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Preface 
 

Dielectric elastomer transducers consist of elastomer membranes sandwiched between 

compliant electrodes and can be considered as soft deformable capacitors. When voltage is 

applied, the membrane thins down and expands in its area. As such, dielectric elastomers are 

commonly used as actuators. On the other hand, a reduction of tensile force on a pre-stretched 

and pre-charged dielectric elastomer membrane under open circuit conditions increases voltage, 

allowing electric charges to be boosted from a low voltage source to a high voltage reservoir. In 

this case, dielectric elastomers are used as generators: 

 
Working principle of dielectric elastomer transducers 

 

 

As stated in the research proposal, the main focus of my research visit to Harvard 

University should be on the modeling of electrode-free charge controlled actuators. The primary 

research paper about this work was already sent for review at the time the research visit in the 

USA should start. The second part of the research on electrode-free actuators was planned to 

start after the final publication of the first paper. Due to the copious reviewing and revision time 

in the renowned PNAS, the journal of the National Academy of Sciences of the United States of 

America, the paper was not published until March 2010. (open access publication; displayed in 

Appendix 2) 
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The refocusing of my research assignment was not difficult, as the group around 

Professor Zhigang Suo started to work on dielectric elastomer generators, the second branch of 

possible applications of dielectric elastomer transducers, besides actuator applications. The 

results of this collaboration on “Dielectric Elastomer Generators: How much energy can be 

converted?” shall be the main part of this research report. The paper is planned to be published 

in a focused section on “Electroactive Polymer Mechatronics” of the “IEEE/ASME 

TRANSACTIONS ON MECHATRONICS” (Paper submission April 1, 2010; final publication 

after peer review process: February 2011; the “Scientific paper” part of this research report is 

subject to copyright conditions of IEEE/ASME and should not be published elsewhere). In the 

“Acknowledgement” section of this paper the Austrian Marshall Plan Foundation is mentioned: 

“…Additionally the work was supported by the Austrian Science Fund and by the Austrian 

Marshall Plan Foundation, through the sponsoring of a half-year visit of C Keplinger to 

Harvard University...” 

 The work on dielectric elastomer generators was additionally presented at the 2010 MRS 

spring meeting (April 5-9, 2010) of the Materials Research Society in San Francisco, California, 

USA. The talk on the “Aptitude of Dielectric Elastomer Transducers for Energy Harvesting 

Generators” combined our theoretical findings about dielectric elastomer generators with recent 

findings from an experiment in our JKU Linz laboratory. The PowerPoint slides of the oral 

presentation are displayed in Appendix 1. The logo of the Austrian Marshall Plan Foundation 

was presented in the title slide. 

Finally, I want to thank the Austrian Marshall Plan Foundation for sponsoring my six 

month research visit to Harvard University. In compliance with the spirit of the Marshall Plan, I 

was able to strengthen the fruitful collaboration between the US group around Professor Zhigang 

Suo and the Austrian group around Professor Siegfried Bauer. The publication of the first joint 

scientific paper is in process.  
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Scientific paper 
 

 

Dielectric Elastomer Generators:  How much energy can be converted? 

 

Soo Jin Adrian Koh1,3, Christoph Keplinger1,2, Tiefeng Li1,4, Siegfried Bauer2,a, Zhigang Suo1,b 

1School of Engineering and Applied Sciences, Harvard University 
Cambridge, Massachusetts 02138, USA 
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3Institute of High Performance Computing 
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4Institute of Applied Mechanics, Zhejiang University,  
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  Abstract 

Dielectric elastomer can serve as generators to convert mechanical energy into electrical energy.  

While energy of conversion between 0.1 mJ/g and 400 mJ/g have been reported, it is not known 

if these figures are limited by fundamental principles, or if there is room for improvement.  One 

may even wish to select and design materials specifically for dielectric elastomer generators but 

currently, such efforts are largely made by performing experiments.  This paper develops a 

theoretical approach that plots limit states on work-conjugate operation maps, and computes 

the maximum energy of conversion.  The limit states are defined by well-established 

mechanisms of failure.  The effect of varying material parameters on the energy of conversion is 

studied.  Simple formulas are proposed to guide the selection and design of elastomers for 

generators.  It is found that natural rubber outperforms VHB elastomer as a generator at strains 

less than 15%.  Furthermore, a moderately stiff elastomer can convert energy at 1.0 J/g by using 

a strain of operation of 100%. 

 

aemail:  Siegfried.Bauer@jku.at  

bemail:  suo@seas.harvard.edu 
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1. Introduction 

 A dielectric elastomer transducer consists of an elastomer membrane sandwiched 

between compliant electrodes, and can be considered as a deformable capacitor [1,2].  When a 

voltage is applied, the membrane thins down and expands in its area.  The elastomer is 

commonly used as an actuator, converting electrical energy into mechanical energy [2–8].  On 

the other hand, for a pre-stretched and pre-charged membrane under open circuit conditions, a 

reduction of tensile force thickens the membrane and increases the voltage, boosting electric 

charges from a low-voltage source to a high-voltage reservoir.  In this case, the elastomer is used 

as a generator, converting mechanical energy to electrical energy [9,10].   

Dielectric elastomer generators (DEGs) are promising for small-scale energy harvesting 

[11–13], as well as for large-scale energy generation [11].  They are ideally suited to harvest the 

vast and concentrated amount of energy stored in ocean waves due to impedance match, low 

cost, and reliability.  Elastomers are at least 7 times lighter than piezoceramics and 

ferromagnets.  They are highly stretchable, which enables excellent force-coupling.  Research 

has shown that the electromechanical conversion efficiency is high [14].  Being a polymer 

material, dielectric elastomers do not rust under the corrosive action of ocean sprays.  Finally, 

elastomer materials like natural vulcanized rubber and polyacrylate VHB 3MTM elastomers are 

widely available and low in cost.  All these advantages may translate to efficient generators that 

are light-weight, cost-efficient, reliable and low in maintenance. 

While dielectric elastomer actuators (DEAs) are extensively studied, research on its 

counterpart as a generator is sparse.  A limited number of experiments were conducted on 

dielectric elastomer generators [9,11–13], with strain of operation often restricted to less than 

100%.  It is well-known that typical elastomers exhibit strains in excess of 500% [2,15–19].  In 

one particular experiment, a very high energy of conversion of 0.4 J/g has been given, without 

specification of the experimental conditions, preventing the repetition of the experiment. 

Nevertheless, the experiment shows the large potential of dielectric elastomer generators, 

possibly exceeding energy of conversion of piezoceramics and electrostrictive polymers by an 

order of magnitude [20-22]. Even under moderate strain conditions, preferable when reliability 

is a concern, elastomer generators may potentially be very attractive alternatives to 



 - 8 - 

piezoceramics and electrostrictive polymers.  It will be interesting, therefore, to investigate how 

dielectric elastomer generators perform in the whole strain region, from low strains preferable 

for long time, reliable operation to high strains, outlining the full potential and also the limits of 

the technique.  Material models that capture the full range of elastomer stress-strain behavior 

[15,16], including strain-stiffening at high stretches where the polymer chains approach their 

extension limit, will enable us to determine the potential of the technology from low strain to 

high strain and to determine the limits for the energy of conversion. 

