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I. Effect of Impedance on the performance of soft 

generators 

I.1. Introduction 

Dielectric elastomer actuators and generators use membranes made 

of VHB, PDMS or even natural rubber as both a dielectric and 

actuation material at the same time[1–3]. A cornucopia of 

applications has been realized[4–7] some of them, such as 

loudspeakers[7] reaching into the high-frequency range for actuation. 

This poses a new challenge for the electrodes used in elastomer 

actuators and generators since the frequency at which their 

performance is acceptable is limited by their inertia and the electrical 

cut-off frequency of the capacitor – voltage source system  . The 

typical setup of a elastomer actuator/generator contains an elastomer 

membrane coated with compliant electrodes (see Figure I.1). 
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Figure I.1. Typical setup of a dielectric elastomer actuator/generator. a) A 

piece of elastomer is sandwiched by two compliant electrodes to form a variable 

capacitor. b) This electrodes are then connected to an electrical circuit to perform 

either actuation of generation. 

 

In this setup the mechanical deformation is coupled to the state of the 

variable capacitor realized by the membrane. The speed of actuation 

is thus limited by the time needed to fully charge the membrane[8]. A 

commonly used material for compliant electrodes is carbon grease 

which has very good conductivity in a non-stretched state. 

Preliminary experiments have shown that upon application of large 

strains the resistivity of carbon grease electrodes increases 

exponentially. Further the resistivity increases when the electrodes 

dry up and the carbon particles accumulate into lumps which are not 

connected to the rest of the electrode. 

 

a) b) 
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Figure I.2. Circuit to describe a dielectric elastomer coated with bad 

electrodes. a) Intuitive view of the setup. b) Equivalent circuit used for modeling the 

actuator/generator. 
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I.2. Theory 

Our approach to understand the effect of compliant electrodes with 

bad conductivity on the performance of elastomer actuators is to 

model the electrodes as discrete network of infinitesimal resistors and 

capacitors which are connected to build up an elongated strip of 

elastomer membrane. A sketch of this setup is given in Figure I.2. The 

resistance of the upper electrode    can be measured independently 

and is distributed to   individual serial resistors with resistance   

such that 

 
  

   

 
 ( I.1 ) 

 

 

The capacitance of the dielectric elastomer is depicted geometrically 

by                and distributed to   parallel capacitors with 

capacitance 

 
  

  

 
 ( I.2 ) 

 

 

An approximate solution for the total impedance    is found by 

realizing that for large number   the impedance does not change if on 

building block is added to the whole network. This can be formulated 

as 
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( I.3 ) 

This approach results in a quadratic equation 

 

 
  

       
 

   
   ( I.4 ) 

with the solution 
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 ( I.5 ) 

As the number of elements grows to infinity (   ) only one term in 

( I.5 ) survives and the approximate total impedance is 

 

 

     √
 

      
 ( I.6 ) 

The corresponding Bode-Plot of this system is shown in Figure I.3 

and reveals no cut-off frequency and a constant phase angle of -45°. 

 

A more rigorous approach to calculating the total impedance is 

achieved by a bottom-up approach. We first look at one building 

block whose impedance is 

 
     

 

   
 ( I.7 ) 

Adding another building block in parallel we get 

 

 
     

 

        
 ( I.8 ) 
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Figure I.3. The approximate impedance of a elastomer coated with bad 

electrodes. The phase angle is at constant -45° and the absolute value of the 

impedance decreases as the frequency with an exponent of     . 

Generally the impedance of   building blocks is described by 

 

 
     

 

          
 ( I.9 ) 

This results in a continued fraction of the form 

 
     

 

    
 

  
 

    
 

  
 

     

 

( I.10 ) 
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where the term     appears   times (as does the term  ). A 

simplified notation for continued fractions lists only the left part of 

each denominator such that ( I.10 ) becomes 

 

                    ( I.11 ) 

where the first summand is not a denominator and thus is separated 

by a semicolon. A second simplification is done by realizing that such 

an alternating continued fraction can be transformed to a simple 

continued fraction by  

 

                                         ( I.12 ) 

if           and hence  

 

 

    √
 

    
 ( I.13 ) 

Combining ( I.12 ) and ( I.13 ) we get the simple continued fraction 

with    terms 
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(√     √     √     √      ) ( I.14 ) 

A way to evaluate the continued fraction using matrix formulation is 
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Since we have a pure periodic continued fraction all the    √     

and the value of the impedance becomes 
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)  (√      
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  ( I.15 ) 

 

This expression evaluates to (with           
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 (√  √     )
    ( I.16 ) 

Taking the limit for     we arrive at  

 

 
      

   
    

  

√          ( √      )

        
→        

 

    
 

( I.17 ) 

 

The Bode-Plot for this exact solution is shown in Figure I.4 and 

clearly shows a cut-off frequency of       . At low frequencies the 

whole system behaves as an ideal capacitor and at high frequencies 

the system behaves like a capacitor with considerable charge leakage. 
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Figure I.4. The exact impedance of a elastomer coated with bad electrodes. 

The phase angle changes from -90° to -45° and a the cut-off frequency is located at 

      . The absolute value of the impedance is    at the cut-off frequency and 

decreases as the frequency with an exponent of -1 before and      after the cut-off 

frequency. 
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I.3. Conclusion 

 

The theoretical analysis of the electrical circuit of an elastomer 

actuator reveals that below a cut-off frequency of          the 

elastomer actuator/generator can be described by an ideal capacitor 

with capacitance   . Typical values for capacitance    range from 

        to        and for and    can under bad circumstance reach 

      resulting in cut-off frequencies of about          . For 

frequencies much larger than the cut-off frequency the system is 

described by 

 
   

  

√      

   ( I.18 ) 

 

The charge transferred to and from the elastomer at first glance is 

expected to be 

       

At large frequencies the amount of charge changes as the voltage 

drops at electrode due to higher currents and the impedance changes 

to    from ( I.18 ).  

