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Abstract: Power generators using dielectric elastomer (DE) transducers are inexpensive, highly efficient, lightweight, stackable, and also easy to
install. Therefore, it is considered optimal for an eco-energy society and is attracting attention as a renewable energy device. In particular, DEwave
power generators are characterized by the fact that it is not limited by the direction and size ofwaves, which is a problemwith existingwave power
generation. This paper presents an accurate method for measuring the energy generated by a DE generator (DEG) and compares it with the theory
value obtained by calculation. The electrode materials actually used in this study were a variety of carbon-based materials (including muti-wall
carbon nanotube and singe-wall carbon nanotubes), and the performance of DEs using these materials was compared. Furthermore, ocean
experiments in actual sea areas using DEG were also conducted, and the energy conversion rate was calculated based on the electrical results.
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1. Introduction

Electroactive polymer (EAP) artificial muscles are actuators
that use electrical control to achieve movements that are similar to
natural muscles. Those are often made of soft materials and are
known as flexible actuators because of their soft movement. EAP
artificial muscles can generally be classified into three categories:
dry (electric field-responsive) types [1–3], wet (ionic) types
[4–11], and other types [12–15]. In dry types, DEs attach
electrodes to the upper and bottom of a polymer, and they are
deformed using Coulomb force [1], and piezo polymers utilize
piezoelectric phenomena [2, 3]. Wet types include those that use
the movement of water molecules and ions within an elastomer
[4, 8], those that combine an electrolyte membrane and thin metal
electrodes [5–7], ionic polymer gels [9, 10], and carbon nanotubes
[11]. Other types do not need electricity to deform, but they can
use air, light, change in pH, heat, and magnetism to drive them
like muscles [12–17]. For example, liquid crystals can be used to
change the structure of polymers (using liquid crystals) [12].
These were classified as EAPs in this study.

The most promising of these is dielectric elastomer (DE), which
is highly expected to be used as an actuator (DEA) [1, 18–22], sensor
(DES) [1, 23–27], and generator (DEG) [1, 22, 28, 29]. Therefore, in
recent years, many researchers have been conducting research and
development on various fields including elastomer materials and
their improvements for DEs [1, 22, 30–33], electrode materials
[1, 22, 34, 35], high-voltage circuits, systems that combine them
[1, 22, 28, 36–40], and their applications [1, 18, 22, 41–53].

Incidentally, DE is a transducer technology invented in the late
1990s by Chiba et al. at Stanford Research Institute, USA (SRI) [54].

A DEG is different from typical electromagnetic induction
power generation systems in that it uses electrostatic energy,
which only functions as electrical energy only when a charge is
flowing. To operate as a generator, electrostatic energy must be
converted into electrical energy only when it is at its maximum.
For example, static electricity energy is a high voltage, and the
inability to accurately measure the voltage using ordinary
measuring equipment is thought to be a major barrier. Thus, the
impedance of the experimental setup and measurement systems is
a key factor for accurately measuring the voltage and current.

In this study, the energy generation performance of four types of
carbon-based electrode materials was compared, and an ocean power
generation experiment was conducted using a buoy in an actual sea
area using the electrode with the best performance. In addition, the
energy generation value (J) theoretically calculated from the
calculation formula was compared with the actual value measured
using a system that could accurately measure the DEG output, and
it was shown that the theoretical value could easily indicate the
performance of the DEG.

2. Comparative Study of the Energy Measurement
Value from the DEG and the Value from the
Theoretical Formula

In this section, after the background of DE is briefly described,
the DEG energy generation measurement method is considered, and
the energy generation data obtained by driving theDEG are obtained.
Subsequently, a theoretical calculation method for the amount of
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energy generated was devised. The measured values were compared
with the theoretical values.

2.1. Background of DEs

Asmentioned above, DE has a structure in which a thin polymer
film is inserted between the expandable and contractible electrodes.
When a potential difference is applied between the electrodes, static
electricity causes the polymer film to shrink in the thickness direction
and expand in the surface direction.

A significant feature of DE is that it can generate electricity by
reversing the operating cycle of the DEA. That is, by distorting the
elastomer, static electricity is generated and the elastomer itself
becomes a capacitor. Microscopically, the elastic force of the
elastomeric membrane pushes out the charge toward the
electrodes (the membrane thickness increases in the contracted
state), and the distance between each charge on the electrode
decreases (the planar area of the electrode decreases in the
contracted state). This change in charge increases the voltage
difference, which results in increases in electrostatic energy.

