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Dielectric Elastomer Generators: How Much Energy
Can Be Converted?
Soo Jin Adrian Koh, Christoph Keplinger, Tiefeng Li, Siegfried Bauer, Senior Member, IEEE, and Zhigang Suo

Abstract—Dielectric elastomers are being developed as generators to harvest energy from renewable sources, such as human
movements and ocean waves. We model a generator as a system
of two degrees of freedom, represented on either the stress–stretch
plane or the voltage–charge plane. A point in such a plane represents a state of the generator, a curve represents a path of operation,
a contour represents a cycle of operation, and the area enclosed by
the contour represents the energy of conversion per cycle. Each
mechanism of failure is represented by a curve in the plane. The
curves of all the known mechanics of failure enclose the region of
allowable states. The area of this region defines the maximum energy of conversion. This study includes the following mechanisms
of failure: material rupture, loss of tension, electrical breakdown,
and electromechanical instability. It is found that natural rubber
outperforms VHB elastomer as a generator at strains less than
15%. Furthermore, by varying material parameters, energy of
conversion can be increased above 1.0 J/g.
Index Terms—Dielectric materials, energy conversion, generators, modeling.

I. INTRODUCTION
MEMBRANE of a dielectric elastomer, sandwiched between two compliant electrodes, is a deformable capacitor (see Fig. 1). Subject to a voltage, the elastomer reduces its
thickness and expands its area. Dielectric elastomers are being
developed as actuators, converting changes in voltage to a deformation of the elastomer [1]–[8]. On the other hand, for a
prestretched and precharged elastomers under open-circuit con-
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Fig. 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 an equal-biaxial force P in
its plane and a voltage Φ through its thickness. The membrane expands the area
2
by a factor of λ and reduces the thickness from H to h. Electrons flow through
the external circuit, resulting in electric charges ±Q on the two electrodes.

ditions, a reduction of the tensile force thickens the membrane
and increases the voltage. The process boosts electric charges
from a low-voltage source to a high-voltage reservoir. In this
case, the elastomer is used as a generator, converting the deformation of the elastomer to electrical energy.
Dielectric elastomer generators are being developed for both
small-scale energy scavenging [9]–[11] and large-scale energy
generation [12]. Unlike piezoceramics [13], [14], the technology
has the potential to harvest energy from ocean waves. Elastomers
are highly stretchable, enabling excellent force coupling. The
efficiency of electromechanical conversion of elastomers is high
[15]. Elastomers, such as natural rubber (NR), have been used
in oceans and other harsh environments for well over a century.
NR, polyacrylate VHB 3M, poly (dimethylsiloxane) PDMS,
and other dielectric elastomers are available at low cost. These
attributes may translate to lightweight, low-maintenance, and
low-cost dielectric elastomer generators.
Existing experiments on dielectric elastomer generators usually restrict strains of operation well below 100%, with a frequency of excitation under 1 Hz, and report energy of conversion below 0.1 J/g [10], [11]. In one particular experiment [11],
an energy of conversion of 0.028 J/g was achieved on a silicone dielectric elastomer, with a strain of operation of 15%.
Even under such moderate strains of operation, the elastomer
generators may be attractive alternatives to piezoceramics and
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ferromagnets, because dielectric elastomers have desirable attributes, such as lightweight, low maintenance, and low cost.
Furthermore, if larger strains of operation are permitted, a larger
energy of conversion is possible.
This paper investigates the potential of dielectric elastomer
generators for the full range of strain of operation. Following
previous studies [16], [17], we calculate the maximum energy
of conversion for dielectric elastomers on the basis of wellestablished mechanisms of failure: electrical breakdown, electromechanical instability (or pull-in instability), loss of tension,
and material rupture [16]–[20]. The previous studies assumed
the neo-Hookean stress–strain relation and a strain-independent
electrical breakdown field. In this paper, we will invoke a stress–
strain relation that captures stiffening due to the extension limit
of polymer chains [21], [22]. We will also incorporate the experimental finding that the electrical breakdown field is enhanced
by strain [19], [23], [24]. The method is used to compare the
VHB elastomer with NR. When the strain of operation varies
from 1% to 500%, the energy of conversion spans at least two
orders of magnitude. NR outperforms VHB as a generator at
strains less than 15%. The method also shows that the energy of
conversion can be substantially increased by the development
of new elastomer materials with varied material properties, such
as elastic modulus, permittivity, and electrical breakdown field.
II. EQUATIONS OF STATE AND MECHANISMS OF FAILURE
The performance of a dielectric elastomer transducer depends
on its configuration. A relatively simple configuration is used
here to illustrate the method of calculation. In the state of reference [see Fig. 1(a)], a membrane of a dielectric elastomer is
undeformed and uncharged. In an activated state [see Fig. 1(b)],
the elastomer is subject to an externally applied equal biaxial force P in its plane and a voltage Φ through its thickness.
Electrons flow through the external circuit, resulting in electric charges ±Q on the two electrodes. The elastomer stretches
by λ in both in-plane directions and reduces its thickness from
H to h. The elastomer is taken to be incompressible, so that
h = Hλ−2 . This analysis ignores dissipative effects, such as
viscoelasticity, dielectric relaxation, and electrical conduction
through the elastomer.
We regard the transducer as a system of four state variables: P, λ, Φ, Q. These state variables are connected by equations of state, as described earlier. By definition, the electric displacement is D = Q/(λL)2 , and the electric field is
E = Φ/h = Φλ2 /H. The electric displacement relates to the
electric field as D = εE, where ε is the permittivity of the elastomer, taken to be a constant independent of the stretch [24]. A
combination of these relations is written as
Q=

