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ABSTRACT Dielectric elastomer generators (DEGs) provide a new solution for vibrational energy har-
vesting. Currently, a type of impact-based DEGs, which can harvest energy from ambient vibrations,
has been proposed and studied through simulations. However, the energy conversion mechanism and the
performance evaluation approach of such impact-based DEGs have not been fully studied yet, thus limiting
the reliability of the research on the system design/optimization and performance evaluation. In this paper,
a single-sided impact (SSI) model is proposed to reveal the impact-based energy conversion mechanism.
Based on this model, a complete four-stage impact process is analyzed to reveal the energy conversion
mechanism, and the electrical outputs and energy conversion efficiency are derived as the energy harvesting
performance evaluation indexes. To use the developed analytical model to predict the system electrical
response accurately, some important parameters including the coefficient of restitution (COR) and largest
deflection of the membrane at impacts were obtained experimentally, and the system output voltages at
impacts were measured to verify the theoretical approaches in calculating the system electrical outputs and
studying the parameters’ influences. Furthermore, the influences of the pre-stretched ratio, impact velocity,
and input voltage on the system energy harvesting performance are studied through simulations. The research
results can provide guidelines to improve the energy harvesting performance of the impact-based DEGs in
real applications.

INDEX TERMS Single-sided impact model, dielectric elastomer, energy harvesting, electrical outputs,

energy conversion efficiency.

I. INTRODUCTION

As is well-known, energy crises are becoming a worldwide
problem. Researchers around the world are actively explor-
ing green sustainable energy and developing corresponding
energy conversion devices. Environmental green energies
include energies from wind, solar, wave, tidal, and vibration
sources. Among all of them, vibrations can be easily found in
a variety of machinery, human movement, building, and other
civil structures [1]. Vibrational energy harvesting (VEH)
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devices can achieve a relatively high energy density at low
cost and with various scales, especially small and micro
sizes [2]. This makes these devices suitable for many appli-
cations such as wireless sensors [3], wearable devices [4],
automotive [5], and other sectors [6], [7].

There are several conventional methods to converte vibra-
tional energy into electricity including electromagnetic (EM),
electrostatic (ES), triboelectric (TE), and piezoelectricity
(PE). The EM VEH devices, which are based on Faraday’s
law of induction [8], [9], are not suitable for micro and
small-scale applications due to their low power density. Tradi-
tional ES VEH devices consist of a fixed plate and a movable
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one connected to a vibrating body, thus realizing a vibration-
induced variable capacitor [10], [11]. This method has also
been of limited applicability because it can only produce
a rather low energy density due to the limitations of the
materials, for example, a low dielectric permittivity of the air.
The TE VEH devices, which are based on the triboelectric
effect between the contact and separation of two contact
surfaces [12], can produce a relatively high energy density
with relatively low manufacturing costs. However, their dura-
bility and output stability are insufficient for a good energy
harvester [13]. Thus, up to now the PE VEH devices, which
have a simple structure and a relatively high energy conver-
sion efficiency [14], [15], have been focused [16]—-[18]. They
have been widely used in many applications such as roadway
energy harvesting [19], wind energy harvesting [20]-[22],
and vibrational energy harvesting [23]-[26]. However, these
devices are less versatile than desired and have certain
limitations and shortcomings, one of which is their abil-
ity to generate only a relatively small power density [2].
These factors restrict the areas of application of PE VEH
devices.

In recent years, dielectric elastomers (DE) materials have
attracted increasing interests due to their advantages of
high energy density, large deformability, good electrome-
chanical conversion efficiency, and moderate or low cost,
etc. [27]. Up to now, DE has also shown its application
potentials in actuators [28], [29], humanlike robots [30],
stretchable electronics [31], energy harvesters [32], and
among others. Compared with PE-based energy harvesters,
dielectric elastomer generators (DEGs) can convert lin-
ear, nonlinear, or rotational motion within a wide fre-
quency range [33]. The major advantages of DEGs also
include their high energy density (up to 400 J/kg) [34]
and power density (3.8 uW/mm3) [35], both of which are
much higher than those of the EM, ES, and PE energy
harvesters [34], [36]-[38].