Because this energy generation phenomenon does not depend
on the speed of deformation of the DEA, DEG can easily utilize
the vertical motion of waves, gentle flow of rivers, and vibrations
generated by vehicles, buildings, etc., which have not been used
much until now (see Figure 1) [22].

1) DEG systems in which obtained electric power is consumed
locally:
(a) Wind DEGs (including those installed on roofs of a building).
(b) Water mill DEGs.
(c) Waste energy DEGs.
(d) Drain generators.
(e) Wind DEGs for personal houses.
(f) Solar DEGs.
(g) Coastal type wave DEGs.
(h) Water flow DEGs.
(i) Ocean thermal energy conversion (OTEC) systems using DEGs.
(j) DEGs from vibrations (including power generation from
vibrations caused by cars on roads and shaking of structures)

2) Huge DEG systems which are constructed on/in ocean.
(k) Wave DEGs on/in ocean.
(l) Hydrogen production site operated by the power of DEGs

2.2. Measurement of energy generated from DEG

As mentioned above, the DE generates electricity by moving in a
direction opposite to the actuation in the generation. Charge appears on
the elastomeric film when it was stretched (high capacitance). When

this film contracts (low capacitance), the elastic forces of the
elastomer act against the electric field pressure, increasing electrical
energy. This charge in change increases the voltage difference,
which in turn increase the amount of electrostatic energy [1].

The capacitance C of the elastomer membrane can be written as
follows.

C ¼ ε0 � εA=t ¼ ε0 � ε � b=t2 (1)

where ε0 is the permittivity of free space, ϵis is the dielectric constant
of the elastomer membrane, A is the moving area of the elastomer
membrane (i.e., the area of the variable capacitor), T is the
thickness, and b is the volume of the membrane. In Equation (1),
the volume of the elastomer is essentially unchanged, therefore
At = b = const. The amount of electricity generated by a DE per
cycle of expansion and contraction is related to the change in the
capacitance of the DE and is expressed as follows.

2¼ 0:5C1V
2
b

C1

C2
� 1

� �
(2)

where C1 and C2 are the capacitances of the DE in the stretched and
contracted states, respectively, and Vb is the bias voltage.

Considering the change with respect to voltage, the chargeQ in
the DE can be considered constant in the basic circuit over a short
period. Because V = Q/C, the contracted state voltage V2 can be
written as follows when the stretched state voltage V1 is used.

V2 ¼
Q
C2

¼ C1

C2

� �
Q
C1

� �
¼ C1

C2

� �
� V1 (3)

Because C2 < C1, according to the energy theory proposed by Chiba
et al., the voltage in the contracted state is higher than that in the
stretched state [22]. These results were confirmed experimentally.
As described above, a DEG generates electricity by discharging
electricity when it is pushed in and discharging it when it is
released. According to Equation (2), the larger the difference
between C1 and C2, that is, the difference between the capacitance
when stretched and the capacitance when contracted, the more
power is generated; therefore, the smaller the thickness t of the
elastomeric membrane, the large the capacitance. Thus, the larger
the capacitance and the higher the rate of change during
contraction, the greater is the amount of power generation.

The energy (2) delivered by DEG can be calculated using the
above formula by following steps [22].

1) The voltage (V2) between the electrodes of the upper and lower
sides of the DEG in the contracted state was measured for each
wave frequency using an oscilloscope (see Figure 2).

Figure 1
Examples of locations where DE power

plants could be constructed

a)

b)

c)

d)

e)
f)

g)

h) i)

k) & l)

j)

Figure 2
Circuit for measuring the DE voltage at a contracted state

DEG

High Voltage 
Probe

High Voltage
Power Supply

Oscilloscope
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2) The capacitance (C2) of the transducer in the contracted state is
measured with a multimeter (see Figure 3).

3) Using the values of Equations (2) and (3), and C2 and V2, the
amount of energy generation is calculated as follows:

a. The relationship C1=V2C2/V1 is obtained from Equation (2) (4)
b. Subsequently by introducing C1 into Equation (3), the

generated electric energy can be obtained:

2¼ 0:5V 1V 2C2 V 2=V 1ð Þ � 1f g (5)

c. Using Equation (5) and the values of C2 and V2, the energy
generated at the frequency of each wave of the transducer
can be calculated.

