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Dielectric elastomers (DEs) that couple deformation and electrostatics have the potential for use
in soft sensors and actuators with applications ranging from robotic, biomedical, energy, aerospace
and automotive technologies. However, currently available DEs are limited by weak electromechan-
ical coupling and require large electric fields for significant actuation. In this work, a statistical
mechanics-based model of DE chains is applied to elucidate the role of a polymer network archi-
tecture in the performance of the bulk material. Given a polymer network composed of chains that
are cross-linked, the paper examines the role of cross-link density, orientational density of chains,
and other network parameters in determining the material properties of interest including elastic
modulus, electrical susceptibility, and the electromechanical coupling. From this analysis, a prac-
tical strategy is presented to increase the deformation and usable work derived from (anisotropic)
dielectric elastomer actuators by as much as 75− 100%.

1. Introduction7

Soft functional polymeric materials that couple deformation to electric fields, magnetic fields, or illu-8

mination, have emerged as leading candidates for sensors and actuators with applications across soft9

robotics, biomedical devices, biologically inspired robots, advanced prosthetics, and various other technolo-10

gies [BC04, CKSLA11, KT07, HLCF+12, Maj14, BFK+16, LP14, WBS+16, EAOvL19, CG11, GC13].11

The key advantages of dielectric elastomers (DEs) are that they are generally inexpensive, lightweight, eas-12

ily shaped, pliable, and can undergo significant deformations [BC04]. However, despite these advantages,13

DEs are limited by weak electromechanical coupling so that large voltages are often required to achieve14

meaningful actuation [BC04]. A better understanding of these materials – in particular, how mesoscale15

polymer network characteristics affect the bulk material response – would not only enable microstructural16

design with currently available DEs, but can also potentially lead to the development of advanced DEs with17

stronger electromechanical coupling, as discussed in this paper.18

Manufacturing technologies are rapidly improving, thereby enabling the synthesis of materials with com-19

plex and hierarchical patterning, e.g. [ABB+17, FAK+19]. Thus, it is the goal of this work to: (1.) develop20

a model, based in statistical mechanics, to connect the molecular- and macromolecular-properties of a given21

DE to its performance as an actuator and/or energy harvester, and to (2.) use the multiscale model to develop22

insights and predictions into how novel DEs with enhanced electromechanical coupling may be designed23

and manufactured, particularly by tailoring the polymer network architecture. Broadly, our strategy and24

goal is similar to work in nonlinear elasticity-based homogenization (e.g. [LP14, SC14, CG11, GC13]), in25

that we aim to tailor the microstructure to achieve desired or optimal responses, except that we focus on26

smaller lengthscales and use physical models that are appropriate to these scales.27

The quintessential example of a DE actuator (DEA) is a thin DE film sandwiched between two compliant28

electrodes–a soft parallel plate capacitor. When a voltage difference is applied across the electrodes, a29

positive charge density accumulates on one of the electrodes and an equal and opposite charge density30

accumulates on the other. The electrodes are attracted to each through simple Coulombic forces, causing the31
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DE film to compress in the thickness direction and, because DEs are roughly incompressible, the expands32

in the plane of the electrodes [PKK00, WM07, Kof08, KZSK12].33

Although the Coulombic attraction is an important factor, it has been pointed out (both theoretically and34

experimentally) that if the susceptibility of the DE film is a function of deformation, then an additional35

stress develops in the DE film [ZS08, Suo10, Cd16]. In this work, we aim to design novel DEs that (1.)36

have maximal susceptibility (in their typical operating conditions) in order to increase the capacitance (and,37

therefore, performance) of its corresponding thin film DEA and (2.) use this additional stress in order to38

increase the electromechanical coupling of DEAs.39

The electromechanical modeling of DEs can be grouped into two categories: (1.) continuum based ap-40

proaches where the general form of the energy density (of either a polymer chain or polymer network) as a41

function of mechanical and electrical loads is inferred by assuming a form of the equation, which usually de-42

pends on electroelastic invariants, that leads to behavior observed in experiments (see for example [Tou56,43

DO06, ZS08, Tou56, DO14, HCB13, ZDDP17, LS18, KLS19, LLS15, DDLS19, Sd13, FG08, RYBS19])44

and (2.) statistical mechanics based approaches that build from molecular-scale responses up to the levels45

of a single chain and eventually the continuum level response.46

Statistical mechanics has a rich history in modeling and understanding rubber elasticity, e.g. [Tre75, KG42,47