 Based on a previous study [10], we present a theoretical framework to define the safe 

operation regime for a given dielectric elastomer.  This framework is based on the consideration 

of limit states that will lead to irrecoverable failure of the elastomer.  These limit states are 

defined as a set of four well-known failure mechanisms for dielectric elastomer membranes – 

electrical breakdown, electromechanical instability (or pull-in instability), loss of tension and 

material rupture [10,18,23,24].  While the mechanisms for electromechanical instability, loss of 

tension and material rupture are well-understood [18,24,25], the mechanisms leading to 

electrical breakdown are complex, and remain poorly-understood.  In our analysis, we shall 

assume that the dielectric elastomer undergoes breakdown when the true electric field attains a 

critical magnitude EEB, known as the dielectric strength.  It has been shown experimentally that 

EEB can significantly dependent on stretch for VHB elastomers [17,18].  Imagine that one is able 

to operate dielectric elastomer generators along these limit states, the amount of energy that can 

be converted is at the theoretical maximum.  These limit states are plotted on work conjugate 

force-displacement, and voltage-charge planes, which enable fast and easy computation of the 

energy of conversion.  This framework will not be limited to specific material models, therefore 

more detailed models can be used at any time when it is necessary to consider specific aspects 

not covered by the models used at the present stage.  New experimental findings can also be 

incorporated. 

We shall first use our model to compare the energy conversion performance between the 

commonly used VHB elastomer and natural rubber.  All the necessary mechanical material 

properties are obtained from fitting experimental stress-strain curves with the Arruda-Boyce 

model [16], which is based on the statistical physics of macromolecules, including the strain-
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stiffening part in the vicinity of the polymer chain extension limit.  The maximum possible 

stretch for the elastomer is therefore determined by the extension limit of polymer chains.  The 

electrical properties are taken from experimental results for VHB elastomer, where the dielectric 

strength is fitted to a phenomenological model, incorporating the fact that the dielectric 

strength is enhanced by stretching.  The energy conversion performance for the entire range of 

operational stretch, from very small strains (≈ 1%) up to the maximum possible stretch at the 

extension limit, was compared for both materials.  Between strains of operation of 1% and 500%, 

we found that the maximum energy of conversion spans at least two orders of magnitude. 

Following this, a study on the effect of varying characteristic mechanical and electrical 

material parameters on the energy of conversion is conducted.  We select the characteristic 

stiffness µ and the Maxwell stress at electrical breakdown 2
EBEε  as the material parameters to be 

varied.  A linear model for small strain operation and a general non-linear model for large 

stretch operation are used to establish equations that predict the maximum energy of 

conversion.  These equations allow quick and reasonably accurate estimations of the maximum 

energy of conversion once the relevant material parameters are known, which could aid in the 

selection and design of new dielectric elastomer generator materials. 

 

2. Limit State Analysis for a Dielectric Elastomer 

 Consider a dielectric elastomer sandwiched between two compliant electrodes as shown 

in Fig. 1a.  Subject to a voltage through its thickness and mechanical loading in the planar 

directions, a dielectric elastomer thins down and expands in area (Fig. 1b).  A prior study has 

shown that equal-biaxial stretching converts more energy at a lower input voltage as compared 

to uniaxial stretching [26], as such; we shall adopt this mode of stretching in our analysis.  

Assuming incompressibility, Fig. 1 shows the dimensions of a dielectric elastomer subject to 

equal-biaxial load at the reference (Fig. 1a) and the activated states (Fig. 1b).  It is assumed that 

the elastomer is a hyperelastic material, and can be satisfactorily described by a free-energy 

function ( )λW , with its stress given by the equations-of-state.  Dissipative effects like 
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viscoelasticity and dielectric relaxation are ignored in our analysis.  In this section, we propose a 

limit state model to compute the maximum energy of conversion for a dielectric elastomer. 

 Subject to the mechanical and electrical load configuration as shown in Fig. 1b, the 

equation-of-state for the elastomer at the activated state is given as: 

( )( ) ( )λλλσσ GW =∂∂=− 23 , where σ  is the equal-biaxial true stress in each planar direction, 

3σ  is the true stress in the thickness direction and ( )λG  is the stress-strain relationship for the 

elastomer.  Assuming liquid-like dielectric response and ignoring the effects of dielectric 

relaxation, the voltage applies an equivalent compressive mechanical stress in the thickness 

direction, known as the Maxwell stress [1,27].  Adopting the expression of Maxwell stress given 

in [27], the following force-balance and capacitive relations can be written: 

( )λλε F
HLH

P
=







 Φ
+ 3

2

     (1a) 

4

2
λε 






 Φ
=

HL

Q
      (1b) 

where P, λ and Φ are mechanical force, stretch and voltage respectively, as defined in Fig. 1, Q is 

the magnitude of charge on each electrode due to Φ, ε is the dielectric permittivity and 0εεε r= , 

where rε   is the dielectric constant and 0ε  is the dielectric permittivity of vacuum.  ( )λF  is the 

nominal stress-strain relationship, and ( ) ( )λλλ GF = .  There are four field variables in equation 

(1): QP ,,, Φλ .  One may choose to prescribe any two of the four field variables and, assuming 

that ( )λF  is known, solve the other two variables using equation (1).  Equation (1) therefore 

completely describes the electromechanical response of a dielectric elastomer transducer. 

 There are numerical limits whereby the four field variables can take.  These limits are 

either prescribed by the user, or determined by the failure modes of the dielectric elastomer.  

Well-known failure modes include electrical breakdown, electromechanical instability, loss of 

tension and material rupture [10,18,23,24].  These failure modes define operational limit states 

for the dielectric elastomer.  By plotting these limit states on work-conjugate planes of P–λ and 

Φ–Q, the energy of conversion per cycle of operation can be computed by an area enclosed by a 
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prescribed cycle on each plane.  The limit states define the boundaries of operation.  These plots 

are termed the operation maps of a dielectric elastomer. 

 When the elastomer is highly-stretched, the polymer chains could uncoil to a point 

where further stretch is not possible without undergoing material failure.  One may also choose 

to limit the range of operation to modest stretches, in order to improve durability and reliability 

of operation.  Define the maximum stretch as maxλ , putting maxλλ =  in equation (1), we have: 

maxλλ = , 







=

Φ
−

2

4
max

L

Q

H ε

λ
    (2) 

 Under an exceptionally high electric field, the elastomer will experience electrical 

breakdown (EB) [17,21,22].  The electric field that causes breakdown is known as the dielectric 

strength.  Under an experimental setting, the voltage that causes EB may be sensitive to material 

imperfections like voids, inclusions or material inhomogeneities [28].  Experiments have shown 

that the observed dielectric strength of polymers may be dependent on various physical 

properties like stretch [17,18], small strain thickness [29] and material stiffness [30].  Define the 

maximum electric field the elastomer can take before undergoing EB as EBE , putting into (1): 

( ) 21
EBEF

LH

P −−= ελλ ,  2

1

2 EBE
L

Q

H

−









=

Φ
ε    (3) 

Experiments can be conducted to determine the dielectric strength, and its dependence on 

various physical properties.  An analytical expression can be selected and optimally-fitted to the 

experimental data. 

