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Abstract: From 2007 to 2015, we installed DE (dielectric elastomer) generators on a buoy, and succeeded in a demonstration of 
power generation at sea. In 2011, we also pointed out that DE generators could be useful for ships for the first time in the world. 
Using the know-how obtained at that time, we have recently developed an innovative wave-power generator for small ships, which 
can generate electric power by the rocking movement of the ship. Mounting this device on a model ship, we carried out a 
demonstration experiment of the power generation in a wave-generation water-tank to verify its feasibility for practical use on a real 
ship. And 48% of wave energy (gross value) can be converted to electric energy, suggesting the realization of fairly high efficiency 
power generation, compared with the efficiency of the existing wave generators. 
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1. Introduction  

In recent years, the worldwide concern for 

environmental problems such as global warming has 

been growing, and research and development toward 

the practical use of new energy sources or alternatives 

to fossil fuels has been promoted in the world. 

Especially, the wave power generation has attracted 

attention as one of useful utilization methods for 

ocean energy [1]. However, the conventional wave 

generators are large, expensive, and unable to 

efficiently generate electric power with small 

amplitude waves, limiting their widespread usage 

[2-4]. To solve these problems, wave-power 

generators, using DE (dielectric elastomer), installed 

on the buoy were developed [4, 5]. DE transducers are 

elastomeric materials that enable electric power 

generation by their expansion and contraction. It was 

also pointed out that DE generators could be useful for 
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ships for the first time in the world in 2011 [6]. 

This paper discusses the feasibility for practical use 

on a real ship using DE generators. 

2. Background on DE 

DEs are a new transducer technology that has been 

began an investigation by R. Pelrine, S. Chiba et al. in 

1991 [7]. DE is based on a very simple structure 

comprising an elastomer sandwiched between two 

stretchable electrodes [4, 5, 8]. As the term “artificial 

muscle” implies, DE is often used in the actuator 

mode, which utilizes the coulombic attraction forces 

that occur between the electrodes to deform the 

elastomer. The DE film can be made using several 

well-known techniques including spin coating, dip 

coating and casting [5, 9, 10]. 

More recently, the use of DE in the reverse mode, 

in which deformation of the elastomer by external 

mechanical work is used to generate electrical energy, 

has been gaining more attention (Fig. 1) [10]. 
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Functionally, this mode resembles piezoelectricity, but 

its power generation mechanism is fundamentally 

different. With DE, electric power can be generated 

even by a slow change in the DE shape, while for 

piezoelectric devices impulsive mechanical forces are 

needed to generate the electric power [4]. Also, the 

amount of electric energy generated and conversion 

efficiency from mechanical to electrical energy can be 

greater than that from piezoelectricity [4, 12-15]. Fig. 

1 shows the basic operating principal of DE power 

generation.  

Two approaches, (1) DE materials and mechanical 

systems use DEs [11-19], and (2) operating strategies 

(circuit designs) [13, 16-19] are being studied at the 

present time. 

2.1 Operating Principle of Generator 

There are several ways in which DE can be used to 

produce electrical energy from the mechanical work 

used to stretch and contract it. Here we present one 

such method based on a constant voltage cycle. 

Application of mechanical energy to stretch DE 

causes reduction in thickness and expansion of the 

surface area (see Fig. 1a). At this moment, a voltage 

may be placed upon the polymer (i.e. positive charges 

are placed on one side and negative charges on the 

other side). When the stretching forces are removed, 

the elastic recovery force of the DE acts to restore the 

original thickness and to decrease the surface area (see 
 

 
(a) DE STRETCHED 

 

 
(b) DE RELAXED 

Fig. 1  Operating principle of DE power generation [4]. 
 

Fig. 1b). The increase in thickness upon relaxation 

acts to push the opposite charges apart from each 

other, effectively raising the voltage applied to the DE. 

Even though the capacitance of the DE reduces upon 

relaxation, there is a net increase in the energy stored 

on the DE compared to that put on by the original 

application of the voltage. This increase can be 

harvested as electrical energy. 

We can develop simple analytical equations to 

describe this generator mode of operation [4, 5, 20]. 

These equations can be understood by noting that a 

DE generator is basically a capacitor whose 

capacitance varies as the DE stretches and contracts. 

