

until next impact. 

According to the above analysis, the displacements and velocities of the outer structure and the ball 

can be obtained at any time provided the external excitation of the system and initial conditions are 

specified. The dimensional and electrical parameters of the membrane at stage 3 can be obtained as 

well.  

At stage 4, the dimensional parameters and capacitance of the membrane are exactly the same as 

those at stage 2. However, the charge on the membrane will keep at 3Q  level by the end of an impact. 

At this moment, the voltage across the membrane is 
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2

3 2
4 4 4 2

2 3

/ =DE in in
C h

U Q C U U
C h

   (12) 

Obviously, 2 3h h , thus, 4DE inU U . This indicates that impacts between the ball and membrane 

will produce higher output voltage, as expected. Therefore, the external vibrational energy can be 

converted to electric energy through the ball’s impacts by using the presented dynamic model. 

4. Simulated results 

4.1. Energy harvesting circuit 

In order to harvest the electrical energy produced by the DE-based dynamic vibro-impact system, 

the DE membranes are connected in parallel to an electrical circuit for energy harvesting as illustrated 

in Figure 8(a). The circuit controls the charge on the DE membranes through an energy harvesting 

cycle that has been previously studied both theoretically and experimentally in [9,23]. The system 

transfers charges from a voltage supply ( inU ) up to a higher voltage ( outU ) when the energy is 

supplied to a load. Thus, the proposed system provides a gain in electrical energy. In the circuit shown 

in Figure 8(a), the diode only allows the charging current to flow when the voltage of both DE 

membranes is lower than that of the power supply ( inU ). The Zener diode with a breakdown voltage 

zU  allows the charge to flow from the DE membranes to the load when the voltage of either 

membranes is larger than zU . Thus, the diode and Zener act as switches, turning on and off 

automatically depending on the voltage of the DE membranes. In this circuit, in zU U  should be 

satisfied and their values need to be carefully chosen because they control the charge state of the 

system. 

According to the analysis of the circuit, when z inU U , the output voltage of the system and the 

charges of the membranes can be obtained ideally, as shown in Figure 8(b). At stage 2, out inU U , 

2 2 inQ C U . When one of the membranes is stretched under impact and changed to stage 3, the 

capacitance of the membrane increases and the voltage supply charges to the membrane until 

3 3 inQ C U . The voltage of the membrane increases up to 4DEU  in its recovery to stage 4. The 

charges then flow from the membrane to the load, with output voltage outU  decreasing according to 

2=Q C U  until the voltage of the membrane drops to inU  again and the extra charges of the membrane 

are fully released. It can be seen that the charges and voltages of either membranes at different stages 

in this cycle conform to our previous analyses in Talbe 1. 

Uin

UDE4

(a)

Uin

Uout

Diode

Zener
DE 
Memb-
ranes

Load Stage 2: C2

Stage 3: C3

Stage 4: C4=C2

Q

UDE

Charge to DEs

Stretching

R
ec

ov
er

in
g

Q2 Q3

(b)

Q=C2U

Q=C3U

 
Figure 8. (a) Energy harvesting circuit and (b) schematics showing one energy harvesting cycle. 
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It can be seen that in one complete cycle, 3 2=Q Q Q   is boosted from the low input voltage inU  

to high output voltage impactU : 

  2
3 2

1

2 inW U C C   (13) 

In this paper, the electrical parameters in the circuit are set at = 2000in zU U   V. 

4.2. Simulation 

It is difficult to obtain the system response analytically due to its high nonlinear. Therefore, the 4th 

Runge-Kutta algorithm is adopted in this paper to solve differential equation (7). The system response 

can then be obtained. For a high computational accuracy, the time step in the computational process is 

set at 10-5 s in all following simulations in this paper. 

Depending on the initial conditions as well as the excitation amplitude and frequency various types 

of motion can be observed. In this paper a number of different cases are studied under pure harmonic 

excitation. The following set of parameters was used for numerical simulations: =124.5M  g, 3.5m   

g, 1=3.15R  mm, 1=1h  mm, 2 = 6.3inR R   mm, 5br   mm, 42d   mm, 6w  mm, whereas 

electrical parameters of the system have been given in subsection 4.1. 

In Figure 9 displacements and velocities of the cylinder (a, b) and ball (c, d) without impacts are 

presented to validate the code. This case was achieved by setting =0.01A  N, 0 2f   Hz, 1r   and 

the following initial conditions: 2
0(0) / [ (2 ) ]Mz A M f  , (0) 0Mz   , (0) 0mz  , (0) 0mz   . 