 As the voltage is increased, the elastomer reduces in thickness, so that the positive 

feedback between a thinner elastomer and a higher true electric field may result in 

electromechanical instability (EMI) [23,25,31].  However, it should also be noted that, due to 

strain-stiffening of the polymer at large deformation, EMI can be eliminated by prestressing the 

elastomer [32].  Mathematical equations for EMI to occur have been established previously [25], 

and shall not be repeated here.  Differentiating the intensive variables P and Φ, with respect to 

the extensive variables λ and Q, we have: 
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At EMI, we have: 0=∂Φ∂ λ , and from (4b): 0=∂Φ∂ Q .  For a fixed P: 0=∂∂ λP .  From (4a) 

and (1), we have: 

( )
λ

λ
λ

∂

∂
−=

F
F

LH

P

3
,  

3
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=

Φ
−

λ
ε

F

L

Q

H
   (5) 

where λ in the Φ–Q expression can be replaced by Q using (1b). 

 For a dielectric elastomer membrane, it is desirable to keep the membrane in tension, as 

any compressive stress in the planar directions will lead to the formation of wrinkles, which may 

cause premature failure.  This limiting condition (LT) is given as:  

0=
LH

P
, ( )[ ] 5

45
3

2

1
λ

ε
F

L

Q

H

−









=

Φ
    (6) 

where λ in the Φ–Q expression can be replaced by Q using (1b). 

 Finally, it should be noted that the fundamental thermodynamic stability condition: 

( )( )λλσ ∂∂≤ W2  must always be obeyed.  The thermodynamic stability limit is given by the 

nominal stress-strain relationship: 

( )λF
LH

P
=  at 0

2
==

Φ

L

Q

H
     (7) 

The stress-strain relationship can be obtained experimentally, and an analytical function ( )λF  

can be selected and optimally-fitted to the experimental data. 

 Equations (2), (3), (5)–(7) collectively define the limit states which the dielectric 

elastomer electromechanical transducer can operate in the P–λ and the Φ–Q planes.  Operating 

along these limit states gives an energy conversion cycle that gives the maximum 

electromechanical energy of conversion. 
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3. Material Models 

 For a given dielectric elastomer, the stress-strain relationship, and the observed 

dielectric strength can be obtained experimentally [15–18].  EMI and LT are analytically 

obtained from equations (5) and (6).  maxλ  can either be prescribed, or simply allow the material 

to stretch up to the rupture stretch.  Therefore, to have a complete analytical representation of 

the limit states, suitable material models for ( )λF  and EBE  in equations (7) and (3) must be 

established. 

 A key objective of this work is to study the effect of basic hyperelastic material properties 

like small strain shear modulus µ, maxλ  and electrical properties like dielectric constant εr and 

dielectric strength EBE  has on the maximum energy of conversion of a dielectric elastomer 

generator.  To that end, we have selected a model for ( )λF  that describes the hyperelastic 

behavior based on the macromolecular network structure of the elastomer.  The entire range of 

stretch, including the strain-stiffening at high stretches is covered by the chosen model.  This 

enables us to at least have a qualitative insight to the stress levels required if one desires to 

operate at high stretches, and also to study the significance of the stiffening part on the energy 

conversion of a dielectric elastomer generator. 

   The Arruda-Boyce model [16] describes the molecular structure of a rubber-like material 

with eight chains oriented in space, where the deformation behavior of each individual chain is 

defined by Langevin chain statistics [33].  For the statistical mechanics description, a single 

chain is defined as the part of a polymer chain between two successive chemical crosslinks.  This 

chain part is modeled as a chain of n freely-jointed, rigid, statistical links of equal length, the so 

called “Kuhn length”.  This length spans over a specific number of chemical bonds along the 

polymer chain, depending on the material specific properties of these chemical bonds, like 

rotation angle around single bonds and the ratio between double and single bonds.  In any case 

the Kuhn length has to be long enough to justify the assumption of freely-jointed links. 

  The free-energy density of the elastomer is given as [15,16,33]: 

  







+−=

ζ

ζ

ζ

ζ

sinh
log1

tanh
NkTnW  (8) 
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where kT is the temperature in the unit of energy, ζ  is the normalized force in each chain, and 

N is the number of chains per unit volume.  N is also proportional to the number of chemical 

crosslinks.  Based on Kuhn’s Langevin statistics [33], the stretch on each polymer chain Λ  is 

related to the normalized force ζ  as: 

  







−=Λ

ζζ

1

tanh

1
n  (9) 

where n is the number of statistical links in the chain.  For an elastomer subject to principal 

stretches 1λ , 2λ  and 3λ , Arruda and Boyce [16] proposed that: 

  
3

2
3

2
2

2
1 λλλ ++

=Λ  (10a)  

In the limit 0→ζ  the neo-Hookean model is recovered, with the small strain shear modulus 

NkT=µ . 

 For an incompressible elastomer subject to equal-biaxial stretch, equation (10a) becomes: 

  
3

2 42 −+
=Λ

λλ
 (10b)  

Based on the random-walk statistics [15,16,33], the polymer chain attains its fully-stretched 

length when n=Λ .  From (10b), this imposes a limit stretch ( limλ ) by which the elastomer can 

deform, given as: 

  n32 4
lim

2
lim =+ −λλ  (11)  

From equation (9), it could be seen that when n→Λ , ∞→ζ .  Hence, given n, the maximum 

possible stretch can be solved from equation (11). 

 Equations (8)–(10) define a free-energy function ( )λW  for an elastomer subject to 

equal-biaxial stretch.  Experiments often measure the nominal stress ( LHP ), instead of the 

true stress ( LHPλ ) to plot the stress-strain data [15–18].  Following this, we define the 

nominal stress-strain relation ( )λF , given by the equation-of-state: ( ) ( )( )λλ ∂∂= WF 21 .  From 

(8)–(10), we have: 
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( )
Λ

−
=

−

3

5λλ
µζλ nF   (12) 

Equation (12) establishes an analytical function for ( )λF  in equations (1a) and (5)–(7).   

 From (12), the shape of the stress-strain relationship is governed by the number of 

statistical links n in each chain, and the small strain shear modulus µ.  The latter is proportional 

to the density of chemical crosslinks N, and the ambient temperature T.  Fig. 2 shows the effects 

n and µ have on the stress-strain behavior of an elastomer.  In general, n controls the limit 

stretch and µ controls the amount of load required to deform the elastomer to a specific stretch.  