The structure of the diaphragm-type DEG used in the experiment to
measure the amount of energy generated using the DEG and a
discussion on the power generation are described below.

A diaphragm-type DEG has the shape shown in Figure 4(a) and
is pushed by an external force (pushing by hand) to generate

electricity [22]. A photograph of this device and its cross-section
are shown in Figure 4(b) and (c), respectively.

In this experiment, carbon black, MWCNTs (made in China),
and SWCNTs (ZEONANO®-SG101) were used as electrodes. In
addition, the above SWCNTs were separated using a swing rotor
ultracentrifuge (S52ST, Hitachi Koki) to obtain “selected
SWCNTs” [1]. The separation was performed at 52,000 rpm for
24 h. Thus, SWCNTs with small diameter were selected.

To facilitate electrode fabrication, a CNT solution for spraying
was prepared by mixing dispersed CNTs with a binder. The CNT
dispersion was prepared by first adding CNTs and a 2 wt% sodium
cholate solution to a dispersion medium and then dispersing the
CNTs using an ultrasonic homogenizer [27]. This solution was
placed in a spray can and used as a spray. The carbon blacks were
dissolved in MEK. These carbon-based materials were sprayed to
create electrodes with a thickness of 50 μm. The diameter of these
DEGs was 8 cm (see Figure 4(a) & (b)), and the elastomer used was
acrylic (3MVHB4910). The weight of the acrylic membrane was 2.8 g.

The usage of electrodes with good conductivity drastically
improved the energy generation performance of DEs, as shown in
Table 1.

2.3. Energy values from theoretical formula

First, the parameters required to calculate the amount of energy
generation are the surface areas A and the membrane thickness t
according to Equation (2). As shown in Figure 4(c), the inside of
the diaphragm DEG has a push part and an elastomer membrane
part, and the elastomer membrane is in the shape of a disk with a
hole in the center (see Figure 3). First, the size of the elastomer
(see Figure 5) and the surface area A0 of the elastomer membrane
inside the diaphragm generator are determined. The formula for
calculating A0 can be expressed as follows.

A0 ¼ π R2 � r2ð Þ (6)

In addition, in the cross-section of the elastomer at the bottom of
Figure 4, the surface area of the elastomer membrane when the
generator switch is pushed in by d mm is expressed by Equation (7).

Figure 3
Circuit for measuring the capacitance of a DEG at a contracted

state

Digital Multimeter

DEG

12345.000 nF

Figure 4
Diaphragm-type DEG device. (a) A photograph of diaphragm-type DEG. (b) A photograph of this device. (c) Its cross-section

a photograph of diaphragm-type DEG  a photograph of this device

its cross section

DE cartridge

Acrylic insulation 
case

Acrylic rod: φ40mm

Charging circuit 
for small DEG

DEG unit

DE

(a) (b)

(c)
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Ad ¼ π Rþ rð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� rð Þ2 þ d2

q
(7)

The stretching ratio λd is introduced here:

λd ¼ Ad

A0
¼ π Rþ rð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� rð Þ2 þ d2

p
π R2 � r2ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� rð Þ2 þ d2

p
R� r

(8)

When the stretching ratio λd is introduced, the volume b of the elas-
tomer membrane is constant; thus, td becomes:

td ¼
b
Ad

¼ b

π Rþ rð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� rð Þ2 þ d2

p ¼ b� A0

A0 � Ad
¼ t0 �

1
λ

¼ R� rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� rð Þ2 þ d2

p � t0 (9)

Substituting this result into Equation (1), the capacitance Cd is

Cd ¼ ε0ε �
Ad

td
¼ ε0ε �

A0λ
2

t0
¼ ε0ε �

A0 R� rð Þ2 þ d2ð Þ
t0 R� rð Þ2 (10)

This results in

Cd

C0
¼ λd

2 (11)

and is found and substituted into Equation (2) along with the result of
Equation (10), the equation for the generation amount becomes as
follows.

2d ¼ 0:5� CdV2
b λd

2 � 1ð Þ (12)

According to Equations (11, 12) becomes

2d ¼ 0:5� C0V
2
b λd

2 λd
2 � 1ð Þ (13)

From the above, it can be seen that the power generation amount2d is
proportional to the λd to the fourth power. In addition, because λd

2 is
proportional to d2, the energy generation2dis proportional to d to the
fourth power.