εL2 λ4
Φ.
H

(1)

This equation characterizes the transducer as a deformable capacitor. The factor in front of the voltage is the capacitance,
which is proportional to λ4 . This strong dependence on the
stretch results from both the expansion in area and reduction in
thickness.

By definition, the nominal stress is s = P/(LH). In the
deformed
state,
 the cross-sectional area of the membrane is

(λL) λ−2 H = λ−1 LH, so that the true stress is related to the
nominal stress as σ = λs. In the absence of a voltage, the nominal stress relates to the stretch as s = F (λ). The function F (λ)
characterizes the elasticity of the elastomer, to be specified later.
In the absence of a force P , when the elastomer is subject to
an electric field E through its thickness, the elastomer reduces
thickness, and expands in area. The deformation caused by the
electric field is identical to that caused by an equal-biaxial true
stress of magnitude εE 2 , known as Maxwell stress [25]. This
equal-biaxial true stress is equivalent to an equal-biaxial nominal stress εE 2 λ−1 , which is expressed as ε (Φ/H)2 λ3 . When
the elastomer is subject to a combination of a force P and a
voltage Φ, both cause the elastomer to reduce thickness and
increase area, such that
 2
Φ
P
+ε
λ3 = F (λ).
(2)
LH
H
This equation determines the stretch caused by the combined
action of the force and the voltage.
Equations (1) and (2) constitute the equations of state of the
transducer, connecting the four state variables, P, λ, Φ, Q. Once
two state variables are prescribed, the other two state variables
can be solved from (1) and (2). Consequently, the transducer
has two degrees of freedom.
The values of these state variables are limited by mechanisms
of failure. Established mechanisms of failure include material
rupture, loss of tension, electrical breakdown, and electromechanical instability [16]–[20]. These mechanisms of failure are
described as follows.
An elastomer may rupture if the stretch is too large. The
stretch may also be limited by other considerations, such as the
durability of the elastomer and the electrodes. Let the maximum
stretch of operation be
λ = λm ax .

(3)

For a dielectric elastomer transducer, 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
disrupt the function of the transducer. The condition for the loss
of tension (LT) is
P = 0.

(4)

A high electric field may mobilize charged species in the dielectric elastomer, leading to localized conducting paths and finally
electrical breakdown [19], [23], [26]. The electrical breakdown
field EEB may be sensitive to imperfections like voids and inclusions [27], and may depend on variables such as stretch [19],
[23], [24], thickness [26], and stiffness [28]. Write the condition
for electrical breakdown (EB) as
Φ = EEB Hλ−2 .

(5)

As the voltage is increased, the elastomer reduces its thickness. The positive feedback between a thinner elastomer and a
higher electric field may result in electromechanical instability
(EMI) [18], [29]–[31]. The condition for EMI is determined as

KOH et al.: DIELECTRIC ELASTOMER GENERATORS: HOW MUCH ENERGY CAN BE CONVERTED?

35

follows. When the applied force P is held constant, the voltage
Φ is a function of stretch λ, as defined by (2). The peak of the
function Φ(λ) corresponds to the condition for EMI. Differentiate (2) with respect to λ, while holding P constant and setting
dΦ(λ)/dλ = 0, we obtain
 2
Φ
dF (λ)
.
(6)
λ2 =
3ε
H
dλ
This equation, together with the equations of state (1) and (2),
determines the critical values of Φ, λ, Q for EMI under a given
force P . It should be noted that, due to strain stiffening of the
polymer at large deformation, EMI can be eliminated when P
is sufficiently large [32].