This directly translates to a performance loss at operation with high 

frequencies. A simple solution to avoid this loss mechanism, is to 

ensure that electrodes are wet and don’t dry up, and further limit the 

operation to lower stretches, where the tendency for perculation is 

quite low and hence the resistance is kept small. If this is not possible 

due to the operation constraints one can try to use segmented 
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actuators with small capacities each, but sufficient capacity and 

energy density together. 

I.4. Outlook and Acknowledgement 

After this theoretical investigation we want to add experimental 

validation of the above results. This will be of interest to industry and 

scientific institutions who use and develop dielectric elastomer 

generators or actuators. As the experiments could not be done in 

Harvard University due to safety regulations and time-limitations, we 

will proceed with the experiments at the Johannes Kepler University 

of Linz. It will be a pleasure to conclude this work and I thank my 

advisor Zhigang Suo in Harvard and Siegfried Bauer at the JKU for 

their support and the Austrian Marshall Plan Foundation for funding 

my stay at Harvard. 
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II. Natural rubber based soft generators enabling 

sustainable and low-cost energy harvesting 

II.1. Introduction 

Current generation technologies cause excessive emission of 

greenhouse gases and require mining for exotic materials, polluting 

the environment for decades and putting the well-being of future 

generations at risk. If polluters are held responsible for their actions it 

becomes an economical interest to sustainably provide electrical 

energy. The amount of developable renewable energy resources is 

significant compared to the annual worldwide production of electrical 

energy but current technologies yet fail to transduce these resources 

to electrical energy at competitive price. 

Sustainable Natural Rubber (NR) in dielectric elastomer generators 

(soft generators) availables silent, sustainable, scalable and efficient 

harvesting of low grade energy such as ocean waves [4], [9], waste 

heat [10] or human gait [5], [11].  Soft generators using VHB[4], [12–

14] or PDMS[15] as working material have been characterized and 

first prototypes were confirmed to produce electrical power at SRI[16] 

and SBM[9].  Alternative materials are needed to improve the energy 

and cost efficiency of soft generators and natural rubber has been 

suggested for use in soft generators in a theoretical work by Koh et 
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al[17]. Large scale harvesting of ocean wave energy requires a cheap, 

sustainable elastomer withstanding high voltages and harsh 

environmental conditions. In this work we identify NR as a material 

which is known to endure ocean environment [18], [19], having a 

small energy and greenhouse gas footprint since its harvested from 

plants and characterize NR for soft generators, demonstrating high 

specific electrical energy generated and high specific electrical power 

in an exemplary conversion cycle. Further we estimate the LCOE of a 

wave energy converter (WEC) based on soft materials. The estimated 

levelized cost of electricity (LCOE) of a soft wave energy converter 

using NR are comparable to that of the LCOE of hydrostatic or 

geothermal power plants. Commercial harvesting of - otherwise 

completely unused - energy of ocean waves might be possible using 

NR due to its low price, supplying strongly needed electrical power. 

 

II.2. Wave energy converters 

The energy of ocean wave is huge renewable resource with a global 

average power of 2 TW [20] or 17 500 TWh which is almost the 

amount of electric energy generated in 2008 (20261 TWh) [21]. In 

fact most renewable energy resources are capable of providing as 

much or even more energy. Details of this analysis is shown in section 

II.5 
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Several projects developing wave energy converters (WEC) have been 

launched to study the feasibility of harvesting energy from ocean 

waves [22] with some full scale prototypes evolving to promising 

products [23] . Common to all of these prototypes is a rigid primary 

structure made of heavy steel or concrete, built to resist the harsh 

ocean environment including hinges and joints to allow for absorbing 

the mechanical energy of waves and turbines to convert it into 

electrical energy. 

In order to get over this difficulties two groups proposed to build a 

soft WEC which resembles PELAMIS [24] but replaces the rigid steel 

mantle with a soft elastomer[9], [18]. Jean et al.[9] also additionally 

used dielectric elastomer generators or soft generators to transduce 

the mechanical energy into electrical energy by stretching a tube 

made of silicone rubber. This soft generators have been used for wave 

energy harvesting before by Kornbluh et al. at SRI [4]. The advantage 

of using soft generators is that they have a very high specific electrical 

energy generation, there are no moving parts involved, and the 

output of a soft generators is high voltage direct current which is ideal 

for long distance transmission in water. 

Wave energy is considered one of the most environmentally benign 

energy sources available [23], but so far no technique is available to 

harvest wave energy within  reasonable costs. Due to harsh 

environmental conditions in the ocean, heavy weight and size of 

WECs it is difficult and expensive to maintain offshore wave energy 

converters like PELAMIS [24], [25]. A  

Our estimations show that by using NR as the basic material for soft 

WECs it is possible to generate low cost electrical energy from waves. 
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A detailed analysis follows in section II.3 Current state of the art soft 

generators employ VHB4910™ [4], [5], [14], [26] or silicone rubber 

[9], [27] as membrane materials reaching specific power outputs of 1 

– 120 mW/g. VHB is far too expensive to be used in any large scale 

application and a soft WEC made of VHB has estimated LCOE 

of >1$/kWh. Silicone and natural rubber are provided at lower price 

and the energy conversion capability of NR is very high.  

NR is among the cheapest elastomers available and can be harvested 

sustainably from plants (rubber trees (Hevea brasiliensis) in Brazil 

and south-east Asia, Guayule (Parthenium argentatum)  in the USA 

and Mexico)). It is too stiff to be used in large strain actuators and 

therefore might have been overlooked for use in soft generators.  