Figures 9(e, f) present the relative displacement M mz z z    and voltage generated during this 

regime. Apparently due to the low excitation amplitude the ball does not collide against either 

membrane and thus its displacement and velocity keep zero. Without impact no extra voltage is 

produced and thus Figure 9(f) shows applied voltage of 2 kV at the output. 

 
Figure 9. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for =0.01A  N, 0 2f   Hz, 1r  . 

A special case of a vibro-impact motion with two consecutive impacts against two opposite 

membranes within each cycle is considered next. It is not difficult to find the initial conditions for this 
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type of motion, which are: 2
0(0) / [ (2 ) ]Mz A M f  , (0) 0Mz   , (0) (0) / 2m Mz z s   ( (0) 0mz  ), 

0(0) 4 (0)m mz f z   . Excitation amplitude and frequency have been kept the same for the purpose of 

comparison, i.e., =0.01A  N, 0 2f   Hz, and 1r  . Results of numerical simulations for this case are 

presented in Figure 10. As in the previous plot, Figures 10 (a, b) and (c, d) show the results of the 

displacements and velocities of the cylinder and ball correspondingly. In Figure 10(b) one can clearly 

observe “pure” or “classical” vibro-impacting regime with consequent impacts that reflects in the 

sharp peaks and troughs. Since this curve looks like a saw-tooth signal, it will be referred later as the 

saw-tooth case. Figures 10(e, f) demonstrate the relative displacement and voltage generated in this 

case. Another characteristic feature of this response is equal voltage peaks of both membranes, which 

are seen in Figure 10(f). 

 
Figure 10. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for the saw-tooth case with =0.01A  N, 0 2f   Hz, 1r  . 

Unfortunately, the above saw-tooth pattern can be easily destroyed when the excitation amplitude 
2

0(2 ) / 2=0.4325A M f s . Thus, the next set of plots demonstrates results of numerical simulation 

for =0.5A  and all other parameters being kept the same as in Figure 10. Figures 11 (a, c) present the 

result for the displacements of the cylinder and ball. Apparently, this vibro-impact motion cannot be 

considered as classical one since two consequent impacts, occurring against the opposite membranes, 

may happen over a much shorter distance (see red circles in Figure 11c) than in a classical 

vibroimpact motion. In Figure 11(f) one can observe harvested voltage and it has low and high peaks 

due to low and high impact velocities that cause the membranes deformations. 
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Figure 11. Displacements and velocities of the outer structure (a, b) and the ball (b, d), relative 

displacement and voltage (e, f) versus time for the saw-tooth case but =0.5A  N. 

Another set of plots is presented in Figure 12, which corresponds to the following initial conditions: 

2
0(0) / [ (2 ) ]Mz A M f  , (0) 0Mz   , (0) 0mz  , (0) 0mz   . Once again, irregular vibro-impact 

motion is observed in Figure 12(c), which can also be seen in Figure 12(e), where the relative 

difference in the displacement is plotted. This irregular motion is not similar to the one in Figure 11 

because it looks like the ball hits one of the membranes twice (see red circles) before moving to the 

opposite membrane. 

 
Figure 12. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for =0.5A  N, 0 2f   Hz, 1r   and another set of initial 

conditions. 

Unfortunately, it is impossible to set specific initial conditions in a real life application, especially 

for the ball which is inside the cylinder and cannot be controlled. Thus, it may be reasonable to 

assume zero initial conditions for it and the cylinder ( (0) 0Mz  , (0) 0Mz   , (0) 0mz  , (0) 0mz   ). 
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Results of this simulation for =0.5A , 0 2f  , 1r   are shown in Figure 13, where the motion looks 

like almost chaotic. 

 
Figure 13. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for =0.5A  N, 0 2f   Hz, 1r   and zero initial conditions. 

It is of interest to understand the behaviour of the system with inelastic impact ( 1r  ). In the case 

of the saw-tooth regime and =0.6r  and =0.3r , the results are presented in Figure 14 and 15, 

respectively. An asymmetric response of the ball can be observed in these two cases, which are 

reflected in the asymmetry of the relative displacements (see Figure 14(e) and 15(e)) and high and 

low periodic peaks in gained voltage. 

 
Figure 14. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for the saw-tooth case with =0.5A  N, 0 2f   Hz, 0.6r  . 
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Figure 15. Displacements and velocities of the outer structure (a, b) and the ball (c, d), relative 

displacement and voltage (e, f) versus time for the saw-tooth case with =0.5A  N, 0 2f   Hz, 0.3r  . 

It should be stressed that various initial conditions led to different type of the ball response in the 

case of the elastic impact, as has been reported above. However, numerous numerical simulations 

have shown that for the inelastic impact the difference in the response type due to different initial 

conditions becomes almost invisible, which typically resulted in very similar patterns of harvested 

voltage, where a high peak is followed by a moderate peak and then a very small one. 