Fig. 2. Relation between stretch λ and equal-biaxial nominal stress P /LH .
(a) Number of links in each polymer chain n sets the limit stretch λlim .
(b) Small-strain modulus μ sets the amplitude of the nominal stress.

III. MATERIAL MODELS
Our previous study [16] represented the stress–stretch curve
by using the neo-Hookean model. Here, we represent the stress–
stretch curve by using the Arruda–Boyce model [22]. The
Arruda–Boyce model accounts for strain stiffening due to the finite contour length of polymer chains, which cannot be captured
by the neo-Hookean model [22]. The Arruda–Boyce model describes an elastomer by using a unit cell of eight polymer chains.
Let Λ be the stretch of each polymer chain, and let λ1 , λ2 and
λ3 be the principal stretches of the elastomer. The eight-chain
model relates the stretch of the polymer chain to the stretches
of the elastomer

λ21 + λ22 + λ23
.
(7)
Λ=
3
Each polymer chain is modeled by a sequence of links capable
of free rotation relative to each other. At a finite temperature, the
relative rotations of the links allow the polymer chain to fluctuate
among a large number of conformations. The statistics of the
conformations gives the force-stretch behavior of the polymer
chain [33]


√
1
1
−
Λ= n
(8)
tanh ζ
ζ
where n is the number of links per polymer chain, and ζ is the
normalized force in the polymer chain.
The Helmholtz free energy per unit volume of the elastomer
is [33]


ζ
ζ
− 1 + log
(9)
W = N kT n
tanh ζ
sinh ζ
where kT is the temperature in the unit of energy, and N is the
number of polymer chains per unit volume of the elastomer.
For an incompressible elastomer subject to equal-biaxial
stretch λ, (7) becomes

2λ2 + λ−4
.
(10)
Λ=
3
Consequently, (8)–(10) define the free-energy function W (λ)
through two intermediate variables Λ and ζ. When the stretch
varies by dλ, the biaxial nominal stress s does work 2sdλ. This
work causes the free energy to vary by dW = 2sdλ. Consequently, we obtain s = (1/2) dW /dλ. Recall that s = F (λ).

Fig. 3. (a) Experimentally measured stress–stretch curves of elastomers are
fitted to the Arruda-Boyce eight-chain model (AB-8). For natural rubber [21],
the data for uniaxial tension and the data for equal-biaxial tension are separately
fitted. For VHB acrylic elastomer, the data for fast uniaxial tension [19] are
fitted. (b) Electrical breakdown field for VHB were measured as a function of
R
prestretch [19], [23]. The data are fitted to E E B (λ) = E E B (1) λ .

Calculating the derivative by using (8)–(10), we obtain


√
nμζ λ − λ−5
.
(11)
F (λ) =
3Λ
In the absence of a voltage, the stress–stretch curve for an
elastomer is given by P/LH = F (λ). Fig. 2 plots the stress–
stretch curve for the elastomer under equal-biaxial tension. In√the
limit ζ → ∞, each polymer chain is fully stretched, Λ → n,
and the elastomer reaches the limit stretch λlim . Rewrite (10) as
2λ2lim + λ−4
lim = 3n.

(12)

This equation determines λlim for any given n. In the limit ζ →
0, the neo-Hookean model is recovered, with the small–strain
shear modulus μ = N kT . Note that n sets the limit stretch, and
μ sets the amplitude of the stress.
Fig. 3(a) fits the eight-chain model to existing experimental
data for VHB under fast mechanical uniaxial loading (strain
rate = 1.8 s−1 ) [19], and NR under uniaxial and equal-biaxial
loading [21], [22]. For NR, n and μ are not significantly different
when the model is fitted to uniaxial and equal-biaxial data. The
maximum stretches for both VHB and NR under uniaxial stretch
are similar, while the shear modulus of NR is about five times
that of VHB.
In our previous study [16], the dielectric behavior is assumed
to be liquid-like, such that the electrical breakdown field EEB
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Fig. 4. State of an elastomer is represented by a point (a) either in the stress–
stretch plane, or (b) in the voltage–charge plane. Plotted on both planes are
curves representing mechanisms of failure: λm a x stands for maximum stretch,
EB for electrical breakdown, EMI for electromechanical instability, LT for loss
of tension. Also included is the stress–stretch curve F (λ) of the elastomer
under no electric field. On the voltage–charge plane, this curve degenerates into
a single point, the origin. On either plane these curves define a shaded region of
allowable states. The area of the shaded region gives the theoretical maximum
energy of conversion. These plots are termed operation maps. The two planes
are constructed for VHB using available experimental data.