The data for the calculation are shown below.

ϵ0= 8.85 × 10−12

ϵ= 4.8
t0= 0.16 mm
d= 12 mm
R= 80 mm
r= 40 mm
d0= 12 mm
Vb= 3000 V

As a result of the calculation using the above values, the actual
measured and theoretical values almost matched (see Table 1 and
Figure 6).

2.4. Consideration regarding the structure
of diaphragm-type DEG and its energy
generation amount

The structure of the diaphragm-type DEG used in this research
and experiment, as well as its measured electrical capacity and
theoretical values, is discussed below.

As shown in Figure 6, if this method is used, it is possible to
predict the amount of energy generation to some extent for small
diaphragm types. When the load was small, it matched the
measured value; however, as the external force (load) increased,
there were some errors with the measured value. This is because
the accuracy of the formula for calculating the thickness of the
DE during deformation was low, which affected the stretching
ratio. In addition, we did not take into account the differences in
the electrode materials used in the experiment.

When a DEG generates electricity, it is important to know how
much the membrane deforms in the vertical, horizontal, and torsional

Table 1
Comparison of measured values and theoretical values

Electrode type
Energy

generated (mJ)
Theoretical
value (mJ)

Carbon black 45.68 45.77
MWCNT 74.11 74.79
SWCNT 105.06 105.88
Selected SWCNT 136.58 137.65

Note: The above SWCNTs were furthermore separated using a swing
rotor ultracentrifuge to obtain selected SWCNTs. The theoretical energy
generation yields of MWCNTs, SWCNTs, and selected SWCNTs are
explained in Section 2.4. Consideration regarding the structure of
diaphragm-type DEG and its energy generation amount (actually
measured values and theoretical values).

Figure 5
The cross-sectional view of the elastomer
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directions as well as how much the membrane thickness changes.
Incidentally, the t0 of the drape DEG with a diameter of 260 mm
and a height of 120 mm created four years ago by authors was
0.19 mm, while the t0 of the diaphragm DEG created this time
was 0.16 mm [22]. That is, it is 1.19 times the t0 of the draped
DEG. In the case of d, the draped DEG is 60 mm, while the d of
the diaphragm DEG is 12 mm, so the d of the draped DEG is 5
times larger. In other words, the drape is 5.95 times larger than
the diaphragm in total. For comparison with the diaphragm DEG,
the energy data of a draped DEG with a diameter of 260 mm and
a height of 120 mm are shown in Table 2 [22].

Compared with the diaphragm-type data in Table 1, the values
of carbon black, MWCNT, SWCNT, and selected SWCNT are about
6 times higher, which is almost the same as the values above.
Because there is still little comparative data, it is difficult to draw
a clear conclusion, but the values of t0 and d are considered to be
promising factors for estimating the theoretical amount of energy
generated. Based on these results, the theoretical amount of
energy generated by the diaphragm DEG with a CNT electrode is
shown in Table 1. The results were almost the same as the actual
measured values.

Furthermore, as the DEG size increases, the film may not return
uniformly during the process of returning to its original length/shape.
In the future, it will be necessary to verify the size of the DEG
membrane and its energy generation performance. In addition,
DEGs have various shapes, such as diaphragm, drape, sheet,
folding, and roll shapes; therefore, developing calculation methods

tailored to these shapes will be extremely useful in the future
development of business devices using DEGs.

As mentioned above, one way to increase the energy production
of a DEG is to choose a material with higher conductivity of the
electrodes. A comparative experiment was conducted using carbon
black, MWCNT, SWCNT, and selected SWCNT, and it was clear
that the amount of energy generated increased in the order of higher
conductivity (see Table 1). Carbon grease has been used as an
electrode, but it is not very impressive. However, during
experiments, grease sometimes leaks, which poses a major durability
problem [27]. In addition, its conductivity was much lower than that
of carbon black. In this experiment, we successfully sprayed various
carbon materials using optimal dispersion solvents. Using this spray,
electrodes of any shape can be fabricated. Furthermore, the electrode
can be applied to a considerably thinner thickness. In this
experiment, it was set as 50 μm. The thinner electrodes deform with
less external force, which increases the amount of power generated.
Recently, research has been conducted using liquid metal for DE
electrodes; however, in this case, as with grease, there are concerns
that if the experiment is repeated several times, there will be leakage
or damage to the electrodes owing to high voltage.