Wei12, Flo44, Hil86]; however, its use in the modeling of DEs is much less developed. The work by48

deBotton and coworkers [CDd16, Cd16] appears to be the first in this direction1, and an explicit approximate49

expression for the response of a single electro-active polymer chain was provided in [GD20]. This explicit50

approximation provides the starting point for the analysis in the current paper.51

Structure of the paper. In Section 2, we provide a summary of the statistical mechanical model of a single52

electro-responsive polymer chain from [GD20], and the related issues of averaging over chains to obtain the53

continuum response. In Section 3, we identify certain network properties as design parameters, motivated54

heuristically by the ease of being able to tune these parameters experimentally. Subsequent sections (4,5,6)55

examine the role of network properties on the elastic modulus, the susceptibility, and the electromechanical56

coupling modulus respectively. Finally, Section 7 provides an application of these ideas to the setting of a57

simple DEA geometry. Appendix D provides a summary of the key notation that is used in the paper.58

2. Modeling Framework: Multiscale Theory of Electroactive Elastomers59

We briefly summarize the modeling framework for electro-elastic polymeric materials, based on [GD20,60

GMD]. This framework roughly solves the “forward problem”, i.e. given the properties of the monomers,61

chain parameters and network architecture, it enables us to compute the continuum electro-elastic free62

energy. This provides the starting point to optimize over candidate micro-architectures.63

2.A. Formulation of the Potential Energy of a Microstate64

This formulation was first provided in Section 2 of [GD20]. A more concise version is reproduced here for65

the sake of completeness and in the interest of being self-contained.66

We consider a polymer chain, subject to an electric field, and composed of n identical monomers that each67

carry a dipole. We use the ensemble with specified temperature T , average electric fieldE0, and end-to-end68

vector r. We assume that the chain is contained in a spatial volume Ω with boundary ∂Ω with unit outward69

normal m̂.70

The degrees of freedom describing the configuration of the polymer chain are: (1.) the spatial position of71

the i-th monomer, denoted xi; (2.) the orientation of the i-th monomer, denoted n̂i; (3.) the point dipole72

1 There is a significant literature on so-called poly-electrolytes that are polymers in solution with ionic effects (e.g. [SW17,
WTF04, AP12]), but there are important differences between these systems and our interest; these differences are briefly dis-
cussed in [GD20].
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carried by the i-th monomer, denoted µi; and (4.) the electric field, -∇φ(x), which, for now, is a general73

function of position x. All of these can be varied independently.74

We make the following assumptions in our model at this stage. (1.) Following standard practice, we have75

implicitly assumed above that only the orientation of the monomers is relevant and that there is no stretching.76

That is, stretching of monomers costs energy that is much larger than kT , and hence the chain is assumed to77

be inextensible. (2.) Again following standard practice, we assume for simplicity that the bending energy78

– i.e., energy associated with the change in orientation of the monomers along the chain – is much less79

than kT and can hence be neglected. (3.) While dipole effects are due to electronic and nuclear motion80

and hence can have interactions between monomers [BJDM17], we assume for simplicity that the dipole81

induced in a monomer can be modeled without regard to the environment; equivalently, we assume that the82

electrical energy of the monomers can be decomposed additively.83

Under these assumptions, the potential energy of a microstate can be written:84

U =
n∑
i=1

(ũ(µi, n̂i)− µi ·Ei) +
1

2

∫
Ω
|∇φ|2 dΩ (2.1)

where we have defined Ei = − ∇φ|xi
as the local electrical field at the location of the monomer, and85

where we have chosen to work in Gaussian units (i.e. unit system in which ε0 is unity). The first term in the86

summation is the energy ũ required to separate charges to form a dipole µi, and will be discussed further87

in Section 2.A.1. The second term in the summation is the energy of interaction between the local electric88

field at the monomer location and the induced dipole. The volume integral is the electrical field energy.89