Fig. 3a shows the values for n and µ when the material model was optimally-fitted to 

experimental data of natural rubber (NR) [15,16], and VHB acrylic elastomers (VHB) [18].  Two 

observations can be made from Fig. 3a.  First, the material properties n and µ are not 

significantly different when fitted to uniaxial and equal-biaxial data for NR.  Second, the 

maximum stretches for both VHB and NR under uniaxial stretch are similar, while the small 

strain shear stiffness for VHB is about half-order magnitude smaller than NR.  The first 

observation allows us to transplant uniaxial stretch data for use in an equal-biaxial stretch 

configuration, and make good qualitative conclusions on the equal-biaxial stress-strain behavior.  

The second observation allows us to understand the energy conversion performance between a 

soft elastomer (VHB) and a stiff elastomer (NR). 

 For an elastomer with a specific thickness, the dielectric elastomer experiences electrical 

breakdown when its dielectric strength (EEB) is reached.  We may write: hE EBEB /Φ= .  EBE  is 

usually expressed as a constant, and h is the thickness at breakdown.  But experimental data on 

VHB dielectric elastomer shows that EEB may be dependent on stretch [17,18].  The experimental 

data are fit to: 

( ) ( )[ ] R
EBEB EE λλλ 1==   (13) 

where ( )1=λEBE  is the electric field required to cause electrical breakdown when the stretch is 

fixed at 0.1=λ , and R is the degree of sensitivity of dielectric strength towards stretch.  0=R  

implies that the dielectric strength is independent of stretch.  Equation (13) establishes an 

analytical function for equation (3).  Fig. 3b shows the values for ( )1=λEBE  and R when 
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equation (13) was optimally-fitted to experimental data for VHB elastomer with mm 0.1=H  

[17,18].  The mechanism behind stretch-dependent dielectric strength is not well-understood.  

Hence, the model that we proposed here is phenomenological rather than physical. 

 Putting equations (11)–(13) into equations (2), (3), (5)–(7), we can now plot the limit 

states on work-conjugate P–λ and Φ–Q planes.  The maximum energy of conversion for a 

dielectric elastomer can be computed from these plots. 

 In this section, we have described a simple formulation for the stress-strain relationship, 

based on the molecular picture of an elastomer, and the observed dielectric strength of a 

dielectric elastomer.  This description allows useful information to be extracted for material 

scientists and engineers to understand how operational and material parameters affect the 

maximum energy of conversion.  Theoretically-predicted mechanical material parameters for 

the single chain deformability n and the small strain shear modulus µ can be reproduced 

experimentally by clearly-defined concepts.  The parameter n is influenced by the Kuhn length 

of specific polymer backbones and additionally by the average chain length, which itself is 

proportional to the density of chemical crosslinks.  The parameter µ is proportional to the chain 

density and accordingly, the chemical crosslink density N, and the ambient temperature T. 

Consequently, under isothermal conditions, changing the crosslink density influences both the 

single chain deformability n and the small strain shear modulus µ.  Nevertheless it is still 

possible to change n independently of µ by varying the stiffness of the polymer backbone what 

results in a variation of the Kuhn length.  Furthermore, the addition of side chains, which are 

crosslinked to the polymer backbone but free on the other side, fills up the space in the polymer 

network, influencing the number of configuration states for single chains. Moreover elastomers 

of interpenetrating networks [34–38] may be considered for designing materials with desirable 

stress strain characteristics.  In the subsequent sections, we shall compare the energy 

conversion performance of VHB and natural rubber as dielectric elastomer generators, and 

explore how different material parameters like µ, εr and EBE  affect the conversion performance. 
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4. Energy of Conversion for VHB and Natural Rubber 

 In this section, we select two distinct elastomers – VHB elastomer and natural rubber.  

We will use our model to compute the maximum energy of conversion for both materials as 

dielectric elastomer generators. 

 In the past decade, VHB elastomer has been extensively used in actuators and generators 

[2–13,38].  As a dielectric elastomer generator, it has been experimentally claimed that a VHB 

elastomer converts energy at a specific energy of 0.4 J/g, with the potential capability of 

harvesting energy at 1.0 J/g [9].  On the other hand, natural rubber is the most primitive form of 

elastomer, and it is abundant and cheap.  No research was performed on natural rubber used as 

a generator. 

 Using existing experimental data for VHB elastomer under fast mechanical uniaxial 

loading (strain rate = 1.8 s-1) [18], natural rubber under uniaxial and equal-biaxial loading 

[15,16], and the stretch-dependent dielectric strength of a 1.0mm thick VHB elastomer [17,18], 

we have determined the material parameters for equations (12) and (13), based on least-squares 

fitting (Fig. 3).  The dielectric constants for VHB elastomer and natural rubber are 5.4=rε  [39] 

and 0.3=rε  [40], respectively, and are assumed to be insensitive to stretch.  These fitted 

parameters were in excellent agreement with works performed by Plante [18] for VHB, and 

Arruda and Boyce [18] for natural rubber (NR).  Due to the absence of experimental data for the 

stress-strain relationship for VHB under equal-biaxial loading, and the observed dielectric 

strength for NR, we have transplanted the material parameters from experimental data fits of 

uniaxial VHB stress-strain curves and used them for equal-biaxial stress-strain conditions. Also 

we used the observed dielectric strength of VHB for NR.  Fig. 3a shows that the material 

parameters n and µ were not significantly different when fitted to both uniaxial and biaxial 

stretch data for NR, and that polymers in general have dielectric strengths between 107 and 108 

V/m [38,40].  Therefore, we expect the transplanted parameters will not deviate significantly 

from an actual set of experimental data when it becomes available.  Nevertheless, we have 

illustrated that equations (12) and (13) provided excellent fits to the existing experimental data 
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in Fig. 3.  Any new set of experimental data available can be easily fitted with optimal 

parameters. 

 Under equal-biaxial loading, the limit states for VHB and NR were plotted in Fig. 4.  In 

this figure, the dielectric elastomer generator was assumed to be stretched up to near limiting 

stretch in its operation.  The shaded regions in Fig. 4 define the allowable states that the 

dielectric elastomer electromechanical transducer can operate without experiencing failure.  By 

operating along the limit states, the theoretical maximum energy of conversion can be realized 

for the dielectric elastomer generator.  As a generator, the cycle is described by a clockwise lap 

around the shaded region on the P–λ plane, and an anti-clockwise lap around the shaded region 

on the Φ–Q plane.  The theoretical limit for energy of conversion is given by the area bounded 

by the allowable states on the work-conjugate P–λ plane, or the Φ–Q plane.  For equal-biaxial 

stress, neglecting dissipative effects, the shaded area on the Φ–Q plane is two times of that in 

the P–λ plane.  For the VHB dielectric elastomer generator, the theoretical limit for maximum 

energy of conversion is 1.7 J/g (Fig. 4a), while that for NR is comparable, at 1.3 J/g (Fig. 4b).  