The capacitance of a DE film is 

C = ε0εA/t = ε0εb/t2        (1) 

where, ε0 is the dielectric permittivity of free space, ε 

is the dielectric constant of the polymer film, A is the 

active polymer area (coated on each side by 

electrodes), and t and b are the thickness and the 

volume of the polymer, respectively. The second 

equality in Eq. (1) can be written because the volume 

of elastomer is essentially constant, i.e., At = b = 

constant. 

Considering then changes with respect to voltages, 

the electric charge Q on a DE film can be considered 

to be constant over a short period of time and in the 

basic circuit. Since V = Q/C, the voltages in the 

stretched state and the contracted state can be 

expressed as V1 and V2, respectively, and the 

following equation is obtained: 

V2 = Q/C2 = (C1/C2)(Q/C1) = (C1/C2) V1    (2) 

where, C1 and C2 are the total capacitances of the 

dielectric elastomer films in the stretched and 

contracted states, respectively. Since C2 < C1, the 

contracted voltage is higher than the stretched voltage. 

The higher voltage can be measured and compared 

with predictions based on this dielectric elastomer 

theory developed by Chiba et al. [20]. In general, 

experimental data based on high impedance 

measurements are in excellent agreement with this 

prediction (see “experimental set-up” section) [20]. 
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The energy output of a DE generator per cycle of 

stretching and contraction is the difference in the 

stored capacitive energy between the two states. Using 

Eq. (2), we can now write this value as: 

E = 0.5 C1V1
2 (C1/C2 -1)      (3) 

The amount of energy that a given mass of DE can 

generate is determined by its maximum strain and 

dielectric breakdown strength. Using polymer 

materials such as acrylic and silicone elastomers, 

energy densities more than an order of magnitude 

greater than those of piezoelectric or electromagnetic 

materials have been produced [4, 21-24]. 

In addition to high energy density, one can see from 

these equations that the efficiency of the energy 

conversion is not directly related to the frequency of 

operation. Generation of electricity using DE is related 

to its geometry. Rapid deformation is not necessary as 

in the case of a piezoelectric element. Thus, unlike 

piezoelectric devices [4, 21-24], a DE device can be 

directly coupled to relatively low frequency motions 

such as human activity or ocean waves where stretch 

and contract times are on the order of tenths of 

seconds to tens of seconds rather than milliseconds 

[25]. 

2.2 DE-based Ocean Wave Power Generator 

Demonstration at Sea 

In August 2007, Chiba et al. [4] completed a 

DE-based generator prototype designed to provide 

on-board power to a navigation buoy and carried out a 

test of its practical use in the Tampa Bay near St. 

Petersburg, Florida, USA. The purpose of the test was 

to evaluate the feasibility for the generator’s use as a 

stable energy source by generating energy from waves 

and outputting it as electricity. The power generation 

unit that was used in the experiments (see Fig. 2) was 

a cylindrical tube with a diameter of 40 cm and a 

height of 1.2 m. Inside the tubes were two hollow 

roll-type DE modules, each about 30 cm in diameter 

and 20 cm in height ( in the stretched state) [4]. The 

test was conducted for two weeks. The generator unit 

had a maximum output capability of 20 J of electrical 

energy produced per stroke although lower average 

energy outputs were achieved during the testing due to 

very low wave conditions. Fig. 2 shows the buoy and 

generator. 

In December 2008, oceanic tests were also carried 

out in California, USA, and it was confirmed that 

generated electric power was constantly stored in a 

battery [26]. 

In 2011, Chiba et al. [6] suggested that a portable 

smaller system for electric power generation could 

easily be mounted on the edge of ship, shore 

protection, seawall, etc.  

It was found in 2013 that DE based buoy generator 

could produce stable generated electricity over a range 

from a short to a longer period, which, on average, 

represented approximately 70% of the maximum 

value [20]. 

Recently, Moretti et al. [27] and Vertechy et al. [28] 

also showed that one of most promising applications 

for DE generators was in the field of wave energy 

harvesting. 