A DEG works as a variable capacitance [39], [40]. Up to
now, several DE-based VEH devices have been developed
such as the ocean wave generator [41], wind energy har-
vester [42], [43], and heel like strike generator [44], etc.
However, most of the proposed DEGs utilize the proper-
ties of DE membranes (DEMs), which undergo the in-plane
deformation. These DEGs with in-plane deformations have
structural limitations, which make them unsuitable for a prac-
tical vibrational environment. Therefore, such DEGs have not
achieved desirable results. On the other side, several DEGs
based on the DEMs’ out-of-plane deformations, including
contact-type DE energy harvester [45], oscillating water col-
umn wave energy converter [46], resonant wave energy har-
vester [47] and rotational energy harvester [48], have been
proposed recently and successfully applied in energy harvest-
ing. However, these DEGs cannot be used directly in vibra-
tional energy harvesting. Currently, a type of impact-based
DEGs, such as the vibro-impact (VI) DEG system proposed
by the authors previously [49]-[52], appeared in the past
years providing a novel design for DE-based VEH. Especilly,
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the authors have proposed a galloping-based wind energy
harvester with a VI DEG [42]. In this work a simple impact
experiment was conducted to identify the dielectric elastomer
membrane’s dielectric permittivity, coefficient of restitution
and largest deflection against impact speed. These parame-
ters were sufficient to analyze the system’s dynamical and
electrical behaviors under wind environment. The previously
mentioned research results based on the VI DEG have shown
that the impact-based DEGs are expected to work in prac-
tical vibrational environments and achieve high electrical
power. However, it must be noted that in the preliminary
research, the impact-based energy conversion process has
not been fully revealed, and only the output voltage of the
system at each impact was considered, which means that
the VEH performance of the impact-based DEGs cannot be
evaluated reasonably. Moreover, these studies focused on the
numerical simulations where some values of the parameters
were roughly estimated, leading to the system output results
being not accurate enough. Therefore, it is necessary to
further analyze the impact-based energy conversion process
theoretically and conduct dynamics/electrical experiments
to determine the key parameters and verify the theoretical
model, thus revealing the VEH mechanism and proposing
reasonable indexes to evaluate the VEH performance of the
impact-based DEGs.

In this paper, a single-sided impact model was proposed
to fully study the impact-based energy conversion process
and performance of a DEM. In Section II, a single-sided
impact (SSI) model based on the free fall of a ball is proposed,
and the detailed energy conversion process at an impact is
analyzed with the electrical outputs and the energy conversion
efficiency being derived. Several key parameters including
the coefficient of restitution (COR) and largest deflection
at impacts are determined through a set of experiments in
Section III. In Section IV, the electrical outputs and the
energy conversion efficiency of the SSI model are calculated
and the influences of the pre-stretched ratio, impact veloc-
ity, and input voltage are presented. Conclusions are drawn
in Section V.

Il. THEORETICAL ANALYSIS

A. ANALYSIS OF THE IMPACT-BASED ENERGY
CONVERSION PROCESS OF A DEM

A classical DEG consists of a thin dielectric elastomer mem-
brane (DEM) sandwiched between two electrodes. Electrical
energy can be gained through the capacitance changes of
the DEM during its deformation-recovery process. Previous
studies have shown that the impact-based DEGs, e.g., the VI
DEG proposed by the authors earlier, have potential advan-
tages compared with other types of DEGs, such as a greater
energy density and a higher output power [53]. However,
the impact-based energy conversion process has not been
fully revealed and the energy harvesting (EH) performance
cannot be evaluated reasonably, and the simulation results
for such DEGs are not accurate enough due to the inaccurate
parameter values.
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FIGURE 1. The structure of the single-sided impact model based on the
free fall of a ball.