Using NR in soft generators allows for harvesting at high specific 

output power making large scale generation of electrical energy 

feasible and sustainable at a LCOE ranging from 6.3 – 15.8 ct/kWh.  

The describe at what price each kWh of generated electricity by a 

generator device has to be sold, such that the generator pays back its 

own cost over the whole lifetime. The LCOE are specific for each 

technology and energy resource, e.g turbines powered by burning coal 

have different LCOE from turbines powered by burning natural gas. 

Evaluating the LCOE requires deep knowledge of technical limits, the 

jurisdiction which applies (fees, taxes), financial environment 

(interest rates, availability of capital), government support, public 

support, and many more [28–30]. Most ocean wave energy 

generators are based on a rigid structure either-floating or non-

floating serving as the wave energy converter (WEC)[31] absorbing 

the mechanical energy of waves. The absorbed energy is then 
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converted to electrical energy by a power take off system (PTO), 

usually a gear-turbine system [22]. 

A demonstration in wave-tank tests [9], [32] showed that soft WECs 

can function as a linear-attenuator-type WEC (comparable to 

PELAMIS and Proteus Wave Power). The soft WEC can also be used 

as a soft generator[9] as PTO supplying high-voltage DC without the 

need for additional rigid, moving parts. A soft WEC avoids the need 

for a separate PTO and substitutes all of the expensive steel structure.  

 

The soft WEC consists of stretchable rubber tube coated with 

(possibly segmented) compliant electrodes. The whole tube is inflated 

with water, moored and floats just beneath the water surface. Waves 

will deform the tube and the deformation is transduced to HVDC 

using the rubber membrane as soft generator and no additional 

expensive PTO is needed. 

A scheme on how the energy conversion takes place is shown in 

Figure II.1 and further details are given in section II.9. This design 

allows for minimizing cost associated with structure of WEC (mostly 

steel cost), concrete and annual operation and maintenance (OM) 

which together make up 79% of LCOE as shown in Figure II.2. No 

active damping is necessary to adjust the resonance frequency of the 

WEC to the current sea state. 
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Figure II.1. Soft generators based on natural rubber turning ocean waves 

into a source of clean and cheap electricity. Conversion of mechanical to 

electrical energy with a rubber membrane. Electrical charge Q is placed on the surface 

of a stretched rubber membrane. Reduction of stretch forces the electrical charges to 

move against the electric field, thereby increasing their electrical potential.  
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Figure II.2. Breakdown of levelized cost of electricity for commercial wave 

energy plant (reproduced from Bedard et al.[25] and CSIRO[33] ) 

II.3. Estimating LCOE 

The price for manufactured steel was reported in 2004 to about 

$3000/ton[24] and accounting for increased raw steel price 

($650/ton (2004) to $900/ton (2012)) the manufactured steel price 

per unit volume in December 2012 is $33200/m³ from Previsic et 

al.[24] converted by raw steel price from December 2004 to 
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December 2012 ). Elastomers used for soft WEC are VHB4910™ 

(VHB1: $105000/m³), silicone rubber (SR2: $20000/m³) and natural 

rubber (NR[32]: $7600/m³). 

 

Lowering the cost and weight of initial structure also decreases 

maintenance costs. In contrast to rigid WECs the soft WECs could be 

moved onto a ship because of their compliance and light weight, 

possibly allowing for maintenance of multiple WECs simultaneously 

on the ship. Reducing the number of ships and transfers needed and 

assuming similar lifetime (up to 25 years according to Farley et al. 

[32]) we assume a reduction of 20% of the annual cost for O&M 

compared to rigid WECs. Many rigid WECs have large concrete 

structures which account for an average of 11% of LCOE. A soft WEC 

does not contain any concrete and these costs are dropped 

completely. 

In total the LCOE of a soft WEC contain 21% cost unrelated to the 

materials used (the same as for rigid WEC), 32% O&M (compared to 

40% in rigid WECs), 0% concrete cost (compared to 11% in rigid 

WEC). The material related cost (28% in rigid WECs) scales with its 

specific average output power ( ) and its price per volume ( ):  

 COEsoft   COErigid (       
 soft
 steel

 Pelamis
 soft

  ) 

Results for the LCOE using different elastomer materials in a WEC 

are listed in Table 1. The average power of devices are either 

                                            
1
 Webshop 3M™ for VHB™ Tape 4910 Clear, 12 in x 36 yd 40.0 mil: $1089.48/Roll (www.shop3m.com seen 

at 2013/Mar/06) 
2
 Personal Communication with Wattez, Ambroise from SBM Offshore N.V., higher values are reported for 

small amounts (see Bruzewicz et al.[73] reporting $70 000/m³) 

http://www.shop3m.com/70006178050.html?WT.mc_id=US_EnterpriseCatalog_70006178050
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referenced in literature or estimated by to be 1% of the maximal value 

reported in literature for soft generators (VHB[14]:0.17W/kg, NR(this 

work): 2W/kg). Even with this safety factor the LCOE are very 

competitive with other technologies as shown in Figure II.3. 

WEC 

Average 

specific 

power Material cost 

LCOE base on (cent/kWh) 

CSIRO 201213 EPRI 200612 

OConnor 

201319 Chu 201220 

PELAMIS (rigid)3 3.2 kW/m³ 33200$/m³ 10 - 25 11.6 – 39.1 26.5 – 61.7 29.7 – 79.2 

Natural rubber4 2 kW/m³ 7600$/m³ 6.3 – 15.8 7.3 – 24.7 16.8 – 39.0 17.7 – 50.1 

Silicone rubber5 1.1 kW/m³ 20000$/m³ 10.4 – 25.9 12.0 – 40.5 27.5 – 63.9 28.9 – 82.1 

VHB4 0.17 kW/m³ 105000$/m³ 173 – 432 201 – 676 458 – 1067 483 – 1370 

Table II.i. Material performance, material cost and resulting levelized cost 

of electricity. 