The voltage amplification when a pre-stretched and pre-charged elastomer is relaxed under the 

open-circuit condition is given by the height of the allowable region on the Φ–Q plane at various 

nominal charge densities ( 2LQ ).  When the elastomers are highly-stretched, it is possible to 

achieve a voltage amplification of more than 10 times when it is relaxed at a low charge 

condition.  Voltage amplification reduces with increasing charge due to higher input voltage.  

This is because, with more charges on the electrodes, electrical breakdown will occur after a 

smaller amount of relaxation.  There exists an optimal input voltage that maximizes the amount 

of energy that can be converted.  One may design practical cycles within the allowable states, 

and determine the optimal level of input voltage that maximizes the energy of conversion.  This 

has already been illustrated in a previous study [10], and shall not be repeated here. 

 To ensure long-term, reliable operation, one may wish to operate the dielectric elastomer 

generators at modest levels of stretch.  Fig. 5a shows a schematic of how the shaded area is 

affected when maxλ  is reduced.  It is well-known that piezoelectric transducers are able to 

convert energy at a maximum level of 1.0 mJ/g [20,21], subject to a strain of less than 1%.  
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Experiments have also been conducted on electrostrictive polymers, subject to strains of about 

30%, and converting energy in the region of 10 mJ/g to 20 mJ/g [22].  Recent experiments 

conducted on dielectric elastomer generators were subject to maximum strains of about 100%, 

with claimed energy of conversion between 50 mJ/g and 400 mJ/g [9,11–13].  Fig. 5b and 5c 

shows the allowable states when the range of operation is limited to 5% and 30% for natural 

rubber.  At the 5% range, both the stress-strain and voltage-charge response are approximately 

linear, and the energy conversion plots resemble that for a piezoelectric generator [20,21].  For 

the range of 30%, non-linearity shows up.  Comparing Figs. 4b, 5b and 5c, we observed that the 

force P and the charge Q for small and large deformation differ by two or more orders of 

magnitude.  As expected, the energy of conversion is 2.1 mJ/g and 16.8 mJ/g for 5% and 30% 

strain, respectively, which is two to three orders of magnitude smaller from the potential upper 

bound, when the dielectric elastomer generator is stretched up to its limit.  In the case where the 

strain is 5%, the voltage amplification is small (< 50% boost).  In the case where the strain is 

30%, a voltage amplification up to two times is possible (> 100% boost). 

 Referring to Fig. 5a, by sweeping maxλ  line left-to-right on the P–λ plane, or rotating the 

same line about the origin of the Φ–Q plane, we may compute the maximum energy of 

conversion at various levels of operational stretch.  Fig. 6 demonstrates the huge variability of 

energy conversion for a dielectric elastomer generator, spanning at least 2 orders of magnitude 

over the entire spectrum of operating stretch.  In Fig. 6, we plot the curves for VHB and natural 

rubber (NR).  Due to a lack of experimental data for the dielectric strength of NR versus stretch, 

NR with similar stretch-dependent dielectric strength as VHB (that is: MV/m 30=EBE , 

13.1=R ), and NR with stretch-independent dielectric strength, where MV/m 30=EBE , are 

plotted.  For strains smaller than 15%, we can see that NR performs better in terms of energy 

conversion compared to VHB.  For strains above 15%, the performance of NR is comparable to 

VHB if they exhibit similar stretch-dependent dielectric strengths.  If the dielectric strength of 

NR is not improved by stretching, it performs poorer as compared to VHB.  It appears that, in 

terms of energy conversion, NR outperforms VHB as a dielectric elastomer generator at small 

strains.  At high stretches, the relative performance between them remains to be seen, as there 
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are currently no experimental data available on the dielectric strength of highly-stretched NR.  

To compare with existing technologies, to achieve comparable energy of conversion as 

piezoceramics, we need to operate NR at 3% and VHB at 5.5% strain.  To achieve that displayed 

by electrostrictive polymers, strains between 20% and 30% are required.  Exceeding the 

operational strain to values above 30% gives an improved figure of merit in comparison to 

piezoceramics and electrostrictive polymers. Reliability issues may favor elastomer generators, 

even when operated at low strains, being well adapted to be used in off-shore environments.  

Finally, it should also be noted that, although NR performs better than VHB at low strains, it is 

five times stiffer than VHB, which requires five times more force to stretch (Fig. 4). 

 

5. Exploring Material Parameters on the Energy of Conversion 

 The previous section illustrated the energy of conversion for dielectric elastomer 

generators made from existing materials – VHB and natural rubber.  We may then ask:  What 

effect does material parameters have on the energy of conversion?  What are the material 

parameters that we can look for in order to improve the amount of energy that can be converted?  

We shall explore some answers to these questions in this section. 

 We shall begin answering these questions by first considering a simple case where the 

operation is at small strain.  In this case both the stress-strain and voltage-charge relations are 

linear (Fig. 5b).  Referring to Fig. 5b, we may compute the energy of conversion by evaluating 

the shaded area on the P–λ plane.  The shaded area is bounded by the stress-strain line, the EB 

line, the maxλ  line, and the LT line.  Let e be the strain, where 1−= λe , we may write an 

equation for the EB line on Fig. 5b as follows: 

2
EBEe

LH

P
εµ −=   (14) 

define maxe  as the maximum strain, we write the following equation for energy of conversion: 











−=

µ

ε
ε

2

max
2

max 2 EB
EB

E
eEY    (15) 
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bearing in mind that the energy of conversion is two times the shaded area on the P–λ plane, 

and µ is the small strain shear modulus.  One may immediately see, from equation (14), that if 

2
EBEε  is too large, the internal stress of the dielectric elastomer will be compressive at EB.  By 

limiting the dielectric elastomer generator to take only tensile stress, there exists an absolute 

maximum energy of conversion, given by:  2
maxmax eY µ= .  This situation occurs when the 

Maxwell stress at electrical breakdown ( 2
EBEε ) is so large that the material always loses tension 

before it undergoes electrical breakdown ( max
2 eE EB µε > ).  Hence, when the dielectric elastomer 

generator is operating within the linear range, two types of materials (Types A & B) can be 

identified.  Type A is a dielectric elastomer with small 2
EBEε  such that max

2 eE EB µε ≤ .  For the 

type A material, maxY  increases linearly with maxe , and saturates to max
22 eE EBε  at high µ.  Type B 

is a dielectric elastomer with large 2
EBEε  such that max

2 eE EB µε > .  For this type of material, maxY  

increases linearly with µ, and quadratically with maxe .  It appears that, for operation in the small 

strain region, a stiff Type B elastomer is preferred. 

 For large deformation, we assume an arbitrary non-linear function ( )λF  that represents 

the nominal stress-strain curve.  One form for ( )λF  was already given in equation (12).  