To analyze the energy conversion process occurring in the
impact-based DEGs, a single-sided impact (SSI) model based
on the free fall of a ball is considered in this paper. As shown
in Fig. 1, this model comprises a vertical hollow cylinder,
an inner rigid ball, and a pre-stretched circular DEM at the
bottom of the cylinder. The DEM, which is fixed between
two identical cylindrical frames connected to the cylinder,
is sandwiched between two compliant electrodes with wires
connected to both sides of the DEM. It is easy to imagine that
the ball can drop from the top of the cylinder and impact the
DEM at the bottom after a free fall. It can be understood that
the energy conversion mechanism of this model is the same as
that of the impact-based DEGs such as the VI DEG, and the
impacts of this model provide a simplification for the impact
behaviors of the impact-based DEGs. Thus, using this model,
the energy conversion process of the DEM under impacts
can be analyzed and the energy conversion performances can
be studied quantitatively based on thorough theoretical and
experimental investigations. It should be first pointed out that
although the ball will impact the DEM several times due to
its gravity, we only consider the energy conversion process at
the first impact because the following impacts result in similar
energy conversion processes.
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Rebounded] Sta@ Ny
) {
FIGURE 2. The energy conversion process of the SSI model at the first
impact, including (a) the dropping process, (b) the largest deformation
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The (first) impact between the ball and the DEM can be
regarded as an inelastic impact with the energy exchange
within a short time. A complete impact process involving the
free fall consists of four stages, as shown in Fig. 2. At stage 1,
the ball of mass m drops from a given height H4 until it con-
tacts the DEM. During this stage, the gravitational potential
energy of the sphere is converted into kinetic energy. Stage 2
can be considered as a deformation stage, where the ball’s
contact force suffered from the DEM gradually increases
from O to its maximum value, and the ball’s velocity reduces
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to zero when the DEM reaches its largest deformation, which
is indicated by the largest deflection § of the DEM at its
center. During this stage, the whole kinetic energy and a bit of
gravitational potential energy of the ball are converted into the
elastic energy of the DEM with some inevitable energy dissi-
pation during the deformation. Meanwhile, an input voltage is
applied on the DEM to provide initial charges when the DEM
reaches its largest deformation. Stage 3 represents a recovery
stage where the elastic energy stored in the DEM is released.
A portion of the elastic energy is converted to the kinetic
energy of the ball when it detaches from the upper surface
of the DEM; another portion is used to overcome the electric
field force across the DEM and higher electrical energy can be
achieved; the rest is dissipated during the recovery. At stage 4,
the ball runs away from the DEM and reaches a maximum
rebound height Hg. During this stage, the kinetic energy of
the ball is converted into its gravitational potential energy.
In the following theoretical analysis, the charge leakage and
the air resistance are assumed to be ignored [54], and the
DEM is considered to be fully recovered at the end of each
impact. Thus, the energy conversion equations of the four
stages during one complete impact process can be obtained
according to previous analyses:

mgHy = %mvf, (1.1)
%mvi +mgs =E+T (1.2) 0
E+W,~=%mv§+T2+Wo+mg3 (1.3)
%mv,% = mgHg (1.4)

Here, v4 and vg are the impact and rebound velocities of
the ball; E is the largest elastic energy stored in the DEM;
T1 and T, are the energy dissipation during the deformation
and recovery stages, respectively; W; and W, represent the
input/output electrical energies of the SSI model.

In the following of this section, the electrical outputs
of the SSI model at the first impact, including the output
voltage, electrical energy increment, harvested energy den-
sity and harvested specific energy, are obtained through the
dimensional and electrical parameter analysis, and the energy
conversion efficiency is calculated by analyzing the energy
conversion equations. Thus, the energy harvesting mecha-
nism of the impact-based DEGs can be fully revealed.

B. PARAMETRIC ANALYSIS OF THE SSI MODEL

To study the electrical outputs of the SSI model at the first
impact, the dimensional parameters of the DEM at different
stages shown in Fig. 2 are analyzed first in this subsection.
The original area and thickness of the pre-stretched DEM
are A, = wR? and hy, respectively. At the largest deforma-
tion of the DEM shown in Fig. 2(b), the DEM achieves its
maximal area A, and minimal thickness /. The area can be
obtained by [55]

7(R? = (rpsinw)?)

coso

Ap =

+ 27rf(1 — cos ) )
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where R is the radius of the DEM, and r}, is that of the ball.
The value of « at the largest deformation is determined by &
and the system dimensions:
rp(ry — 8) + RV/R2 4 62 — 261
R+ (rp — 0)? 3)
sine =1 —cos2a (0 <a <90°)
Thus, the value of %, can be obtained accordingly:
7R%h,
Ap

The maximal capacitance of the DEM at one impact can be
further obtained [42]:

coso =

hp =

“

g0&rAp goerV

Cp — -
b hp h?