In this experiment, a swing rotor ultracentrifuge to further
separate the SWCNTs was used and obtain “selected SWCNTs”
with even more conductivity. This was performed to obtain
smaller diameter CNTs, and the resulting SWCNTs were 1–2 nm.
When thinner diameters of CNTs are applied, the dispersibility of
CNTs as electrodes increases, and it seems that they can function
satisfactorily as electrodes even if they are significantly deformed.
Cylindrical materials such as CNTs can produce larger changes
because they are more likely to be in contact with the materials
even when stretched. The selected SWCNTs are CNTs with a
thinner diameter, and the SWCNT density in the electrode is
thought to be higher than the SWCNTs mentioned above. Thus,
there is a high possibility that they will be in contact somewhere,
even if they are stretched significantly. The above mechanism can
be explained as follows using a carbon black electrode as the
example [1]. Figure 7 shows the photograph of a DEA using the
carbon black as an electrode, with (a) the power OFF and (b) ON.
As shown in the schematic diagram of Figure 8, the power is off,
so the electrode is not pulled. Therefore, light does not pass
through. In the operating state, the electrode is pulled, and a
certain amount of carbon black particles are pulled away, so the
light passes through those parts. However, not all the particles are
separated, so it functions as a DEA. 3M/4905 is used in this
DEA, and the thickness of the electrode is very thin at 40 μm.

However, the DEG film is already very thin, and there is
currently a limit to the amount of change in t due to external
force; therefore, a smart way to ensure power generation is to
incorporate multiple elastomer membranes in inside the DEG. The
four DEGs were grouped together in one layer in this experiment.
This method is convenient, but if too many devices are stacked,
the force driving the DEG will increase considerably. Therefore,
in case where the external force is not very large, it is better to
distribute devices with a reduced number of stacked layers.

In this experiment, only 3M acrylic was used as the elastomer.
This acrylic material is softer than other commercially available
elastomers and can generate large deformations (power
generation) even with small external forces [27]. Currently,
various elastomers are being synthesized; however, 3M’s
elastomer appears to show the best results to date. Hydrogen
nitrile rubber (HNBR) is also an interesting material, but its
elongation should be slightly improved while maintaining its
strength [1].

Figure 6
Comparison of measured DEG energy generation amount (red

line) and theoretical value (blue line)

Table 2
Difference in energy obtained when changing the electrode

material

Type of electrode Energy obtained [mJ]

Carbon black1 274
Multi-walled carbon nanotube 445
Single-walled carbon nanotube 630
Selected SWCNT1 819

1 Carbon blacks and MWCNTs are manufactured in companies in the
United States. SWCNTs used were ZEONANO®-SG101, and Selected
SWCNTs were created based on the SWCNTs.
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In addition, there is still much to be investigated, such as the
optimal voltage and pre-stretch for each material, and future
research and development will be expected.

3. Applying DEG to Marine Experiments in Actual
Sea Areas

Using the DEG used in the above experiment, we conducted a
power generation experiment in an actual sea near an aquaculture raft
on the coast of Sakaide City, Kagawa Prefecture in Japan (Figure 9).
Sakaide is located at these coordinates: (34°22'49.1"N 133°55'18.3"E).

Figure 10 shows the handmade buoy used in the experiment.
The float used in the experiment was made of urethane foam and
measured 320 mm × 270 mm × 100 mm. A power generation unit
consisting of a diaphragm DEG incorporating 1.4 g of acrylic
(3M VHB4910) DEG moving vertically in response to waves

was positioned in the center of the buoy on the water surface
(see Figure 10). An acceleration, gyro, angle, and geomagnetic
9-axis sensor (using MPU9250) was incorporated into the buoy,
and a simple displacement amount was determined from the
acceleration. This displacement amount was calculated by
double integrating the measured acceleration. The standard
gravitational acceleration was taken as 9.8 m/s2. The frequency
was also determined by Fourier analysis. However, in this
experiment, the buoyancy of the floating body was insufficient;
therefore, it was not possible to use the above system with four
DEGs. Increasing the number of DEGs requires an increase in
the capacitor size of the measurement electrical circuit. In
addition, because four cases are required to store the DEG, the
only option is to reduce the weight. Therefore, we decided to
use only two DEGs. The electrodes of this DEG were fabricated
using the selected SWCNTs. The DEG has a maximum energy
production capacity of approximately 68.29 mJ per stroke. This
is because the weight of the DEG used here was 1.4 g, which is
half the weight of the DEG shown in Table 1. Incidentally, the
external force required for maximum energy generation output
was 22.54 N. A buoy was moored from a boat anchored near the
raft (Figure 11).