3. Experimental Set-up 

This experiment was carried out to verify the 

generation of electric energy from rocking motions of 

the model ship body. The generating unit consists of a 

linear motion drape-type DEAM transducer incorporated 

4.6 g of active polymer material (see Fig. 3). This active 
 

 
Fig. 2  DE generator system on the test buoy. Details of the 
DE transducers are shown in the inset [4, 26]. 
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polymer is made from the acrylic polymer (3M corp., 

VHB4910). The electrode was based on carbon black 

with a polymer binder [5, 8-10]. The electrodes were 

made by mixing carbon black and a polymer binder 

(silicone adhesive) in toluene (C7H8), and dipping 

polymer into this solution. The average size of the 

carbon black particles is 50 nm. The average thickness 

of the polymer is 500 μm. The average thickness of 

the electrodes is 15-20 nm. The muscle formed a 

tubular shape that pulled into a smaller diameter at the 

center (26 cm in diameter and 12 cm in height). This 

unit was a cylindrical tube with a diameter of 26 cm 

and a height of 18 cm, and it has a maximum energy 

output capability of 273.8 mJ of electrical energy 

produced per stroke at a bias voltage of 3,000 V and 

an extension of 6 cm. We used a one-fifth scale model 

ship (1.6 m long, 1.2 m wide, and 19 kg in weight), as 

this experiment was done in the wave-generation 

water-tank. One DE transducer was suspended from 

the bow of the ship and two transducers were 

suspended from the stern. The weight of the 

transducer components allowed the generators to 

maintain extension and expand and contract as the 

ship heaved and rocked. The model ship and location 

of the generators and sensors are shown in Fig. 4. The 

water-tank with a length of 25 m, width of 1.8 m and a 

depth of 1.0 m was used in the Chiba Laboratory of 

the University of Tokyo. 

To measure ship body movements induced by 

waves, 6 degrees of freedom displacement sensors 

were attached on the model ship (see Fig. 4), and the 

output energy was measured for a wave-height of 8 

cm at a frequency range from 0.4 to 1.5 Hz at a bias 

voltage of 2,100 V. 

The electric power (E) obtained by the generator 

was estimated by the following steps [5, 20]: 

(1) A voltage (V2) between the electrodes on the 

both surface of each DE transducer at the contracted 

state was measured at each wave frequency between 

0.4 and 1.5 Hz with a digital oscilloscope. Three sets 

of the measurement system were placed at different 

sites. Fig. 5 shows the measurement circuit of a 

voltage of DE transducer at a contracted state. 

(2) The capacitance (C2) of the transducer at the 

contracted state was measured with a digital 

multimeter (see Fig. 6). 

(3) Using Eqs. (2) and (3), and the values of C2 and 

V2, the electric power generation was calculated as 
 

 
(a) Relaxed states (Contracted state) (b) Stretched state 

Fig. 3  Drape-type DE transducer.  
 

 
Fig. 4  Model ship used in the experiment.  
 

 
Fig. 5  Measurement circuit of a voltage of DEAM 
transducer at a contracted state [10].  
 

 
Fig. 6  Measurement circuit of a capacitance of DEAM 
transducer at a contracted state [10].  
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follows: 

The relation C1 = V2C2/V1 is derived from Eq. (2), 

and then by introducing C1 into Eq. (3), the electric 

power generated is obtained, 

E = 0.5V1V2C2(V2/V1-1)       (4) 

Thus, using Eq. (4) and the values of C2 and V2, the 

electric power generated at each wave frequency for 

each transducer can be determined. For example, for 

V1 = 3,000 V, V2 = 5,420 V, and C2 = 42.0 nF, 

E=0.5×3,000×5,410×42.0×10-9(5,410/3,000-1)=27

3.8 (mJ) 

Incidentally, the capacitance (C2) measured with a 

digital multimeter, 42.0 nF, was compared with the 

one calculated using Eq. (1). The results were, at ε = 

4.8, A = 6.875×10-2 (m2), t = 6.5×10-5 (m), ε0 = 

8.85×10-12 (F/m), 

C2 = (4.8×8.85×10-12×6.875×10-2)/6.5×10-5 = 44.9 

(nF). 

4. Result and Discussion 

Fig. 7 shows the electrical energy, which was 

actually obtained from the wave power generation 

system for one wave cycle as a function of the wave 

period at three different places in the model ship. 

From this result, we have confirmed that even waves 

with the amplitude of 8 cm can generate electric 

energy at the frequency range from 0.4 to 1.5 Hz. 