&)

where g = 8.85 x 107! is the vacuum permittivity;
V is the DEM'’s constant volume; &, is the DEM'’s relative
permittivity, which has been validated in [42] and is given
by [56]:

& =e(T,\)=a\’>+b/Te+c (6)

where Te is the environment temperature, and A is the
DEM’s pre-stretched ratio in terms of its radial direction;
a=—0.053, b = 638 K and ¢ = 3.024 are empirical
constants.

It can be seen from (4) and (5) that 4, and Cj, are governed
by Ap, which is a function of §. It should be noted that § at
each impact is related to the impact velocity and the material
stiffness, which is also influenced by the pre-stretched ratio.
These relationships will be studied through experiments in
the next section of this paper.

When the DEM recovers to its original shape after each
impact (see Fig. 2(c)), its capacitance changes back to:

eoerV

Co= =

@)
Here, the value of A equals to that of &,.

C. ELECTRICAL OUTPUTS AND ENERGY CONVERSION
EFFICIENCY OF THE SSI MODEL
By combining (1.2) and (1.3), the kinetic energy loss at the
first impact can be obtained:
1L oo 1 5
AK = SMVg — Mg = T+ AW )
where T = T + T represents the total internal energy dis-
sipation at the deformation and recovery stages of the DEM;
it should be noted that the value of T depend on the impact
velocity and largest deformation of the DEM when other
factors such as material type and temperature are given [57];
AW = W, — W; indicates the electrical energy increment of
the SSI model at the first impact.
Note that the values of v4 and vg have an intrinsic rela-
tionship of r = —vgr/v4, where r indicates the coefficient of
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restitution (COR) of the DEM at ball’s impact [58]:

2¢9H H
lzg R |Hr ©)
gHy  \ Ha

Hence, the kinetic energy loss can be also calculated as:

2 1 2

|
AK = Emv% — MR = SV, (1—7r?) (10)

During the recovery stage of the DEM, an input voltage U;
is applied by using an external power supply. A higher output
voltage can be obtained after the recovery stage:
0 UG, Uh? UA}

Up=—= = =
‘T C o C R A2

(11)

where Q0 = C,U; indicates the charges stored across the
DEM. Moreover, during the recovery stage, the DEM does
negative work to overcome the electric field force, thus pro-
ducing an electrical energy gain across the DEM. The electric
field force F(h) can be expressed as:

F(h) = QE(h) (12)

where £ is the thickness of the DEM during the recovery
stage, and E(h) the electrical field intensity, which can be
calculated as:

CyU;
Em =2 _ Ui, (13)
g0&,A eoerV

Substituting (5) and (13) into (12), F(h) can be further
written as:

F(h) = ——— (14)

Thus, the electrical energy increment during the recovery
stage can be obtained:

he he VU?h VUZ(h2 —h?
AW = F(h)th/ EréQ 8 i ah = EréoVU; (4 c h)
hy hp hb 2hb

15)

Notably, (15) can be also obtained from AW = CCUS /2 —
CyU?)2.

Furthermore, the harvested energy density ED = AW /V
(averaged harvested energy over unit volume) and harvested
specific energy SE = AW /M (averaged harvested energy
over unit mass) of the SSI model at the first impact are
defined, where M is the DEM’s mass that can be measured
by a weighing device. These two parameters combined with
the output voltage U, and the electrical energy increment AW
are regarded as the electrical outputs of the SSI model at its
first impact in this paper.

Finally, the energy conversion efficiency of the SSI model
at each impact can be further obtained:

AW C.U, — C.U,U;

n = x 100%
AK va(l —r2)

ereoVU2(h2 — W2
— ’042’(‘ 2b)x100% (16)
mhyvy (1 —r?)
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Here, two equivalent formulas are provided to calculate the
energy conversion efficiency. The first formula can be used
to calculate the energy conversion based on the experimental
data, while the second one is helpful to predict the energy
conversion efficiency theoretically.

It can be seen from the theoretical analysis that r and
§ are two key intermediate variables in calculating the
impact-based energy conversion performance. In this paper,
the calculating approaches for the values of r and & will be
obtained through experiments in the next section.

lIl. EXPERIMENTAL STUDIES

It has been stated in Section II that, to calculate the electrical
outputs and the energy conversion efficiency of the SSI model
at each impact, it is necessary to identify the values of r and §
through a set of experiments. Moreover, the output voltage at
one impact, which is the main output parameter to calculate
other electrical outputs and the energy conversion efficiency,
should be measured through experiments and compared with
theoretical results, thus verifying the reliability of the analyt-
ical model. The conducted experiments and obtained results
are presented detailed in this section.