is constant, independent of stretch. However, experimental data
on VHB dielectric elastomer shows that E EB increases with
stretch [19], [23], [24]. We fit the experimental data to
EEB (λ) = EEB (1) λR

(13)

where EEB (1) is the electrical breakdown field when the
stretch is fixed at λ = 1, and R is the degree of sensitivity of the electrical breakdown field toward stretch. R = 0
implies that the electrical breakdown field is independent of
stretch. Fig. 3(b) shows equation (12) fitted to experimental
data for VHB with H = 1.0 mm [19], [23]. This fit gives that
EEB (1) = 30.6 MV/m and R = 1.13.
IV. ENERGY OF CONVERSION FOR VHB
AND NATURAL RUBBER
In the past decade, the VHB elastomer has been used extensively as a model material to develop actuators and generators [2]–[12], [15]–[17], [34]. As a dielectric elastomer generator, it has been shown experimentally that a VHB elastomer
converts energy at a specific energy of 0.4 J/g [9]. On the other
hand, NR is the most familiar elastomer, and is abundant and
cheap. No research has been performed on NR in generators.
As mentioned earlier, a dielectric elastomer transducer has
two degrees of freedom. We represent a state of the transducer by
either a point in the stress–stretch plane [see Fig. 4(a)], or a point
in the voltage–charge plane [see Fig. 4(b)]. Because the four
variables P, λ, Φ, Q are connected through the two equations of
state (1) and (2), the two planes present equivalent information
in alternative forms. The two equations of state (1) and (2), in
conjunction with one of (3)–(6), represent each mechanism of
failure as one curve in the stress–stretch plane, and as another
curve in the voltage–charge plane. Also included in the stressstretch plane is the function F (λ), the stress–stretch curve of
the elastomer in the absence of voltage. On the voltage–charge
plane, this curve degenerates into a single point, the origin. The
elastomer was assumed to be stretched up to near limiting stretch
in its operation.

Fig. 5. Operation maps are constructed for natural rubber using available
experimental data. (a) Stress–stretch plane. (b) Voltage–charge plane.

As mentioned earlier, a point in either the stress–stretch plane
or the voltage–charge plane represents a state of the transducer.
Consequently, a curve in either plane represents a path of operation, a closed contour represents a cycle of operation, and the
area enclosed by the contour represents the energy of conversion
per cycle. By operating along the curves defined by the mechanisms of failure, the maximum energy of conversion is realized.
The shaded regions in Fig. 4 define the allowable states that the
dielectric elastomer transducer can operate without failure. As
a generator, the cycle is described by a clockwise cycle around
the shaded region on the P –λ plane, and an anticlockwise cycle
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 that in
the P –λ plane. For the VHB generator, the maximum energy of
conversion is 1.7 J/g. One may design practical cycles within
the region of allowable states. This procedure has been illustrated in a previous study [16] and will not be repeated here.
We will call cycles illustrated in the stress–stretch plane or the
voltage–charge plane operation maps.
Fig. 5 shows similar plots for NR. A representative value of
the electrical breakdown field of NR is 30 MV/m [35], [36],
comparable to that of VHB. For NR, we are unaware of any
measurement of the electrical breakdown field as a function
of stretch. In constructing Fig. 5, we have assumed a stretchdependent breakdown field similar to that of VHB. For the
NR generator, the maximum energy of conversion is 1.3 J/g.
To further examine the effect of electrical breakdown, we will
subsequently study the energy of conversion of NR for stretchindependent breakdown (see Fig 8).
It is well known that piezoelectric transducers are able to convert energy at a maximum level of 1.0 mJ/g [37], [38], subject to
a strain of less than 1%. Experiments have also been conducted
on electrostrictive polymers, subject to strains of about 30%,
and converting energy in the region of 10 to 20 mJ/g [39]. Recent experiments conducted on dielectric elastomer generators
were subject to maximum strains of about 100%, with energy
of conversion between 0.1 and 400 mJ/g [9]–[12].
To ensure long-term, reliable operation, one may wish to
restrict the dielectric elastomer generator within modest levels
of stretch. Fig. 6 illustrates how the shaded area is affected
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Fig. 6. Effect of the reduced maximum stretch (λm a x ) on the energy of
conversion. The energy of conversion, given by the shaded area, is reduced due
to the leftward translation of the λm a x line on the stress–stretch plane (a), and
anticlockwise rotation of the same line about the origin on the voltage–charge
plane (b).
Fig. 8. Maximum energy of conversion (Y m a x ) as a function of operating
strains (λm a x − 1). For VHB, the curve is constructed by using available experimental data. For NR, two curves are constructed, one with stretch-dependent
electrical breakdown field, and other with stretch-independent electrical breakdown field.