                                            
3
 Average Power density reported in McGowin et al. [35]: 153kW at a weight of 380t 

4
 Average Power density estimated to be 1% of maximal power density reported (NR this work, VHB 

Kaltseis et al.[14]  
5
 Average Power density reported in Jean et al. [9]:2.8W at a weight of 2.6 kg 
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Figure II.3. LCOE of various energy sources and their greenhouse gas 

emission. Harvesting energy from ocean waves with existing technology 

(conventional wave) is a very clean process emitting orders of magnitude less 

greenhouse gas than fossil fuel based electricity. Currently, high levelized cost of 

electricity (LCOE) prevents large scale exploitation. Soft generators based on silicone 

rubber (blue cloud) aim at reducing LCOE. Using natural rubber for soft generators 

(green cloud) can dramatically reduce LCOE and greenhouse gas emission. [34–43] 
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II.4. Estimating Greenhouse gas emissions 

Soft WECs do not produce greenhouse gas (GHG) emissions during 

operation. For estimating the levelized  emission of GHGs (    ) per 

generated electricity of soft WECs we consider the emissions during 

production per ton elastomer       and its average power density 

( ). The levelized emission can be summarized by the following 

formula: 

     
   

   ifetimesoft 
 

We assume equal lifetime of elastomers and steel in seawater (20 

years) and consider the reported GHG emissions for NR (GHG of 

                     )[44] and silicone rubber (GHG of 

    –                 )[45].  The resulting LGHG for NR and silicone 

rubber are  1.5 – 60 g/kWh and 33 – 34 g/kWh respectively. The 

results of this estimations is visualized in Figure II.3. 

II.5. Potential and Production of Generation of Electricity 

Electrical Energy is generated from different primary energy 

resources such as solar energy, wind energy, geothermal or nuclear 

energy. Most of these resources are have the potential to provide all 

the electrical energy needed by the whole world.  
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The actual energy used to generate electricity on our planet is only a 

small fraction of the total potential. Almost all resources contribute to 

the total generation of electricity with a small fraction of their actual 

potential. An exception is hydroelectric power, which is developed to 

about 16% and it already becomes increasingly difficult to develop 

additional projects. 

 

Figure II.4 compares the annual potential and actual annual 

production of electrical energy of renewable energy resources. Of all 

resources only tidal energy is not capable of providing a significant 

amount to the worldwide consumption of electrical energy. This does 

not mean, that tidal energy is to be neglected since in certain 

favorable geological locations it can be a very cheap and clean 

resource. The energy contained in the motion of marine waves is the 

one large resource not yet exploited on a large scale although it 

provides electrical energy in a very clean and possibly cheap way. 
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Figure II.4. The worldwide potential and production of electrical energy 

from different renewable sources. The annual production of electricity from 

wave energy is near to zero although the potential is huge (comparable to the potential 

of hydropower and geothermal and to the total worldwide electricity generation). The 

red dashed line marks the world consumption in the year 2009.[22], [43], [46–54] The 

total potential of solar energy was calculated by multiplying the average annual solar 

irradiation[55] (        ) with a total landmass (           ). 

II.6. Material properties 

Three dielectric elastomer materials are characterized throughout this 

work. ZruElast A1040 (ZRU) from Zrunek GmbH (thickness:       ) 

is a natural rubber with unknown filler content which experiences 
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plastic deformation at large stretches (   ). Oppo 8003™ (OP) 

from Oppo Medical Inc (thickness: 227µm) is a natural rubber used 

for physiotherapeutic gymnastic which experiences very small stress-

strain hysteresis. VHB4910™ from 3M™ (thickness: 1000µm) is a 

polyacrylic foam with very high maximum strain. It exhibits a huge 

stress-strain hysteresis and is also one of the most used dielectric 

elastomers for actuators.  

The energy yield of a soft generator depends largely on dielectric 

strength and maximum stretch [56]. It also depends on the dielectric 

permittivity and the shear modulus. These are the parameters used to 

assess the aptitude of a material for soft generators. 

The mechanical properties of elastomers are well described with the 

Gent-model[57] . This model has two material parameters which are 

determined by fitting the model predicted stress-strain curve to 

experimental data. The first being the small strain shear modulus   

and the second is the limiting stretch     . The free energy increment 

of a soft generator with respect to increments of the charge    or the 

strain in direction     is [58] 

 

 
        

      

   
    (II.1) 

 

With 

 
          

      
 

  (
        

    
    

    

    
) (II.2) 
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Most elastomers are incompressible and for uniaxial tensile 

deformation this means that        
     

   . The model predicts 

a uniaxial nominal stress – strain response of  

 

 
  

 

  
 

 

  

  

  
 

  

    
 

             

                    
 (II.3) 

 

Eq. (II.3) is fitted to experimental stress-strain data within good 

agreement as shown in Figure II.5a. The material parameters for OP 

and ZRU are typical for natural rubbers and the shear modulus of 

VHB is typically an order of magnitude lower than that of NR while 

its limiting stretch is very large. 
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Figure II.5. Favorable material properties of natural rubber (Oppo Band 

8003) for soft generators compared to the commonly used acrylic 

elastomer (VHB4910). a) Nominal stress-stretch relations fitted to a Gent-Model 

for VHB (blue triangles) and Oppo Band (OP) (red circles). b) The dielectric strength of 

NR is significantly higher compared to VHB, especially at larger stretches. c-d) 

Material limits (rupture, loss of tension and dielectric breakdown) enclose an area 

(green) of safe operation states for soft generators. The green area defines the 

maximum specific electrical energy that can be generated per cycle. The shaded part 

within the green area in c) depicts the experimental generator cycle reported in this 

work.  
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Good performance of soft generators is possible with natural rubbers 

in general. To make this claim plausible we assess the aptitude of a 

natural rubber (ZRU) whose filler material differs from that of OP. 