5. Discussion 

Since this paper is focused on the energy harvesting investigation, it is of primary importance to 

estimate the harvested electrical power. During a steady state response  ( 50 100t   s in this paper), 

the power gain of the proposed device can be obtained according to  (13) 

    2
3 2 2 4

1 1 1

1 1
/ / /

2 2

N N N

i in i in DE i in
i i i

P W T U C C T C U U U T
  

        (14) 

where iW  denotes the energy gain during the ith impact, 3iC  the capacitance at stage 3 at the ith impact, 

and 4DE iU  the output voltage across the deformed membrane at the ith impact. N  is the number of 

impacts within the same time interval, and 50T  s accordingly. It can be seen that the power gain 

can be easily calculated from the harvested voltage. Therefore, the average output voltage gain of the 

proposed device at a steady state is defined as: 

  4
1

/
N

DE i inT
i

U U U T


   (15) 

to estimate the system output performance. 

The above simulations, except of the one shown in Figure 9, have produced gain voltage shown in 

Table 2. It can be seen that the amounts of 
T

U  at frequency 0 2f   Hz and 1r   have a similar 

magnitude (out of all considered cases). It is also interesting to note that with a decrease of the 

restitution coefficient the amount of 
T

U  is higher than that in all other cases with 1r  . 
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Table 2. Amount of the output voltage gain over 50 s ~ 100 s. 

Case 

studied 

Figure 10 Figure 11 Figure 12 Figure 13 Figure 14 Figure 15 

=0.01A  =0.5A  

1r   0.6r   0.3r   

T
U  (V/s) 1831 6749 6730 6989 8079 8652 

5.1. Influence of amplitude and frequency of the harmonic excitation 

The responses of the system under different amplitude and frequency of a harmonic excitation are 

studied in this subsection. The harmonic excitation  0( ) cos 2F t A f t  applied to the system results 

in the response amplitude of the cylinder movement that is equal to 2
0/ [ (2 ) ]A M f . Since it is easier 

to work with nondimensional units, the cylinder amplitude is normalized to half the distance the ball 

can travel freely between impacts so that: 

 

2
0(2 )

=
/ 2

A M f

s




 
   (16) 

Thus, to study the response of the system as a function of  , the value of 0f  should be kept constant 

(all other parameters are constants and have been given above, initial conditions are all set at zero). 

Based on the simulated results in Subsection 4.2, the curves of 
T

U  versus   are plotted in Figure 

16(a). It can be seen that with an increase of   and therefore A , all the curves demonstrate an 

increasing trend. This trend is well expected because larger values of A result in a higher relative 

acceleration and velocity between the outer structure and inner ball at the impacts, so that most 4DEU  

increases. Therefore, the strength of the harmonic excitation has a positive effect on the magnitudes of 

the electrical energy converted through this system. 

Figure 16(a) also indicates that 
T

U  has a larger value when the frequency 0f  is larger at a same 

value of  . This is better presented in Figure 16(b), which shows 
T

U  curves as a function of the 

excitation frequency 0f  for several different values of  . All the curves show upward trends as 0f  

increasing due to the increasing number of impacts, since for each curve   was a constant. Therefore, 

the frequency of the harmonic excitation also has a positive effect on the magnitudes of the electrical 

energy converted through this system. In addition, electrical energy can be harvested through the 

proposed system under wide-range frequencies. 
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Figure 16. Output performance of the proposed device as a function of (a) amplitude and (b) 

frequency of the harmonic excitation, 1r  . 

5.2. System output under disturbed harmonic excitation 

In real world, a pure harmonic excitation is easily disturbed due to various factors. For example, in 

many applications, like human walking straight, up and down or jogging, it is impossible to maintain 

a constant frequency and the phase of harmonic excitation may be modulated randomly. In this case, 

the system external excitation  is 0( ) cos(2 ( ))F t A f t t   , where ( )t  is Gaussian white noise 

with zero-mean and unit-variant, and 2=D   represents its intensity. 

Let =5 , 0 2f   Hz and   varies from 0 to 10, then the numerically obtained curve of 
T

U  

versus D  is plotted in Figure 17. This curve is fitted to approximate numerical results where each 

blue cross expresses the result of averaging over 100 samples. As expected, the maximum amount of 

energy is harvested when the system is under pure harmonic excitation or tuned. With an increase in 

the noise intensity the system becomes out of tune and the amount of harvested energy drops 

significantly, which can be seen in Figure 17. Increasing the noise intensity further will make the 

harmonic signal looks like a bounded noise but relatively large value of  allows the ball to impact 

the membranes almost all the time, thus at values of noise intensity between 10 and 100 the amount of 

T
U  stays almost the same. Two smaller plots shows the voltage pattern at value of =1D  and =81D . 