Assuming that the elastomer is sufficiently stiff so that EMI is averted at all levels of stretch (for 

instance Fig. 4b and Fig. 5c), we may write: 

( ) ( ) ( )
∫∫

−
+=

max

0

0

22
1

max

λ

λ

λ

λ
λλ

λλ d
LH

PF
dFY EB    (16) 

where 0λ  is the stretch whereby the EB or EMI line crosses the LT line on the P–λ plane, 

whichever is smaller.  Physically, 0λ  is the critical stretch in a freely-expanding elastomer under 

an increasing voltage that corresponds to either the onset of EMI for a soft elastomer, or EB for 

a stiff elastomer.  Based on previous studies, for a soft elastomer, EMI usually occurs in the 

vicinity of 3.10 =λ  [23,27].  Assuming that the elastomer undergoes irrecoverable breakdown 

when EMI occurs, this imposes a maximum for 0λ  at 1.3.  Equation (12) suggests that ( )λF  may 
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take the following form: ( ) ( )λµλ fF = , where ( )λf  is the dimensionless nominal stress-strain 

curve.  Substituting (3) and (13) into (16), we have: 

For R = 0:  ( ) 
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For R > 0:  ( ) ( )[ ] 
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For a soft elastomer such that EMI occurs over a specific range of stretch, the expression for 

maxY  becomes very complex, and shall not be derived here.  But as one may observe from Fig. 4a, 

EMI simply cuts out a portion of the shaded area otherwise bounded by the EB boundary in a 

soft elastomer.  In this case, equation (17) will over-estimate maxY .  For a very soft elastomer, 

EMI will cut out a significant portion of the shaded area.  For such an elastomer, the full 

potential of its dielectric properties cannot be realized, as EMI always causes premature failure 

at low stretches.  To obtain maxY  for such elastomers, numerical methods must be used to 

compute the shaded area. 

 Assuming that 0max λλ >> , the first term on the right-hand-side becomes negligible.  

Equation (17) suggests that maxY  again varies with 2
EBEε .  For an elastomer with its dielectric 

strength independent of stretch ( 0=R ), maxY  increases with ( )maxlog λ .  For an elastomer with 

its dielectric strength that is enhanced by stretch ( 0>R ), maxY  increases approximately with 

RR2
maxλ .  In both cases, if the range of operation is in the high stretch region, the energy of 

conversion ( maxY ) depends on the Maxwell stress at electrical breakdown ( 2
EBEε ).  Assuming 

that the mechanical stiffness (µ) is sufficient such that the elastomer always fail by EB, it will 

play little or no part in enhancing maxY .  One may now conclude that 2
EBEε  plays a crucial part in 

determining maxY , in both the small strain and high stretch regions.  We shall therefore explore 

the effects of varying µ and 2
EBEε  on maxY . 

 Fig. 7 shows the effect of varying small strain shear stiffness µ on the maximum energy of 

conversion maxY .  In this plot, 2
EBEε  is assumed to be fixed, and do not vary with stretch.  For the 
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smaller value of MPa 024.02 =EBEε  (Fig. 7a), taken from the properties of natural rubber, maxY   

saturates at small strains of operation at high µ, and maxY  can no longer be further increased 

beyond MPa 100=µ  for the entire spectrum of strain of operation.  Therefore, natural rubber 

appears to be at an optimal stiffness for energy conversion when operating at strains > 100%.  

For small strain operation < 100%, marginal gains in maxY  can be achieved with a stiffer 

material.  The expected theoretical maximum energy of conversion for natural rubber is 

therefore 100 mJ/g.  So are there better candidates than natural rubber for energy conversion?  

Based on existing experimental data, the Maxwell stress at electrical breakdown for isoprene 

natural rubber was measured to be MPa 11.02 =EBEε , and natural muscle gives MPa 35.02 =EBEε  

[38].  Hence, if 2
EBEε  can be increased to ten times that of natural rubber, that is: 

MPa 24.02 =EBEε  (Fig. 7b), maxY  is observed to increase about an order of magnitude if 

MPa 0.1≥µ .  maxY  remains relatively unchanged for the soft elastomer ( MPa 05.0=µ ) at strain 

of operation < 20%, as it now fails predominantly by EMI in that region, and therefore, the full 

dielectric potential cannot be realized.  At higher strains of operation, due to strain-stiffening, 

the soft elastomer is able to avert EMI, resulting in gains of an order of magnitude.  The 

theoretical maximum is now increased to 1.0 J/g. 

 What happens if 2
EBEε  is further increased?  Using the reference materials of natural 

rubber with a constant MV/m 0.30=EBE , and VHB elastomer with stretch-dependent EBE , we 

explore the effect of varying 2
EBEε  over four orders of magnitude, for four different stiffnesses as 

shown in Fig. 8.  As a reference, VHB has MPa 037.02 =EBEε  at low stretch, and 

MPa 12.22 =EBEε  at high stretch.  It could be observed that, when the elastomer is not 

sufficiently stiff to avert EMI, increasing 2
EBEε  does nothing to improve maxY  at small to 

moderate strains of operation.  In all cases, strain-stiffening at high strains of operation 

improves maxY .  We may summarize the roles of small strain shear stiffness µ, and the Maxwell 

stress at electrical breakdown 2
EBEε  as follows:  At small strains of operation, max

2 eE EB µε >  is 
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preferred, and maxY  increases linearly with µ.  At high strains of operation, a sufficiently stiff 

elastomer such that EMI is averted at all strains of operation is preferred, and maxY  increases 

linearly with 2
EBEε .  From Fig. 8c, for a moderately stiff polymer ( MPa 0.5=µ ), with 

MPa 0.12 =EBEε , it is possible to convert 1.0 J/g of energy at a strain of operation of 100%.  This 

could be realizable in the near future. 

 

6. Conclusion 

 Limit state analysis is used to determine the theoretical maximum energy of conversion 

for a dielectric elastomer generator.  Our model enables realistic operation maps to be generated 

for a given dielectric elastomer.  The limits of operation and maximum energy of conversion can 

be determined from the operation map.  Operation maps for existing elastomers can also be 

created to aid in material selection.  They can be varied depending on the operating level of 

stretch, and practical cycles can be designed within the allowable states.  Equations were 

established to estimate the maximum energy of conversion for a given material, with a pre-

determined strain of operation.  These equations enable engineers and material scientists to 

select and design suitable materials as dielectric elastomer generators.  To ensure excellent 

performance in terms of energy conversion a stiff elastomer with high Maxwell stress at 

electrical breakdown is desired.  This framework of understanding will serve as a valuable tool 

for material scientists and engineers to select and design the best elastomer-type materials for 

energy generation. 

 Using a similar framework, limit state analysis can also be performed for viscoelastic 

dielectric elastomers.  This will enable the efficiency of conversion to be known at various speeds 

of operation.  As most actuator and generator operation follows a periodic pattern, and it is 

generally desirable to operate at a relatively high speed to maximize power, dynamic effects 

must be considered in future works.  Optimal operation speeds can therefore be determined that 

maximizes power.  Operation maps for actual geometries in both actuation (diamond actuators, 

minimum energy configurations etc.) and energy generation (inflated membrane, rolled layers 

of DE, balloons etc.) can also be studied.  For experimentalists, this work has provided a strong 
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motivation to characterize the electrical breakdown properties of various polymers (in particular, 

natural rubber), especially at high levels of stretch.  The fatigue threshold limit for various 

elastomers can also be investigated, so that maximal energy of conversion can be determined for 

long-term, reliable operation.  The range of operation in terms of maximum material 

deformation can also be studied using dynamic analysis, and impedance matching with external 

excitations and different circuit configurations.  Finally, using the theoretical framework 

proposed in this paper, experimentalists and material scientists can work in-tandem to create 

new materials which are stiffer, with improved dielectric constants and dielectric strengths.  A 

final culmination of all theoretical framework developed will greatly improve the design and 

operation of existing dielectric elastomer generators as energy harvesters. 