In this work, all the DEM specimens used in experiments
were fabricated using VHB 4910 membranes (3M Corpo-
ration) with initial radius Ry = 10 mm and thickness
ho = 1 mm. The membranes were radially pre-stretched,
attached with copper sheets, clamped using two identical
home-made circular frames with inner radius of R = 6
mm, and coated with graphene electrodes (Tan Feng Tech-
nology) [45]. The basic parameters of the DEM specimens
are summarized in Table 1.

TABLE 1. Basic parameters of the specimen used in experiments.

Sample No. 1 2 3 4 5
A 2 25 3 3.5 4

ho (mm) 025 016 011 008 0.06

R@m 6 6 6 6 6

A. IMPACT EXPERIMENT

An impact experimental set-up, which is shown in Fig. 3,
has been proposed by the authors previously to study the
relationships of the membrane’s COR (r) and its largest
deflection (8) as functions of impact velocity [42]. In this
work, the proposed impact tests were further carried out
to fully study the influences of the pre-stretched ratio (A),
impact velocity (v4), and input voltage (U;) on these two
parameters (» and §). It can be seen from Fig. 3 that the
experimental set-up consisting of a ball (m = 3.5 g) and a
fixed pre-stretched DEM can be regarded as an SSI model
shown in Fig. 1. At each test, the drop height (H4) can
be controlled precisely by the electromagnet connected to a
crossbar, and the rebound height (Hg) of the ball at its first
impact can be measured by the camera. Thus, the value of r
can be calculated according to (9). Moreover, the deflection
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FIGURE 3. The schematic diagram of the impact experiment apparatus to
measure the COR and largest deflection of the DEM at impacts.

of the DEM’s center can be measured using a laser dis-
placement sensor (Panasonic HG-C1100), thus obtaining the
largest deflection at each impact. In this work, experiments
were conducted by setting different pre-stretched ratios A,
impact velocities v4 (produced by the different drop heights:
va = +/2gHy), and input voltages U;. To reduce the measure-
ment errors, five tests were conducted for every parameter set
and the measurement results are averaged accordingly.

First, the CORs of the DEM under different A, v4 and
U; are studied experimentally. The experimental results are
shown in Fig. 4. It can be seen from Fig. 4(a) that the COR
of the DEM presents an increasing trend as the pre-stretched
ratio increases when the impact velocity and input voltage are
constants. This can be explained that a larger pre-stretched
ratio results in smaller thicknesses during the deformation
and recovery process, thus decreasing the energy dissipa-
tion [59]. Therefore, a higher rebound height Hr can be
achieved and the COR is enhanced according to (9). Fig. 4(b)
demonstrates that the COR decreases as the impact velocity
increases with the rest parameters kept constant. This can
be easily understood that under a larger impact velocity,
which results from a higher H4, the DEM (which is a type
of visco-elastic material) will be deformed more and more
energy will be dissipated during the deformation and recovery
process, thus resulting in a lower rebound height Hr and
decreasing the COR according to (9). It is shown in Fig. 4(c)
that the COR also presents a decreasing trend as the input
voltage increases. The explanation of this trend will be pre-
sented later after we illustrate the relation between the input
voltage and the largest deflection.

To obtain the quantitative relationships between the COR
and these three parameters for further calculations of the
electrical outputs and energy conversion efficiency, the exper-
imental data is fitted using the Matlab software and the fol-
lowing equations are obtained under given parameters:

r(A) = 0.0618% +0.1427 (v4 = 1.4 m/s, U; = 2000 V)
(17
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r(va) = 0.5989¢ 131" 102241 (=3, U; = 2000 V)

(18)
r(U;) = —8.8979 x 107%U;4-0.3412  (A=3, v4=1.4 m/s)
(19)