In addition to the DEG, this buoy was equipped with
acceleration, gyro, angle, and geomagnetic 9-axis sensors. The
wave observation results (displacement and frequency obtained
by 3-axis synthesis) are shown in Figures 12(a) and (b). The
Fourier analysis conditions were the number of data(n) = 256
and time step(dt) = 0.1 s. Furthermore, the maximum frequency
of the synthesized displacement amount was 0.98 Hz. The
maximum energy generation amount was 39.767 mJ when the
wave height was 3 cm and the wave period was 0.98.

Figure 8
A state in which carbon black particles are lined
up as an electrode on the elastomer and the state

in which the elastomer is being elongated

Carbon black particles

Elastomer Elastomer

Light

Figure 9
Photo of aquaculture raft

Figure 10
The handmade buoy used in the experiment.

Having the size of 320 mm × 270 mm × 100 mm

Acceleration/gyro/angle/geom

agnetic 9-axis sensor (using 

MPU9250)

Z

X

Y

Figure 7
Light transmittance change of a DEA using carbon black. (a) Power off. (b) Power on
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3.1. Consideration of data obtained from buoy
power generation in the ocean

Themaximumenergy generation obtained in this experiment was
39.767mJ using two DEGs, when the wave height was 3 cm. This was
because the four DEG devices used in the above experiment could not
be used because of the buoyancyof the floating body used in this study.
First, to increase the amount of energy generated by this system, it is
necessary to provide sufficient buoyancy relative to the weight of the

DEG system. In addition, in this experiment, a 20 kg weight was
simply sunk to the seabed and the weight was linked to the DEG
inside the buoy; however, in order to reliably obtain electricity from
the power of the waves, it is necessary to properly anchor it to the
seabed using a mooring wire. Alternatively, the amount of energy
generation can be increased by installing a sufficiently large plate
under the buoy and connecting the plate and DEG with a mooring
wire (see Figure 13) [22].

As Miyazaki et al. pointed out, existing wave power generation
systems are limited by the direction and size of waves [55], but DEG
buoy power generation can generate electricity with waves as small as
3 cm. Because of its shape, it can handle waves in all directions. One
point is that in the case of buoy power generation, it is necessary to
consider the arrangement of buoys. This is because waves can
cause interference between buoys, thereby reducing the power
generation capacity. To avoid this, it would be better to use an
oscillating water column (OWC) that incorporates a DEG instead of
a buoy (Figure 14) [1, 22, 53]. In this ocean experiment, a weight
of 20 kg was attached to the buoy and sunk to the seabed. Thus, it
is believed that the shape of the seabed affects the power generation
performance of the buoy (including the case of attached plates
shown in Figure 13) or the OWC. Srinu et al. evaluated the effect
of seabed undulations on the efficiency of an OWC device [56].
Mohapatra also investigated the hydrodynamic performance of a
shore-fixed OWC device in the presence of convex, concave, and
sloped step-type bottom profiles is investigated [57].

Even if a large number of OWCs are placed in the front, back,
left, and right, there is a collector; therefore, the DEG can generate

Figure 11
The buoy moored to a small boat floating next to the raft

Figure 12
Wave observation results. (a) Displacement amount. (b) Frequency obtained by 3-axis synthesis
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electricity without being affected by the surrounding environment
(see Figure 14(b)).