Energy generated at 0.7 and 1.2 Hz was larger than 

that at other frequencies. The maximum energy of 59 

mJ was obtained at 1.2 Hz. These frequencies are 

consistent with the characteristic frequencies of the 

ship body, showing that wave energy was effectively 

transmitted to the power generation module. The 

frequency of 0.7 Hz is the characteristic frequency of 

the pitch, and thus, the module attached at the bow 

generates larger energy but the modules at the stern 

were scarcely activated. This may be due to the 

synchronization of the characteristic frequency of a 

float fixed at the bow with the frequency of a wave. In 

addition, It is suggested that as the ship body shape is 

nearly a triangle when viewed from above, and as the 

center of gravity is near the stern, the float at the stern 

scarcely is moved like the supporting point of a lever, 

but only the bow jumps up to positively affect the 

power generation module. Furthermore, the frequency 

of 1.2 Hz is a frequency of heave, and thus the entire 

ship body moves up and down, resulting in the largest 

energy generation, and the maximum total energy 

generated was 59 mJ (see Fig. 7). 

It was confirmed in a laboratory test that when the 

bias voltage is raised from 2,100 to 3,000 V, 2.15 

times electric energy can be generated, resulting in 

electric energy of 126.6 mJ at a bias voltage of 3,000 

V at the same conditions. Taking the frequency of 1.2 

Hz into account, 126.6 mJ is converted to 151.9 mW 

by 126.6 mJ/(1/1.2 Hz), indicating that this amount of 

electric power is continuously obtained. 

Based on experimentally supported theory [20], a 

maximum electric energy generation of approximately 

840 mJ per stroke is possible by tuning the resonance 

of the DE model to ship movement. As the width of 

the entire part of the float contacting with the water 

surface is 0.6 m, 48% of wave energy (gross value) 

can be converted to electric energy, suggesting the 

realization of fairly high efficiency power generation, 

compared with the efficiency of the existing wave 

generators. 

The power generation efficiency can be calculated 

as follows [20, 29]: 

The energy flux of waves propagating on the sea 

surface per unit width (m) and time (sec), P, is  
 

 
Fig. 7  Electrical energy, which was actually obtained from 
the wave power generation system for one wave cycle as a 
function of the wave period at three different places in the 
model ship.  
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expressed as 

P = (ρg2/32π)·H2T ≈ H2T (kW/m) 

where, T (sec) and H (m) are the wave height and 

period, respectively. Using the significant wave height 

Hs (m) and the mean zero-up cross period Tz (sec), 

wave energy per unit width (m), E is formulated as 

E = 0.55Hs2Tz (kW/m). 

For Hs = 0.08 m and Tz = 1/1.2 = 0.83 sec, 

E = 0.55 × 0.082 × 0.83 =  

2.9 × 10-3 (kW/m) = 2.9 (W/m). 

If the width of a buoy absorbing wave energy is 0.6 

m, 

E = 2.9 × 0.6 = 1.74 (W). 

For H = 0.08 m, T = 1/1.2 = 0.83 sec, and the initial 

input voltage = 2,970 V, the electric power generated 

by a drape-roll power-generation module is 232 mJ, 

and thus the power for one module (Eg1) is 

Eg1 = 232/0.83 = 279.5 (mW) 

For three modules the total power (Eg) is 

Eg = 279.5×3 = 838.5 (mW) 

For wave energy of 1.74 W, electric power 

generated is 0.8385 W, and thus the energy conversion 

efficiency (η) is approximately 

η = 0.8385/1.74 = 0.482. 

As mentioned in above, even waves with amplitude 

of 8 cm can generate electric energy suggesting that 

the DE modules can be used as power supply sources 

for inboard- and pier-illuminations and security 

systems by mounting them on ships and floating 

bodies of piers etc. 

Based on the dielectric elastomer theory [20], the 

capacitance value (C2) measured with the digital 

multimeter in the “experimental set-up” section was 

compared with the one calculated using Eq. (1). The 

measured C2 was 42.0 nF, and it is in excellent 

agreement with the calculated C2 value with Eq. (1), 

44.9 nF, as shown in the theory. 

5. Future Work 

We will confirm that the energy conversion 

efficiency for the module is scarcely influenced by the 

variation in wave period by carrying out a 

demonstration experiment. Also, we will modify the 

structure of the sip to increase the efficiency up to that 

of the buoy generator. 

We plan to verify that the conversion of wave 

energy to electric energy induces wave height 

reduction by measuring the wave heights at the front 

and rear of the module in order to increase the 

efficiency up to that of the buoy generator [20]. 
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