Next, the largest deflections of the DEM under different A,
v4 and U; are studied. Fig. 5(a) presents the deflection of
the DEM against time, and the largest deflections under
different pre-stretching ratios are plotted in Fig. 5(b). It can
be seen from Fig. 5(a) that the impact time (the time interval
between two zero-crossing points of the curve) decreases
as the pre-stretched ratio increases. Fig. 5(b) shows that
the largest deflection of the DEM linearly increases as the
pre-stretched ratio increases. The relationship can be obtained
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by fitting the experimental data with §(1) = aX + b and the
following equation can be obtained under v4 = 1.4 m/s and
U; = 2000 V:

S(A) = 5.2738 x 10741 + 0.0025 (20)

Similar figures are presented in Fig. 5(c, d) for different
impact velocities and Fig. 5(e, ) for different input voltages.
In Fig. 5(c), it should be noted that to better present the
difference between the impact times and largest deflections,
only six sets of data were selected from all experimental data.
It is can be seen from Fig. 5(c) that the impact time behaves
almost like a constant under different impact velocities, and
Fig. 5(d) tells that the largest deflection of the DEM expo-
nentially increases as the impact velocity increases. Thus,
8(va) = aeP + ¢ is used to fit the experimental data
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and the following equation can be obtained under A = 3,
U; =2000 V:

8(va) = —0.0069¢ 034987 10,0083 (21)

One can see from Fig. 5(e, f) that both the impact time and
the largest deflection are kept constant under different input
voltages. This result indicates that the change of U; does
not affect § and total internal energy dissipation T when
other parameters are kept constant. As U; increases, we learn
from (15) that AW will increase. Thus, AK will increase
according to (8) and r will decrease according to (10), and
the increasing of the input voltage results in the decreasing
of COR, which accords with the thend of the curve presented
in Fig. 4(c).

B. OUTPUT VOLTAGE MEASUREMENT EXPERIMENT

The output voltage of the SSI model at one impact is a
key parameter to evaluate the system energy conversion
performance and further calculate other electrical outputs.
In this subsection, the output voltage measurement exper-
iments were conducted to verify the theoretical approach
of (11) in calculating the system output voltage. Moreover,
The energy conversion efficiencies are calculated based on
the experimental data and are compared with the theoretical
results, thus further verifying the proposed analytical model.

=

BOHER KV

power - Voltage 'R
| measuring ;"
|

-
I | circuit
Z_ ~

|

!
}Rz
|

SSI model

FIGURE 7. The schematic diagram of the output voltage measurement
system.

The output voltage measurement system and its schematic
diagram are shown in Fig. 6 and Fig. 7, respectively. This
system consists of an SSI model, a high-voltage power supply
(BOHER 71030P) providing input voltage, a diode prevent-
ing the charges flowing back to the power supply, a voltage
measuring circuit used to make the output voltage measur-
able, and a multi-meter used to measure the output voltages
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of the DEM. In Fig. 7, U; indicates the constant input voltage;
the resistances R; = 1 x 10° Q, and Ry = 1 x 10° €. Thus,
the output voltage of the DEG can be calculated as U, ~
1000U (R3), where U (R>) is the measured voltages across Ry
when the SSI model generates higher output voltage.

Based on the proposed output voltage measurement sys-
tem, the output voltages of the SSI model at the ball’s first
impact under different pre-stretched ratios, impact velocities,
and input voltages were measured and recorded, as shown
in Fig. 8. It is noted that to avoid the measurement error, each
test was carried out ten times, thus obtaining the averaged
output voltage with the error-bar indicating the maximum
and minimum output voltages. First, Fig. 8(a) shows the test
results of output voltages under different pre-stretched ratios.
In the tests the input voltage was U; = 2000 V and the drop
height was H4 = 100 mm (v4 = 1.4 m/s). One can see from
Fig. 8(a) that higher output voltages are produced, thus verify-
ing the effectiveness of the impact-based energy harvesting of
DE materials. It should be pointed out that due to the leakage
of the charge, the energy dissipation from the energy harvest-
ing circuit, and not compliant electrodes, etc., the measured
output voltages were oscillating and were smaller than the
theoretically predicted results [45]. However, it can be seen
from both experimental and theoretical results that the output
voltage increases as the impact velocity increases. This can be
explained through the analytical model that a larger A results
in a larger § (see Fig. 5(b)) and then a larger A, when other
parameters are kept constant, hence, a larger output voltage
can be achieved according to (11). Therefore, the feasibility
of the theoretical approach in analyzing the influences of the
impact velocity on the system output voltage is demonstrated.
Next, the system output voltages under different impact
velocities are presented in Fig. 8(b), where the input voltage
was U; = 2000 V and the pre-stretched ratio was A = 3.
Again, although the experimental output voltage is smaller
than the theoretical one, the same increasing trend of the
theoretical and experimental output voltages following the
increase of impact velocity, which results from the positive
correlations between the U,, Ap, § and v4 (See (11) and (21)),
verifies the feasibility of the analytical model in analyzing the
influence of the impact velocity on the system output voltage.
Last, in Fig. 8(c) the system output voltages under different
input voltages are presented, where A = 3 and H4 = 100 mm
(va = 1.4 m/s) were pre-set in the theoretical analysis and
experiments. It is found that the experimental output voltage
increases as the input voltage increases, and this trend accords
with the theoretical results, which can be easily understood
from (11). Thus, the feasibility of the analytical model in
analyzing the influence of the input voltage on the system
output voltage can be verified.