The latter has visible lower number of impacts, which are significantly weaker.  

 
Figure 17. Output performance of the proposed device under phase modulations and two responses 

at low and high intensity ranges. 1r   and zero initial conditions were chosen. 

5.3. Comparison to an EMEH “shaking” flashlight system 

In order to better evaluate the output performance of the proposed device, an electromagnetic (EM) 

energy harvesting system [35] is used to compare with our device. The curved EM system, which has 

a similar shape with the device proposed in this paper, consists of a cylinder and a magnet moving 

freely inside. It is able to capture energy through oscillatory motion and proposed the use of a curved 

oscillatory electromagnetic harvester over the regular linear EM harvester. The largest power density 

of this curved EM system was 0.123 mW/cm3 among the vibrational frequency range 2-5 Hz. 
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For the comparison under a same size, the dimensions of the devices and the ball proposed in this 

paper were taken the same as the dimensions of the curved EM system, and other characteristics were 

taken as following: 0.5r  , 8inR   mm, 7.5br   mm, =0.012M  Kg, 0.053m   Kg, 

12
0 8.85 10    F/m, 3.4r  , 2 11

0 1/ 2.42 10inC R h      F, =42.2V  cm3. The output power of 

the proposed device under these parameters is estimated according to (14) in Table 3, where the 

power density is also presented. It can be seen that the power densities of the proposed device are 

much larger than that of the curved EM system at the given frequency range, which indicates the 

superiority of the proposed device compared with a shape-similar EM vibrational energy harvesting 

system. What should be noted is that, the power density of the proposed system has a positive 

relationship with the value of inU  according to (14), which provides a flexibility for the proposed 

system to produce a higher power density by increasing the value of inU . 

Table 3. The comparison of power density between the proposed device and the Curved EM system. 

 Input data Output power Power density

Proposed 

device 0 2f   Hz =5A  N 2000inU   V 0.061 W 1.447 mW/cm3

Proposed 

device 0 5f   Hz =5A  N 2000inU   V 0.132 W 3.128 mW/cm3

Curved EM 

system [35] 0 2 5f    Hz N/A N/A 0.005 W 0.123 mW/cm3

According to the analyses and discussion in this subsection, one can find that the energy converted 

by the proposed system from periodic vibration is significantly affected by its intensity. The 

frequency of the periodic vibration also has a positive affection in the system output. The phase 

modulations of the excitation have a negative influence on the energy harvesting in general. It can be 

inferred that provided the intensity of the vibration is large, even those periodic vibration with low 

frequency can be converted to electrical energy. This is a major advantage of the proposed DE-based 

energy harvesting system because it potentially allows utilizing the device for harnessing vibrational 

energy from sources of energy with not perfectly period excitation like human waking or wind. 

Another superiority of the proposed device is that the power intensity can also be enhanced by 

increasing the input voltage. 

6. Conclusion 

In this paper a DE-based energy harvesting device has been proposed and analyzed. The concept is 

based on the vibro-impact motion of a ball, moving freely inside a capsule (cylinder) with both sides 

of it covered by DE membranes and excited externally. First, mechanical properties of the DE 

membranes were studied experimentally to identify their stiffness properties by generating force vs. 

displacement curve. This nonlinear relationship has been used in the vibroimpact model of the DE EH 

device to calculate the deformation of the membrane. The membrane deformation was analytically 

connected to the amount of voltage that can be generated from the DE membrane, which behaves as a 

variable capacitor. Numerical simulations for pure harmonic excitation have shown colourful variety 

of ball responses depending on initial conditions, amplitude and frequency of the excitation. Several 

cases have been studied, including a saw-tooth response, and normalized amount of gained voltage 

has been obtained. Curves of output voltage gain over time as a function of the excitation amplitude 
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or frequency have shown increasing trends, indicating an increase in the gained power. It should be 

stressed that the amounts observed in the studied cases have a similar magnitude at 2r   Hz and 

1r  . Another interesting fact is the amounts of gained voltage in the system with inelastic impacts 

( 0.6r   and 0.3r  ) are larger than that in the system with 1r  . Numerical results for the disturbed 

harmonic excitation resulted in decrease of the output voltage gain, which can be explained by out of 

tune action of the external excitation. At last, the comparison study has been conducted with an 

electromagnetic energy harvesting system, which has a similar shape with the proposed device. The 

comparison results validate the potential superiority of the proposed system. 
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