The mechanical and electrical properties of ZRU are compared to OP 

in Figure II.6.  

 

Figure II.6. Mechanical and electrical properties of ZruElast A1040. a) The 

shear modulus of ZRU doubles that of OP but the maximum stretch is very similar. b) 

At low stretches ZRU has superior dielectric strength compared to OP. The dielectric 

strength grows slower in ZRU and thus at high stretches OP shows higher durability to 

electric fields. c-d) As ZRU and OP have quite similar mechanical and electrical 

properties, the achievable energy yield per cycle is similar. The shaded areas denote 

the experimental harvesting cycles shown in this work. 
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The different filler material of ZRU seems to have a negative effect on 

its dielectric strength and causes plastic deformation. Nevertheless its 

performance in a soft generator is comparable to that reported for 

VHB and PDMS. 

The electrical material parameters of elastomer are dielectric strength 

   and permittivity   . The relative permittivity of OP and ZRU are 

       and        respectively with a very weak stretch 

dependence. The relative permittivity of VHB4910™  is        

which agrees with values reported in literature [59], [60]. 

 

Application of an electric field to an elastomeric membrane leads to 

actuation[61] which in a clamped sample will develop inhomogneous 

deformation. The intrinsic dielectric strength is measured with small 

area electrodes and local thickness variations due to inhomogeneous 

deformation makt it very hard to determine the electric field. We 

measure the dielectric strength of NR and VHB while preventing 

actuation during application of voltage (method submitted [62]). In 

Figure II.5b and Figure II.6b the stretch dependence of the dielectric 

strength is fitted to a simple power law 

         
  

The dielectric strength of OP is exceptionally high compared to that of 

VHB at high stretches. At low stretches ZRU exhibits the highest 

dielectric strength. 

 

Figure II.5 and Figure II.6 c-d compare the area of allowable states of 

an equal-biaxially stretched OP, ZRU and VHB in the electrical work-
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conjugate plane            where      is the normalized voltage 

applied through a membrane of thickness    and      is the 

normalized charge on that membrane with an area of   . The failure 

modes of a material are borders to the region of allowable states in a 

work-conjugate plane. Any state characterized by a point outside this 

area leads to immediate failure and destroys the material. Rupture 

happens at the maximum strain which is defined by  

      
      

          ( II.4 ) 

 

Charging the soft generator at maximum strain is described by a 

straight in the voltage-charge plane described by 

      (
 
  

)

  
 

 

  

 

        
 

 
( II.5 ) 

 

Breakdown occurs, whenever an electric field larger than the 

dielectric strength is applied through the membrane thereby 

destroying it. The limiting curve of dielectric strength in the voltage-

charge plane is given by 

       (
 
  

)

 
   (

 

    

 

  
)

   
   

 
( II.6 ) 

 

If subject to voltage, an elastic membrane deforms even without 

stress being applied [58]. Under clamping conditions this leads to 

loss of tension where no mechanical energy is stored in the 

membrane and hence no energy conversion can take place. The 
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limiting curve of loss of tension is determined numerically from the 

condition that the nominal stress    . 

 

The high shear modulus of ZRU and OP result in high voltages for the 

loss of tension limit which is in contrast to applications for actuation 

where a low shear modulus is favorable to produce high strain. The 

high dielectric strength of NR further improves its theoretical 

performance. For this reasons the theoretical specific energy per cycle 

is 3 times larger for NR than for VHB. Viscoelastic effects in NR are 

very small which allows for operating a soft generator and much 

higher frequency than with VHB. Further the similarities between OP 

and ZRU indicate, that the filler materials do not change the total 

behavior too much and that NR generally is a good material for soft 

generators. 

The high maximum stretch of VHB lowers the rupture limit which is 

the lower boundary of the region of allowed states. This might not be 

exploited in applications aiming for high life time. Applied electric 

fields in a cycle should be at the most 33% of the intrinsic dielectric 

strength of a material to operate in a safe regime and even less to 

extend the lifetime of a soft generator. 
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II.7. Determination of fracture energy 

To assess the durability of the materials the fracture energy is 

measured with a method proposed by Rivlin and Thomas [63]. A high 

fracture energy indicates that a large amount of mechanical energy 

can be absorbed by the material without failure. This has two positive 

effects since in increases the lifetime and the energy density due to 

the high absorption capability.  

The fracture energy is defined as the mechanical energy required to 

propagate a pre-existing crack[63]. A wide and short sample of 

dimensions L and H was clamped along the long edge (Figure II.7). A 

pristine sample and a sample with a precut were separately stretched 

to rupture.  The fracture energy () is computed as: 

 

    (    )    ( II.7 ) 

 

where      denotes the rupture stretch of the precut sample. The 

mechanical energy density      is obtained from the area under the 

nominal stress-stretch curve of a pristine sample. 
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Figure II.7. Schematic of samples prepared for fracture energy 

determination. A ZWICK Universal Testing Machine was used to obtain the 

experimental nominal stress-stretch curves for the samples.  The dimensions of the 

samples are:          ,           for VHB 4905 and 15mm for Zrunek and OppO 

rubber. The thicknesses of the samples are: 0.5 mm for VHB 4905, 0.3 mm for 

ZruElast™A1040 and 0.227 mm for OppO 8003 rubber.  Samples are stretched at 

three strain rates: 1%/s, 10%/s and 100%/s. 