Fig. 7. Operation maps for NR when the maximum stretch is limited to 5%
strain (a, b), or 30% strain (c, d).

when the maximum stretch of operation λm ax is reduced. By
sweeping the λ = λm ax line from left to right on the P –λ plane,
or rotating the same line about the origin of the Φ–Q plane,
we may visualize the maximum energy of conversion at various
levels of the maximum stretch of operation.
Fig. 7 shows the allowable states when the range of operation is limited to 5% and 30% for NR. 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 [37], [38]. For the 30% range, nonlinearity
shows up. Comparing Figs. 5(a) with 7(a) and (c), and 5(b) with
7(b) and (d), 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 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 maximum voltage gain in a contracting elastomer under open-circuit conditions

(voltage amplification) is small [<50% boost from Fig. 7(b)].
In the case where the strain is 30%, a voltage amplification up
to two times is possible [>100% boost from Fig. 7(d)].
Fig. 8 demonstrates the 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. 8,
we plot the curves for VHB and NR. Due to a lack of experimental data for the dielectric strength of NR versus stretch, we
assume NR with a similar stretch-dependent dielectric strength
as VHB (EEB = 30 MV/m, R = 1.13), and NR with a stretchindependent dielectric strength, where EEB = 30 MV/m, are
plotted. For strains smaller than 15%, NR outperforms VHB
in terms of energy conversion. 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.
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 offshore 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 stress to stretch.
V. EFFECT OF MATERIAL PARAMETERS
ON ENERGY OF CONVERSION
No dielectric elastomer has been designed specifically for
generators. An elastomer optimized for actuators may not be
optimal for generators. In anticipating efforts to design elastomers specifically for generators, we may ask: How do material
parameters affect the energy of conversion?
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We begin by considering the case that the operation is at small
strains, due to, e.g., considerations of durability. In this case,
both the stress–strain and voltage–charge relations are linear,
see Fig. 7(a) and (b). Let e = λ − 1 be the strain. The line for
electrical breakdown (EB) takes the form
P
2
= 6μe − εEEB
.
LH

(14)

Note that the elastic modulus under equal-biaxial stretching
conditions is 6 μ. Denote the maximum strain of operation by
em ax . Inspecting Fig. 7(a), we classify materials into two types:
2
2
< 6 μem ax ) and type B (εEEB
> 6 μem ax ).
type A (εEEB
2
For a type A material εEEB < 6 μem ax , the generator is limited partly by electrical breakdown and partly by loss of tension.
The maximum energy of conversion is twice the shaded area in
Fig. 7(a), namely,
 2 2
εEEB
2
.
(15)
Ym ax = 2em ax εEEB −
6μ
Observe that Ym ax increases when em ax and μ increase.
2
> 6 μem ax , the generator is no
For a type B material εEEB
longer limited by electrical breakdown, but by loss of tension.
The maximum energy of conversion is twice the area of the
triangle below the stress–strain curve, namely,
Ym ax = 6 μe2m ax .

(16)

Ym ax increases linearly with μ, and quadratically with em ax .
For large deformation, we assume an arbitrary nonlinear function F (λ) that represents the nominal stress–strain curve. We
shall first assume that EMI is averted at all levels of stretch,
so that the allowable states are determined by F (λ), electrical breakdown, loss of tension, and material rupture. Let λ0 be
the stretch where the EB line intersects the horizontal axis of
the P –λ plane. For a stretch λ in the interval 1 < λ < λ0 , the
allowable states are bound between F (λ) and loss of tension
P = 0. For a stretch λ in the interval λ0 < λ < λm ax , the allowable states are bound between F (λ) and electrical breakdown
Φ = EEB Hλ−2 . According to the equation of state (2), the force
at electrical breakdown is
2
εEEB
P
= F (λ) −
.
(17)
LH
λ
The maximum energy of conversion is twice the shaded area in
Fig. 7(c), given by
 λ0
 λm a x
2
εEEB
Ym ax = 2
dλ.
(18)
F (λ)dλ + 2
λ
1
λ0
Substituting (13) into (18), we obtain


 λ0
λm ax
2
Ym ax = 2
F (λ)dλ + 2εEEB log
,
λ0
1
 λ0
Ym ax = 2
1


F (λ)dλ + ε [EEB (1)]2

for R = 0

(19a)

2R
λ2R
m ax − λ0
,
R

for R = 0.