Moreover, the energy conversion efficiencies under dif-
ferent parameteric conditions are obtained theoretically and
experimentally and are presented in Fig. 8(d-f). It can be
seen from Fig. 8(d) that 5 increases as A increases. This
accords with our previous analysis that a larger A reduces
the energy dissipation during the deformation and revovery
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process, thus enhancing the energy conversion efficiency.
Fig. 8(e) tells that n presents a decreasing trend as vu
increases. This can be explained from our previous analysis
that a larger inpact velocity results in more energy dissipation
during the deformation and recovery process, thus decreasing
the energy conversion efficiency. Last, one can see from
Fig. 8(f) that n increases with the increasing of U;. This
can be easily understood from (16) that n and U; have a
positive correlation. However, it should be pointed out that
as U; increases, the difference between the theoretical and
experimental output voltages results in a higher difference
between the theoretical and experimental energy conversion
efficiencies (See Fig. 8(c, f)), which can be explained from
the square term of U, in (16). Overall, it can be seen from
Figs. 8(d-f) that, as the experimental output voltages are lower
than the theoretical ones, the energy conversion efficiencies
obtained from experiments are lower than those obtained
from theoretical analysis. However, the same trends between
the theoretical and experimental curves shown in Fig. 8(e-f)
demonstrate that the analytical model is suitable to analyze
the influences of different parameters on the system energy
conversion efficiency.

IV. SIMULATIONS AND DISCUSSION

In Section II, the calculation approaches for the electrical
outputs and energy conversion efficiency of the SSI model
at its first impact are derived. The determination method for
the parameters of » and § under certain impact conditions
are obtained in Section III, and the system output voltages
and the energy conversion efficiencies are measured through
experiments to verify the feasibility of analytical model.
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Thus, the influences of different parameters including the
pre-stretched ratio, impact velocity, and input voltage on the
impact-based energy conversion performance can be further
obtained through simulations. The simulation results, which
are obtained from the Matlab software, are presented and
analyzed in this section.

What should be first stated is that the following parameters
were given for the simulations in this section unless stated
otherwise:

A =3, Te=25°C, ¢ =4.69, v4g = 1.4 m/s,
U; =2000V, m=35¢g (22)

In this paper, the DEM specimens were fabricated using a
raw DEM with mass My = 0.75 g, radius Ry = 15 mm,
and thickness iy = 1 mm. Therefore, the effective mass and
volume of the specimen with radius R = 6 mm and thickness
h = ho/A? can be calculated as:

TR%h TR (ho/2%) 36
= a0 = 2 0= o5 Mo
7 Rgho 7 RGho (23)
V =nR’h="—"
)\2

A. INFLUENCE OF THE PRE-STRETCHED RATIO ON THE
ENERGY CONVERSION PERFORMANCE

We have learnt that the values of ¢,, r and § are affected
by A when other parameters are kept constant. Thus,
the pre-stretched ratio A must influence the impact-based
energy conversion performance, which is studied in this
subsection by calculating the electrical outputs and energy
conversion efficiency.
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The simulation results are shown in Fig. 9. It can be seen
from Fig. 9(a, b) that, as A increases, U,, AW, ED and SE
all increase when other parameters such as v4 and U; are kept
constant. It is easy to imagine that as A increases, the DEM
is easier to be deformed under impacts, thus producing a
larger & according to (20) and a larger area Aj, at the largest
deformation of the DEM. On the other hand, the initial area
A of the DEM is kept constant regardless of the value of A.
Thus, the output voltage U, increases according to (11) and
larger AW, ED and SE can be observed accordingly. These
results indicate that increasing A has a positive effect on the
electrical outputs of the model.