Based on the above experimental results, the energy conversion
rate was calculated as follows. The average wave energy per unit
width (2) was obtained by adding the potential energy (2ρ) to the
kinetic energy (2κ):

2¼ 2ρ þ 2κ ¼
1
8
ρgH2 (14)

where ρ is the density of water (999.97 kg/m3), g is the gravitational
acceleration (9.8 m/s2) and H is the wave height (m). Because the
average wave energy in a wave period (W) corresponds to the wave
power, it can be expressed by Equation (15) bymultiplying the group
velocity of wave (CG) and wave energy (2):

W ¼ ρgH2

8
� σ
k
� 1
2

1þ 2kh
sinh 2kh

� �
¼2 CG ¼2 CG (15)

where n is the fraction of the group velocity of the wave (Cg) against the
phase velocity of the wave (C), which is expressed by Equation (16):

n ¼ CG

C
¼ 1

2
1þ 2kh

sinh 2khð Þ
� �

(16)

where h is the water depth (m) and k is the wave number (m–1). k is
expressed by the following equation:

k ¼ 2π
L

(17)

where the wavelength (L) is expressed by Equation (18):

L ¼ gT2

2π
tanh 2π

h

L

� �
(18)

where T is the wave period (s).
The wavelength (L) can be approximately expressed by

Equation (19):

L � gT2

2π
tanh 2π

ffiffiffiffiffiffiffiffi
h

gT2

s
1þ

ffiffiffiffiffiffiffiffi
h

gT2

s !( )
(19)

The phase velocity of the wave ((m/s)) is expressed by Equation (20):

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

k
tanh kh

r
(20)

The group velocity of wave (Cg (m/s)) can be expressed by the
following Equation (21) by using Equations (16 and 19):

CG ¼ C � 1
2

1þ 2kh
sinh 2kh

� �
(21)

The water depth (h) of the experimental sea area was 3 m. The wave
height and period are 0.03 m and 0.98 s, respectively. The energy of
the wave per unit width (W) was based on the above experimental
results, the energy conversion rate was calculated as wave energy for
the floating body width is 5.72 W/m × 0.32 m= 1.83 W.

For the experimental condition of the wave height is 0.03 m and
the wave period is 0.98 s, the electric energy generation (2G) is
39.767 mJ. As a result, the electric energy (WG) was WG= 39.767
mJ/0.98 s= 40.579 mW. Thus, the energy conversion efficiency
(η) is η= 40.579 mW/1.83 W= 0.02217 (2.217%). It is concluded
that 2.217% of wave energy is converted to electric energy in the
experiment for the wave height of 0.03 m and the wave period is
0.98 s. This means that, theoretically, placing 45 more DEGs per
meter could absorb 100% of this wave energy and convert it into
electrodes. The size of this DEG is small enough, so a large number
of DEGs can be installed, and it can generate electricity 24 h a day,
365 days a year; if it is stored in a secondary battery, a considerable
amount of electricity can be used.

As mentioned above, the energy conversion efficiency of the
DEG is relatively small compared to the wave energy. However,
the maximum energy generation capacity of the DEG was 68.29 mJ
and 39.767 mJ at a wave height of 3 cm. Therefore, the energy
generation efficiency of the DEG is 58.2%. In another experiment
conducted by the authors using a wave tank 30 m long, 0.6 m
wide, and 1.5 m deep, 90.6% was recorded at a wave height of
6 cm [54]. By the way, the champion data for LNG-fired power
generation were 63.6% achieved by Tohoku Electric Power in 2023
[58]. However, existing wave power generation systems are limited
by the direction and size of the waves, and the systems are
complex, making construction costs very high. As Adderlini et al.
pointed out, the levelized energy cost of the existing system has not
yet reached a level that can compete with fossil fuel power plants
[59]. In other words, the power generation efficiency is still low.
Recently, the Hiratsuka Wave Power Plant in Japan claimed to have
achieved 50% efficiency when waves were 150 cm high [60].

Figure 13
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However, this can only be achieved if the waves are set to strike the
reflector perpendicularly. The system uses a wave reflector that rocks
back and forth with the energy of the incoming waves, driving a
hydraulic cylinder that drives a permanent magnet generator, which
converts the energy into electrical energy.

4. Conclusion

In this study, a comparison was made between the energy
generation value theoretically calculated from the calculation
formula and the actual value measured using a system that can
accurately measure the DEG output. It was found that the
theoretical value can also almost indicate the performance of the
DEG. In addition, the energy generation performance using four
types of carbon-based electrode materials (carbon black,
MWCNT, SWCNT, and selected SWCNT) was compared and the
electrode with the best performance was used on a buoy in the
actual sea. As a result, an offshore power generation experiment
was conducted, and its usefulness was demonstrated.
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