 

Acknowledgement 

 This work was partially funded by the Agency for Science, Technology and Research 

(A*STAR), Singapore, through the sponsoring of a two-year postdoctoral visit of SJA Koh to 

Harvard University, and by the National Science Foundation through a grant on Soft Active 

Materials.  Additionally the work was supported by the Austrian Science Fund and by the 

Austrian Marshall Plan Foundation, through the sponsoring of a half-year visit of C Keplinger to 

Harvard University.  The work was also supported by the China Scholarship Council Foundation 

through the sponsoring of a one-year visit of Tiefeng Li to Harvard University. 

 

References 

1. R. A. Anderson, Phys. Rev. B 33, 1302 (1986). 

2. R. Pelrine, R. Kornbluh, Q. Pei, and J. Joseph, Science 287, 836 (2000). 

3. G. Kofod, M. Paajanen, and S. Bauer, Appl. Phys. A 85, 141 (2006). 

4. N. Galler, H. Ditlbacher, B. Steinberger, A. Hohenau, M. Dansachmuller, F. Camacho-

Gonzales, S. Bauer, J. R. Krenn, A. Leitner, and F. R. Aussenegg, Appl. Phys. B 85, 7 (2006). 

5. G. Kovacs, L. During, S. Michel, and G. Terrasi, Sens. Actuators A 155, 299 (2009). 

6. X. Zhao, and Z. Suo, Appl. Phys. Lett. 93, 251902 (2008). 



 - 26 - 

7. C. Keplinger, M. Kaltenbrunner, N. Arnold, and S. Bauer, Appl. Phys. Lett. 92, 192903 

(2008). 

8. C. Keplinger, M. Kaltenbrunner, N. Arnold, and S. Bauer, Proc. Nat. Acad. Sci. 107, 4505 

(2010). 

9. R. Pelrine, R. Kornbluh, J. Eckerle, P. Jeuck, S. Oh, Q. Pei, and S. Stanford, Proceedings of 

SPIE Electroactive Polymer Actuators and Devices, Newport, CA, March 2001, Vol. 4329, p. 

148. 

10. S. J. A. Koh, X. Zhao, and Z. Suo, Appl. Phys. Lett. 94, 262902 (2009). 

11. S. Chiba, M. Waki, R. Kornbluh, and R. Pelrine, Proceedings of SPIE Electroactive Polymer 

Actuators and Devices, San Diego, CA, March 2008, Vol. 6927, p. 692715. 

12. C. Jean-Mistral, S. Basrour, and J. J. Chaillout, Proceedings of SPIE Electroactive Polymer 

Actuators and Devices, San Diego, CA, March 2008, Vol. 6927, p. 692716. 

13. Y. H. Iskandarani, R. W. Jones, and E. Villumsen, Proceedings of SPIE Electroactive 

Polymer Actuators and Devices, San Diego, CA, March 2009, Vol. 7287, p. 72871Y. 

14. P. Lochmatter, G. Kovacs, and M. Wissler, Smart Mater. Struct. 16, 477 (2007). 

15. L. R. G. Treloar, The Physics of Rubber Elasticity, p. 101 (Clarendon Press, Oxford, 1975). 

16. E. M. Arruda, and M. Boyce, J. Mech. Phys. Solids 41, 389 (1993). 

17. G. Kofod, Dielectric Elastomer Actuators, Ph.D. Thesis, The Technical University of 

Denmark, Sept. 2001, p. 72. 

18. J. S. Plante and S. Dubowsky, Int. Solid Struct. 43, 7727 (2006) 

19. R. M. Wissler and E. Mazza, Sens. Actuators A 138, 384 (2007). 

20. J. Kymissis, C. Kendall, J. Paradiso, and N. Gershenfield, Digest of the Second IEEE 

International Conference on Wearable Computing, August 2002, pp. 132. 

21. H. Sodano, D. Inman, and G. Park, J. Intell. Mater. Syst. Struct. 16, 799 (2005). 

22. K. Ren, Y. Liu, H. Hofmann, and Q. M. Zhang, Appl. Phys. Lett. 91, 132910 (2007). 

23. K. H. Stark, and C. G. Garton, Nature 176, 1225 (1955). 

24. M. Moscardo, X. Zhao, Z. Suo, and Y. Lapusta, J. Appl. Phys. 104, 093503 (2008). 

25. X. Zhao and Z. Suo, Appl. Phys. Lett. 91, 061921 (2007). 



 - 27 - 

26. S. J. A. Koh, Proceedings of MRS Symposium Z, Boston, MA, 30 Nov. – 4 Dec. 2009, Vol. 

1218E. 

27. R. E. Pelrine, R. D. Kornbluh, and J. P. Joseph, Sens. Actuators A 64, 77 (1998). 

28. J. D. Vogan, Development of Dielectric Elastomer Actuators for MRI Devices, Masters 

Thesis, Massachusetts Institute of Technology, June 2004, p. 15. 

29. J. J. O’Dwyer, The Theory of Dielectric Breakdown of Solids, p. 123 (Clarendon Press, 

Oxford, 1964). 

30. M. Kollosche, M. Melzer, A. Becker, H. Stoyanov, D. N. McCarthy, H. Ragusch, and G. Kofod, 

Proceedings of SPIE Electroactive Polymer Actuators and Devices, San Diego, CA, April 

2009, Vol. 7287, p. 728729. 

31. A. N. Norris, Appl. Phys. Lett. 92, 026101 (2008). 

32. X. Zhao, W. Hong and Z. Suo, Phys. Rev. B 76, 134113 (2007). 

33. W. Kuhn, and F. Grün, Kolloidzschr 101, 248 (1942). 

34. S. M. Ha, W. Yuan, Q. Pei, R. Pelrine, and S. Stanford, Adv. Mater. 18, 887 (2006). 

35. S. M. Ha, W. Yuan, Q. Pei, R. Pelrine, and S. Stanford, Smart Mater. Struct. 16, S280 (2007). 

36. K. Jung, J. Lee, M. Cho, J. C. Koo, J. Nam, Y. Lee, and H. R. Choi, Smart Mater. Struct. 16, 

S288 (2007). 

37. Z. Suo, and J. Zhu, Appl. Phys. Lett. 95, 232909 (2009). 

38. P. Brochu, and Q. Pei, Macromol. Rapid Commun. 31, 10 (2010). 

39. G. Kofod, P. Sommer-Larsen, R. Kornbluh, and R. Pelrine, J. Int. Mater. Sys. Struct. 14, 787 

(2003). 