 

Stress stretch curves of pristine samples were obtained for the three 

strain rates (1%/s, 10%/s, 100%/s). For each rate, 3 samples are 

tested for VHB and 5 samples are tested for ZRU and OP.  The 

experiments show that VHB 4905 exhibits strain-rate-dependence in 

its stress-stretch response, as shown in Figure II.8. On the other 

hand, the stress-stretch response of both rubbers (ZruElast and 

Oppo) appear to be independent of strain rate. 
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Figure II.8. Experimental nominal stress-stretch data of pristine samples 

fitted to the Gent model 

 

The experimental data was fitted to the Gent model[57] for pure shear 

deformation (       
       ) giving the mechanical energy 

density function as follows (resembling (II.2)): 

 

 
    

      
 

  (  
          

    
) ( II.8 ) 
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The relationship between force F, and stretch  is given by the 

equation-of-state: 

  

  
 

  

  
 

        

  
       

    

 ( II.9 ) 

 

The analytical fit to the experimental data is then used to compute the 

mechanical energy density of each material.  The precut samples were 

similarly stretched at the three strain rates.  Figure II.9 shows that 

VHB has a much larger rupture stretch as compared to both rubbers.  

This is expected as VHB sustains a much larger stretch in its pristine 

state, as compared to both rubbers. 

 

Figure II.9. Rupture stretches of precut samples. The data obtained from Figure 

II.7 and Figure II.8 were put into equation (1), and the fracture energies for all 

elastomers were summarized in Table II.ii below. 
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Strain rates 

(%/s) 

VHB 

(kJ/m2) 

ZruElast™A1040 

(kJ/m2) 

OppO 8003 

(kJ/m2) 

1% 1.99 4.45 16.86 

10% 3.33 5.42 13.07 

100% 3.92 6.15 7.21 

Table II.ii. Fracture energy of elastomers. 

 

It is observed that the fracture toughness of rubber is much higher 

than VHB, with a maximum of 8.5 times for OppO rubber compared 

to VHB at a strain rate of 1%/s. The fracture energy for VHB is 

consistent with a previously reported result[64]. It has been shown in 

previous works that the fracture energy of amorphous polymers is 

correlated with its fatigue life against cyclic loading[65].  We may 

hence conclude that both rubbers are more durable against cyclic 

operation than VHB. 

II.8. Hysteresis loss for elastomers 

When an elastomer undergoes a mechanical cycle of loading and 

unloading, the unloading path is typically different from its loading 

path.  When plotted on a stress-strain plane, the resulting area traced 

by the loading-unloading cycle gives a measure of the amount of 

mechanical energy lost due to viscous effects, known as the hysteresis 

loss.  We obtain hysteresis losses for samples of acrylic-based VHB, 

and natural rubber-based ZRU and OP, by an experiment of cyclic 

loading and unloading.  Samples are uniaxially stretched to a 
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prescribed maximum nominal strain of 200%, at a prescribed strain 

rate of 5%/s, and then unloaded at the same strain rate.  This loading-

unloading process was repeated 100 times for each sample.  The 100th 

cycle is plotted in Figure II.10 to illustrate the relative hysteresis 

losses for each material.  

 

 

Figure II.10. Hysteresis for VHB 4905, ZruElast A1040 & OppoBand 8003. 

 

Hysteresis loss is expressed as a percentage of total mechanical 

energy stored during loading.  The non-zero initial strain before 

loading indicates some residual strain in the material accumulated 

over previous cycles.  This experiment shows that natural rubber-

based ZRU and OP give lower hysteresis losses compared with 

acrylic-based VHB, with OP displaying the lowest loss at 2.3%.  OP 
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also displays best performance in terms of strain recovery, with a 

residual nominal strain of about 8% after 100 cycles, compared with 

35% for ZruElast and 40% for VHB.  This implies that OP is most 

efficient in mechanical cycling, displaying nearly perfectly elastic 

behavior over a nominal strain of 200%. 

 

 

Figure II.11. Steady-state hysteresis loss 

 

Figure II.11 compares the hysteresis for cycles 1, 3, 5, 10 and 50 for 

OppoBand, and the hysteresis loss over the 100 cycles for all three 

materials.  All of them exhibit large hysteresis losses in the first cycle, 

which gradually saturates to a lower value from the 5th cycle onwards.  

This may be attributed to the Mullins effect[66], [67].  Mullins Effect 

is the irreversible softening of an elastomer filled with carbon black 

fillers, first proposed by Leonard Mullins, which theorizes that an 

elastomer with carbon fillers irreversibly softens after each cycle of 

loading-unloading.  Its effect is most observable in the first few stress 

cycles of a virgin elastomer, and gradually diminishes for subsequent 

cycles.  In the above figure, steady-state is defined as the cycles 

beyond the initial rapid drop in hysteresis loss for all elastomers. 
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II.9. Energy conversion 

The mechanism of energy conversion in a soft generator is sketched 

in Figure II.12. Figure II.12a shows the exemplary cycle realized by 

the circuit shown in Figure II.12b.  Prior to starting the conversion 

cycle, the input and output capacitors are charged to low and high 

voltage respectively.  Charges are extracted from the input capacitor 

while the soft generator is stretched as the voltage of the membrane 

and the input capacitor equalize.  Upon relaxing, the generator boosts 

the voltage until it matches that of the output capacitor when it starts 

to discharge.  By stretching the generator the voltage drops until the 

initial state is recovered. 