Fig. 9(c) demonstrates an increasing trend of n with
increasing A, which is beneficial for energy harvesting.
Although the energy conversion efficiency is not high under
the conditions with the given parameters, it provides a fea-
sible way to enhance the energy conversion efficiency of the
impact-based DEG by increasing the pre-stretched ratio of the
DEM to some extent.

B. INFLUENCE OF THE IMPACT VELOCITY ON THE
ENERGY CONVERSION PERFORMANCE

We have learnt from (18) and (21) that the impact veloc-
ity v4 affects the COR and the largest deflection of the
DEM, thus affecting the impact-based electrical outputs and
energy conversion efficiency. The detailed influences are
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presented in Fig. 10 through several simulations. It can be
seen from Fig. 10(a, b) that as v4 increases, all electrical
outputs increase. These results can be explained from (21)
that the higher the impact velocity v4 the higher the deflection
6 and the thinner the thickness #/p, thus producing a higher
output voltage U, according to (11). Higher AW, ED and SE
have been obtained accordingly.

On the other hand, the energy conversion efficiency 7
drops when v, increases, as shown in Fig. 10(c). Although
more electrical energy can be gained from a higher impact
velocity, the energy conversion efficiency may decrease due
to the increase of the kinetic energy loss. This should be taken
into account in the further design of the impact-based DEGs
especially on the occasions for high expected efficiency.

C. INFLUENCE OF THE INPUT VOLTAGE ON THE ENERGY
CONVERSION PERFORMANCE

Last, the influence of the input voltage U; on the impact-based
energy conversion performance is studied through numerical
simulations. The simulation results are shown in Fig. 11.
It can be seen that all electrical outputs increase as the input
voltage U; increases. It can be seen from Fig. 5(e, f) that U;
has nothing to do with § and also A;,. Thus, Uj is the only factor
to affect the output voltage U, according to the first equation
of (11). Thus, the higher U, the higher AW, ED and SE can
be obtained under the increasing input voltage U;.
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Moreover, Fig. 11(c) tells that U; has a positive effect to
enhance the energy conversion efficiency of the DEG. It can
be learnt from (19) that higher U; results in lower r. Thus,
a higher n can be obtained through (16). This provides a
possible solution to enhance the energy conversion efficiency
of the impact-based DEGs.

V. CONCLUSION

In this paper, a single-sided impact (SSI) model based on
the free fall of a rigid ball was proposed to study the
energy conversion mechanism and performance of a type of
impact-based dielectric elastomer generators (DEGs). The
impact-based energy conversion mechanism was revealed
first by analyzing the energy conversion process according to
energy conservation law, and the electrical outputs (including
the output voltage, electrical energy increment, harvested
energy density, and harvested specific energy) and the energy
conversion efficiency were further derived. These parameters
can provide reasonable indexes to evaluate the energy conver-
sion performance of the proposed model. To calculate these
indexes quantitatively, several key parameters, including the
coefficient of restitution (COR) and the largest deflection at
impacts, were determined through the impact experiments.
It was found that the values of the COR and the largest
deflection were decided by the pre-stretched ratio, impact
velocity, and input voltage, and the empirical expressions
to calculate their values were obtained. Thus, the electrical
outputs and the energy conversion efficiency of the system
were further obtained. Moreover, the output voltage measure-
ment experiments were conducted to verify the theoretical
approach in analyzing the system’s electrical responses and
the parameters’ influences. Furthermore, the influences of the
pre-stretched ratio, impact velocity, and input voltage on the
energy conversion performance of the proposed SSI model
were presented through simulations. It can be learnt that the
appropriate adjustments of the above-mentioned parameters
can enhance the system energy harvesting performance, thus
benefiting the design and optimization of the impact-based
DEGs under specific vibrational environments in the future
work.
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