(19b)

Fig. 9. Effect of material parameters μ and εE E2 B on the maximum energy
of conversion Y m a x . Natural rubber with E E B = 30.0 MV/m is taken as a
reference (dashed lines). (a) εE E2 B = 0.024 MPa, a value for NR is used.
(b) Value εE E2 B = 0.24 MPa is used. The energy of conversion is increased
by increasing μ and εE E2 B .

Assuming that λm ax  λ0 , the first term on the right-hand side
is negligible. Equation (19) shows that Ym ax again increases
2
.
with εEEB
If EMI occurs over a range of stretch, the expression for Ym ax
becomes very complex. In this case, EMI cuts out a portion of
the shaded area otherwise bounded by the EB boundary in a
soft elastomer, resulting in a smaller Ym ax . To obtain Ym ax for
such elastomers, numerical methods must be used to compute
the shaded area.
Fig. 9 shows the effect of varying μ on the maximum energy
2
is assumed to be fixed
of conversion Ym ax . In this plot, εEEB
2
=
and does not vary with stretch. For the smaller value of εEEB
0.024 MPa [see Fig. 9(a)], taken from the properties of NR,
Ym ax saturates at small strains of operation at high μ, and Ym ax
can no longer be increased further beyond μ = 100 MPa for
the entire range of strain of operation. Therefore, NR appears to
be at an optimal stiffness for energy conversion when operating
at strains >100%. For small strain operation <100%, marginal
gains in Ym ax can be achieved with a stiffer material.
Are there better candidates than NR for energy conversion?
Based on existing experimental data, the Maxwell stress at elec2
=
trical breakdown for isoprene NR was measured to be εEEB
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2
0.11 MPa, and natural muscle gives εEEB
= 0.35 MPa [34].
2
Hence, if εEEB can be increased to ten times that of NR, i.e.,
2
= 0.24 MPa [see Fig. 9(b)], Ym ax is observed to increase
εEEB
about an order of magnitude if μ ≥ 1.0 MPa. Ym ax remains
relatively unchanged for the soft elastomer (μ = 0.05 MPa) at
strain of operation <20%, as it now fails predominantly by EMI
in that region, and therefore, the full 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.
2
is further increased? We explore the
What happens if εEEB
2
effect of varying εEEB over four orders of magnitude, for
four different elastic moduli, as shown in Fig. 10. Also included in Fig. 10 are NR with a stretch-independent EEB =
30.0 MV/m and VHB elastomer with stretch-dependent EEB .
2
= 0.037 MPa at low stretch and
Note that VHB has εEEB
2
εEEB = 2.12 MPa at high stretch. When the elastomer is not
2
does nothing
sufficiently stiff to avert EMI, increasing εEEB
to improve Ym ax at small to moderate strains of operation. In
all cases, strain stiffening at high strains of operation improves
Ym ax .

VI. CONCLUSION
We model a generator as a system of two degrees of freedom. Operation maps are constructed on both the stress-stretch
plane and the voltage-charge plane. A point in such a plane
represents a state of the generator, a curve represents a path
of operation, a contour represents a cycle of operation, and the
area enclosed by the contour represents the energy of conversion per cycle. Each mechanism of failure is represented by a
curve in the plane. The curves of all the known mechanics of
failure enclose the region of allowable states. The area of this
region defines the maximum energy of conversion. Practical
cycles can be designed within the region of allowable states.
We construct operation maps for NR and VHB by using available experimental data and explore the effect of the maximum
strain of operation. We further explore effects of varying material properties on the maximum energy of conversion. Following
this study, experiments can be conducted to characterize various
elastomers like NR and PDMS. In particular, it will be informative to know if their electrical breakdown field is stretch dependent. Mechanical and electrical losses can be quantified via
experiments. Theoretical models with dissipation can also be introduced into our framework, to determine the optimal speed of
operation that maximizes power. Finally, it is hoped that this approach will aid in the efforts to select and design elastomers for
generators.
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