2.A.1. Dipole Response of a Single Monomer to an Electric Field90

Following the classical Born-Oppenheimer approximation, we assume that electrons reach their ground91

state configuration – under electric field – rapidly compared to the timescale of the thermal motion of the92

atoms [YM16]. While we do not consider quantum effects explicitly, the Born-Oppenheimer approximation93

justifies neglecting thermal effects in modeling the dipole response of a single monomer to an electric field.94

In other words, we are assuming that the first excited state of the electrons has energy much larger than kT ,95

and the system is always in the ground state with respect to the electron configuration.96

An important implication of this assumption is that the dipole moment of an individual monomer, µi, is97

uniquely determined – through energy minimization – given n̂i, Ei, and xi. To find an expression for µi98

in terms of the other quantities, we differentiate (2.1) with respect to µi to obtain the polarization response99

∂ũ/∂µi = Ei at the ground state.100

Here we model the monomer response through the choice:101

ũ(µi, n̂i) =
1

2
µi · χ−1(n̂i)µi ⇒ µi = χ(n̂i)Ei (2.2)

where χ is the tensorial polarizability of the monomer. Following [CDd16], we model the tensor χ as102

transversely isotropic: χ(n̂) = χ‖n̂ ⊗ n̂ + χ⊥(I − n̂ ⊗ n̂). The non-negative material constants χ‖ and103

χ⊥ are measures of the susceptibility along the monomer direction and transverse to the monomer direction104

respectively. We refer to monomers with χ‖ > χ⊥ as uniaxial, and monomers with χ‖ < χ⊥ as transverse105

isotropic (TI). For this choice of χ, we have the ground state energy, u = ũ− µi ·Ei, as:106

u(n̂i,Ei) = −1

2
µi(n̂i,Ei) ·Ei =

1

2
∆χ (Ei · n̂)2 − 1

2
χ⊥|Ei|2 (2.3)

where ∆χ = χ⊥ − χ‖.107
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If χ‖ > χ⊥, i.e. the monomer is uniaxial, then the monomer has minimum energy when n̂ is parallel or108

anti-parallel to Ei, and maximum energy when n̂ lies in the plane orthogonal to Ei. If χ‖ < χ⊥, i.e. the109

monomer is TI, the situation is reversed: the minimum energy state is when n̂ lies in the plane orthogonal110

to Ei, and the maximum energy state is when n̂ is parallel or anti-parallel to Ei.111

2.A.2. Multiscale Structure of the Electrical Field Energy, and Consequent Nonlocal-to-Local De-112

coupling113

Under the assumptions in Section 2.A.1, the potential energy from (2.1) reduces to:114

U =
n∑
i=1

(
−1

2
Ei · χ(n̂i)Ei

)
+

1

2

∫
Ω
|∇φ|2 dΩ. (2.4)

The energy posed in (2.4) has a highly nonlocal structure [MD14, JK90, YD11, Liu13]. Physically, this is115

due to the fact that we need to solve the electrostatics equation to find the field at every monomer location in116

Ω. We can see this by examining the ground state with respect to the electric potential. Taking the variation117

φ→ φ+ ψ and requiring this to be 0 for all variations ψ, we find that:118

0 =

n∑
i=1

−χ E|xi
· ∇ψ|xi

+

∫
Ω
∇φ · ∇ψ dΩ

⇒ 0 =

∫
Ω

n∑
i=1

(−χE · ∇ψ) δxi dΩ +

∫
Ω
∇φ · ∇ψ dΩ

⇒ 0 =

∫
Ω
ψ div

[
n∑
i=1

(χEδxi)

]
︸ ︷︷ ︸

p̃(x)

dΩ −
∫
Ω
ψ div∇φ dΩ

⇒ div∇φ = div p̃, subject to boundary conditions.

(2.5)

Here, δxi is the Dirac mass located at xi, and p̃(x) is the dipole moment of the chain, treated here as a field119

through the use of Dirac masses that represent the point dipoles carried by the monomers, to be interpreted120

in the sense of distributions.121

This final equation shows the nature of the nonlocal problem: to evaluate the energy in (2.4), we need122

to solve a boundary value problem. Therefore, statistical mechanical averaging over the energy will need123

to average over all fields φ that are consistent with the specified average electric field ensemble. This is124

challenging and would require methods of statistical field theory.125

Instead, we begin by assuming that the energy in (2.4) has a separation of scales such that the energy in126

forming a dipole by separating charges is of order kT , while the stored energy of the field in vacuum is of127

much higher order. This allows us to first minimize with respect to the field energy to find the electric field,128

and then use this electric field as a constraint in performing the statistical averaging.129