High mechanical energy is stored in the soft generator when applying 

large stretching forces (Figure II.12c  left).  The electrical energy 

stored is       and is low for a state with large capacity due to large 

area and small thickness.  As the stretching force decreases the soft 

generator contracts (Figure II.12c  right) and mechanical energy is 

converted by doing electrical work through decreasing the capacity of 

the soft generator while the charge is kept constant. This basic 

operations, namely charging/discharging and stretching/relaxing are 

used to create a cyclic process to generate continuous high voltage 

direct current. In this work the soft generator is realized by a 

elastomer membrane which is inflatable to balloon shape. The 

mechanical work consumed by changing the volume of the soft 

generator is 
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             ( II.10 ) 

 

with the work-conjugate variables pressure p and volume V of the 

balloon.  The useful electrical work done by the soft generator by 

charging and discharging the capacitors is 

 

                             ( II.11 ) 

 

where       and      refer to the amount of charge transferred 

to/from the output/input capacitor. A charged and stretched 

dielectric elastomer membrane is a compliant variable capacitor 

storing mechanical as well as electrical energy.  The basic operations 

for a soft generator using balloons are charging/discharging and 

inflation/deflation.  



Rainer Kaltseis Report Marshall Plan Scholarship Page | 43/58 

 

Figure II.12. Experimental design of a soft generator based on charge 

reservoirs of low and high potential.  Balloon inflation is used to provide 

mechanical energy. a) A rectangular, Carnot-inspired cycle in the voltage-charge 

plane is chosen for the generator. b) The soft generator operates between reservoir 

capacitors at low (ΦL) and high (ΦH) potential. Diodes direct charges on the generator 

to be pumped from low to high potential. c) Pressurized air is used to deform the 

elastomer membrane (yellow) into a balloon shape. Deflation of the balloon converts 

stored mechanical energy into electrical energy. 
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Before generation the reservoirs are charged to the desired input and 

output voltages. The generator is charged to match the voltage of the 

input reservoir due to connection via the diode marking point 1. At 

this stage the cyclic generation starts. Upon inflation (step 1- 2) 

charge is transferred to the generator from the input reservoir while 

the voltage is held constant because the charge transferred to the 

generator is small compared to the total charge stored. After 

maximum dilation of the generator (point 2) its capacity shrinks and 

the voltage rises and the diode passively disconnects the generator 

from the input reservoir. When the generators voltage matches the 

voltage of the output reservoir it becomes connected (point 3) and the 

generator discharges (step 3-4) while the generator reaches minimum 

dilation at point 4. By stretching the generator again the voltage 

drops and the output reservoir becomes disconnected. When the 

voltage of the generator dropped to the voltage of the input reservoir 

one full cycle is concluded at point 1 and the generator is ready to 

engage in the next cycle.  

 

II.10. Modelling of Balloon Deformation 

Charges are only exchanged with the reservoirs during charging (step 

1-2) and discharging (step 3-4). The reservoirs used in the experiment 

are finite therefore transferring charge to and from the reservoir 
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results in a voltage rise and drop respectively. The voltage drop/rise 

during this steps is used to calculate the net-charge      by eq.(5).  

This method is used to evaluate the capacity as a function of volume 

of the inflated membrane. The capacity changes over two-orders of 

magnitude due to the unequal biaxial stretch and a comparison to the 

numerical simulation of this process shows very good agreement with 

the experiment (see Figure II.13a). 

 

Because the edge of the rubber membrane is clamped by the chamber, 

the membrane undergoes inhomogeneous deformation as it expands 

into a balloon. The apex of the membrane is under equal-biaxial 

stretching, while the edge of the membrane is under unequal-biaxial 

stretching. The inhomogeneous deformation has been previously 

analyzed and solved by considering a nonlinear boundary-value 

problem [68–70].  

We adopt the model of ideal dielectric elastomers, where the 

Helmholtz free energy contains the elastic energy due to the 

stretching of the elastomer and the electrostatic energy due to 

polarization of the elastomer[71]. Specifically, the electric 

displacement D is linear in the electric field E, and the permittivity 

is independent of deformation, such that ED  . At large deformation, 

the elastomer exhibits stiffening. To model this effect within the 

Gent-Model we describe the Helmholtz free energy density as: 

 

 
            

     
 

  (  
  
    

    
    

    

    
)  

  

  
 ( II.12 ) 
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where       are the stretches in radial and circumferential direction 

respectively,   is the electric displacement, and   is the permittivity. 

In writing ( II.12 ), the elastomer is assumed to be incompressible, 

such that         . The first term in  ( II.12 ) represents the elastic 

energy by the Gent model[57].  

The free energy of the membrane is an integral over the area of the 

membrane      . When the volume of the balloon varies by   , the 

pressure   excess to the atmospheric pressure does work    . When 

the charge on either electrode varies by   , the voltage does work 

   . The balloon achieves an equilibrium state when the variation of 

the free energy of the membrane equals the combined work done by 

the pressure and the voltage:  

 

                ( II.13 ) 

 

The equilibrium condition leads to a set of differential equations; 

exact forms of these equations may be found in[69], [70]. We then 

solve these differential equations numerically using the shooting 

method to determine the stretches. Once the stretches are 

determined, the charge on either electrode Q is the integral of the 

electric displacement over the area of the membrane           . 

Subsequently, the capacity of the balloon is      . 
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II.11. Experimental Results 

A sample of elastomer material with diameter of     , thickness 

       and mass 0.15 g (OP) or thickness 300 µm and mass 0.21g 

(ZRU) is coated with carbon grease and mounted onto a pressure 

chamber. The pressure inside the chamber is measured with a 

pressure sensor (JUMO dTrans p30 40.4366) and the volume of the 

balloon is recorded with a high-speed camera at 250fps (JVC GC-

PX10). 