40. D. R. Lide, CRC Handbook of Chemistry & Physics 79th Ed., p. 15 (CRC Press, Boca Raton, 

1998). 

41. T. He, X. Zhao, and Z. Suo, J. Appl. Phys. 106, 083522 (2009). 

42. G. Kofod, W. Wirges, M. Paajanen, and S. Bauer, Appl. Phys. Lett. 90, 081916 (2007). 

 



 - 28 - 

Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Operation of a dielectric elastomer transducer.  A membrane of a dielectric elastomer 

is sandwiched between compliant electrodes.  (a) In the reference state, the membrane is subject 

to neither force nor voltage, and is undeformed.  (b) In the activated state, the membrane is 

subject to equal-biaxial force P in its plane and voltage Φ through its thickness.  The membrane 

expands the area by a factor of 2λ , and reduces the thickness to 2−= λHh .  Electrons flow 

through the external circuit, resulting in positive and negative electric charges, Q± , on the two 

electrodes. 

(a) 

(b) 
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Figure 2.  The relation between the stretch λ  and the equal-biaxial nominal stress LHP .  (a)  

The number of links in each polymer chain, n, sets the limit stretch limλ .  (b) The small-strain 

modulus µ  sets the amplitude of the nominal stress. 

(a) (b) 
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Figure 3.  Experimental data fit of (a) force-displacement curves for natural rubber (NR, 

Treloar, 1944) and VHB acrylic elastomer under fast uniaxial loading (VHB, Planté & Dubowsky, 

2006), using the Arruda-Boyce 8-chain model (AB-8) and (b) stretch-dependent electrical 

breakdown field for VHB (Kofod et. al., 2003; Planté & Dubowsky, 2006). 

(a) (b) 
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Figure 4.  Limit states define a shaded region of allowable states on the force-displacement 

plane, and the voltage-charge plane for (a) VHB elastomer and (b) natural rubber, under equal-

biaxial loading.  The abbreviations on the plot refer to the following limit states:  maxλ  is 

maximum stretch, EB is electrical breakdown, EMI is electromechanical instability, LT is loss of 

tension, and ( )λF  is the nominal stress-strain curve, which defines the thermodynamic stability 

limit.  In these plots, it was assumed that the elastomer is stretched up to near its limit stretch 
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during operation.  The area of the shaded region gives the theoretical maximum energy of 

conversion for the elastomer.  These plots are termed operation maps. 
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Figure 5.  Operation maps for dielectric elastomer when the maximum stretch ( maxλ ) is varied 

(a) The shaded area is reduced due to the leftward translation of the maxλ  line on the P–λ plane, 

and anti-clockwise rotation of the same line, about the origin on the Φ–Q plane; (b) Operation 

map for natural rubber (Fig. 4b) when the maximum stretch is limited to 05.1max =λ  (5% strain) 

and (c) Operation map for natural rubber when the maximum stretch is limited to 3.1max =λ  

(30% strain). 
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Figure 6.  Maximum energy of conversion over the entire spectrum of operating strains for 

VHB elastomer, NR with stretch-dependent dielectric strength, and NR with stretch-

independent dielectric strength.  The maximum energy of conversion ( maxY ) spans at least two 

orders of magnitude over the entire spectrum of operating strains. 
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Figure 7.  Exploring effect of material parameters µ and 2
EBEε  on the maximum energy of 

conversion maxY .  The material parameters for natural rubber with MV/m 0.30=EBE  is taken 

(a) 

(b) 
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as reference.  For a fixed 2
EBEε  , µ is varied.  (a) The value 2

EBEε  of natural rubber is used and (b) 

The value 2
EBEε  of ten times that of natural rubber is used.  A one order of magnitude increase in 

maxY  is possible due to an equivalent increase in 2
EBEε .  For a soft elastomer ( MPa 05.0=µ ), 

maximum energy for the higher 2
EBEε  is predominantly controlled by EMI. 
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(a) 

(b) 
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Figure 8.  Exploring effect of material parameters µ and 2
EBEε  on the maximum energy of 

conversion maxY .  The material parameters for natural rubber with MV/m 0.30=EBE  (dashed 

(c) 

(d) 
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line), and VHB elastomer (dotted line) are taken as references.  For a fixed µ, 2
EBEε  is varied.  

Four stiffnesses were chosen (a) MPa 05.0=µ ; (b) MPa 5.0=µ ; (c) MPa 0.5=µ  and (d) 

MPa 100=µ . 
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Why Dielectric Elastomer Transducers?

� high energy density

— orders higher than parallel technologiesa,b

� light-weight, soft and compliant

� economically interesting

— inexpensive materials

— rust free � offshore, low maintainance costs

� wave energy harvesting

— concentrated energy stored in waves

— potential unclear

— good impedance matching

aR. Pelrine et. al. (2001), Proc. SPIE 4329, 148
bS. Ashley (2003), Scientific American 289, 52
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Motivation

� lack of experiments

— to estimate full potential of the technology

— to improve basic understanding

� well defined thermodynamic cycle

— in work conjugate voltage charge plots

— operate between two charge reservoirs of different electrical potential 

� What is the ideal deformation mechanism?

— theoretically, equibiaxial deformation is ideal

— how to realize experimentally? 
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First results
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� Pelrine et al.: 400mJ/g ?

— operating conditions not specified

� competing technologies

— 130mJ/g advanced single crystal ceramicsa

— electromagnetics: peak energy density 40mJ/ga

� Where are the theoretical limits?

How does that value compare?

aR. Pelrine et. al. (2001), Proc. SPIE 4329, 148
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Limits of operation – failure modes
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Theoretical limits for 3M™VHB™4910 (biaxial)

C. Keplinger, A. Koh, S. Bauer, and Z. Suo, „Method for Evaluation, Optimization and Design 

of Dielectric Elastomer Materials as Actuators and Generators”, manuscript in preparation. 
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Outlook

� different cycles, with larger energy of conversion

� different materials

� dynamics � power density

� efficiency, electrical and viscoelastic losses

� scalability, durability (fatigue, imperfections)
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Summary

� fully PC controlled experimental setup with

biaxial and inhomogeneous deformation modes

� combination of theoretical and exp. investigations

— improve basic understanding

— experiment: well defined thermodyn. cycle, operates

between two charge reservoirs

� modeling results will predict optimal 

operation conditions

— maximal energy of conversion

for 3M™VHB™4910
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Thank you for your attention!

Christoph Keplinger Soft Matter Physics

The Team

Thank you for your attention!



 - 62 - 

Appendix 2 



 - 63 - 

 



 - 64 - 

 



 - 65 - 

 



 - 66 - 

 



 - 67 - 

 



 - 68 - 

 



 - 69 - 

 



 - 70 - 

 



 - 71 - 

 



 - 72 - 

 



 - 73 - 

 



 - 74 - 

 



 - 75 - 

                                                                                                                                               