The electrical circuit shown in Figure II.12b  consists of two large high 

voltage capacitors  providing charge to the soft generator (   ) or 

receiving charge from the soft generator (    ). The capacitors have a 

capacity of 440nF@10kV each consisting of four 100nF and one 40nF 

capacitors from FTCap™ in parallel connection. The direction of 

charge transfer is passively controlled by two high voltage diodes 

(X100UFG from Voltage Multipliers Inc.) avoiding the need for 

actively switching relays. The whole circuit is isolated from external 

power supplies allowing for accurate measurement of the change of 

stored electrical energy by measuring the voltage change at the 

reservoirs   {      } with an electrostatic voltmeter (TREK 341A). The 

net charge delivered to the soft generator is 

 

                         ( II.14 ) 
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The data of the pressure sensor and the electrostatic voltmeter is 

recorded by a  abView™ program and subsequently synchronized 

with the volume evolution measured by the high speed camera. 

 

In Figure II.13b we show the evolution of the generators mechanical 

and electrical work-conjugate variables (    and        

respectively) during the 6th cycle of a multicycle experiment. The 

inflation process starts at      (point 4) and before that the voltage 

drops at the disconnected and charged membrane due to charge 

leakage. The voltage drops sharply due to the changing capacity and 

as it equals the voltage of the input reservoir at         charges are 

transferred to the generator until the volume reaches its maximum. 

At         the generator is deflated as quickly as possible, boosting 

the voltage up until it matches that of the output reservoir at   

      at which point the generator is discharged concluding the cycle 

at        . Afterwards the voltage of the generator again drops 

below that of the output reservoir due to the leaking of charge. At 

each instant the state of the soft generator is completely defined by 

each pair of work-conjugate variables     and       . Figure 

II.13c follows the evolution of the state in the electrical work-

conjugate plane resembling the schematics of Figure II.12a. The cycle 

is not closed as  a total of         of the input charge              is 

leaked through the membrane and the net charge transferred to the 

generator after one full inflation-deflation cycle       . The specific 

electrical energy generated is obtained by integrating along the path 

in Figure II.13c which results to          and a specific power of 

        . These are among the highest experimentally validated 
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values reported in literature for soft generators. The mechanical 

energy consumed during the conversion cycle is determined by the 

hysteresis area in Figure II.13d amounting to         and thus the 

mechanical to electrical conversion efficiency is 7.2%. The hysteresis 

area is a result of mechanical losses (viscoelasticity, Mullins effect) 

and from conversion of mechanical energy. Without losses the area in 

the electrical and mechanical work conjugate plane will become equal 

and the efficiency would be     .  

The typical conversion cycle depicted before (Figure II.12) is also used 

to assess the aptitude of ZRU for soft generators and results are 

shown in Figure II.14. The specific electrical energy generated in this 

experimental cycle was 217 mJ/g consuming mechanical work of 

2.1J/g resulting in an mechanical to electrical conversion efficiency of 

10.3%. As some charge leaked through the membrane (6.8µC) the 

cycle is not closed since more charge was transferred from the input 

reservoir to the membrane than transferred back to the output 

reservoir. 
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Figure II.13. Experimental demonstration of high specific energy and power 

for a natural rubber based soft generator. a) The electrical capacitance of the 

elastomer membrane changes by two orders of magnitude due to inflation. 

Experimental (black squares) and theoretical (red line) data for the capacitance show 

good agreement. b) Time course of mechanical and electrical work-conjugate 

variables (pressure   -volume   and voltage   - – net charge  ) during the 6th cycle of 

a measurement.  c) Measured generator cycle depicted in the electrical work conjugate 

plane. The cycle is not closed due to charge leakage. The shaded areas visualize 

electrical input (red) and output (green) energy. The specific electrical energy 

generated in this cycle amounts to          at an average power of         . d) 

Measured generator cycle depicted in the mechanical work conjugate plane. The 

enclosed area represents the supplied mechanical energy (       ) yielding a  

mechanical to electrical energy conversion efficiency of 7.2%.    
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Figure II.14. Experimental harvesting cycle. a) The evolution of work conjugate 

variables (   ,    ) in time. b) The path of the soft generators state through the 

electrical work-conjugate plane. The red shaded area shows electrical energy input 

(158mJ/g), and the green shaded area shows the output (375mJ/g) which totals in a 

net generated energy of         . c) The path depicted in the mechanical work-

conjugate plane. 
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II.12. Conclusion 

 

The material cost is essential to the feasibility of WECs  using soft 

generators. Soft generators may not only be used in soft WECs but 

also in harvesting energy from waste heat [10], human gait[11], [72] 

and river flow [27] and other mechanical resources. We expect that 

material cost is generally significant for all small and large scale 

applications. In this work we show that NR is a very promising 

material as of its low cost (       ) and high energy conversion 

capability (                 ). Validation of an exemplary harvesting 

cycle yields a specific electrical energy generation of          per 

cycle and          at an mechanical to electrical conversion 

efficiency of 11.6%. The high performance of OP is based on the high 

shear modulus           and high dielectric strength       

                of NR compared to VHB4910™ (             

               ). This is not specific to OP but can be generalized 

to other natural rubbers as well as is shown by our analysis of ZRU. 

Using the experimental performance of NR we estimate the LCOE of 

soft WECs to be in the range                 , thereby competing 

with existing technologies. Soft WECs provide high voltage direct 

current without the need for transformation and the wave energy 

resource is available at many coasts which are highly populated 

regions. Future materials designed specifically for high lifetime and 

high performance will improve the performance of soft WECs and as 

the technology is maturing the maintenance cost will decrease. The 
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success of PE AMIS™ indicates that public and political support is 

already enabling the construction of wave farms and with further 

support the harvesting of wave energy will find its place in the global 

energy mix providing clean and sustainable, low-cost electrical 

energy.  
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