The potential energy, with the separation of scales explicitly highlighted, is:130

U =
n∑
i=1

(
−1

2
Ei · χ(n̂i)Ei

)
︸ ︷︷ ︸

∼kT

+
1

2

∫
Ω
|∇φ|2 dΩ︸ ︷︷ ︸
�kT

(2.6)

We first minimize the field energy, of order much greater than kT , by setting the first variation to zero to131

obtain div∇φ = 0. We find that −∇φ = E0, where E0 is a fixed (average) electric field specified by the132
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ensemble (see [GD20] for a more detailed discussion).133

The final form of the reduced potential energy that we will use for statistical averaging reads simply:134

U =
n∑
i=1

(
−1

2
E0 · χ(n̂i)E0

)
. (2.7)

For simplicity, moving forward, we will drop the subscript zero and let it be understood that E is a locally135

average electric field at a chain or a material point.136

We highlight two additional important simplifications that are a consequence of the assumption of separation137

of energy scales. First, the degrees of freedom required to describe a microstate are vastly reduced from138

our general starting point. In particular, the spatial position plays no role, as the electric field is uniform139

in space; the point dipole is completely specified given E and the orientation of the monomer; and the140

electric field is also completely specified −∇φ = E. Therefore, the monomer orientations n̂i are the141

only remaining degrees of freedom over which to conduct statistical averaging. Second, the simplification142

from having to solve a nonlocal boundary value problem to determine ∇φ makes it possible to perform a143

Legendre transform to go between the free energy written as a function of E, which is relatively simpler to144

evaluate using statistical mechanics, and the free energy written as a function of p, which is more convenient145

for applications since it has a minimum rather than a saddle-point structure [GD20]. We will see later on146

that this has implications regarding Legendre transforms of the continuum-scale free energy density as well.147

2.B. Statistical Mechanics of a Single Electro-responsive Polymer Chain148

Given the potential energy of a microstate, we derive the free energy in [GD20]. To this end, we derive a149

mean-field theory and determine that the density of monomers oriented in the direction n̂ is given by150

ρ (n̂) = C exp

(
−κ
(
Ê · n̂

)2
+ τ · n̂

)
(2.8)

where κ = E2∆χ/2kT , and the unknowns, C and τ , are determined by enforcing the constraints151

n =

∫
S2
ρ (n̂) dA,

r

b
=

∫
S2
ρ (n̂) n̂ dA (2.9)

where S2 denotes the surface of the unit sphere, n is the number of monomers in the chain, r is the end-152

to-end vector, and b is the length of a single monomer. In terms of the monomer density function, one can153

show that the free energy is approximately:154

F ≈
∫
S2

(ρu+ kTρ log ρ) dA− nkT log n (2.10)

There are still two remaining difficulties in solving for C and τ : (1.) the integrals in (2.9) are difficult to155

evaluate and (2.) the resulting systems of equations are nonlinear. However, there are two limits in which156

a closed-form solution can be obtained. Let γ = r/nb denote the absolute chain stretch, where r = |r|. In157

the limit of γ → 0, we have that |τ | → 0. Thus, one can obtain a solution in the limit of small stretch by158

using a Taylor expansion on the τ · n̂ term in the exponential of the monomer density function (ρ given by159

(2.8)) up to linear order. Similarly, ρ takes a simpler form when γ → 1. Physically, this is because when the160

chain approaches the fully stretched limit, the distribution of possible monomer orientations are narrowly161

centered around r̂ := r/r; and in this case, all of the possible orientations are of approximately the same162

energy. Hence the energy term, −κ
(
Ê · n̂

)2
, in the exponential of ρ can be neglected. Neglecting the163

energy term, one obtains the Kuhn and Grün [KG42] solution. Let Fsτ denote the approximation of the164
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free energy using the small stretch solution and similarly, let FKG denote the approximation near the fully165

stretched limit (i.e. the result of substituting the Kuhn and Grün density into (2.10)). Then, using what is166

known about the limiting behavior, we construct a free energy approximation:167

F = FKG +
(
1− γ2

)(
lim
γ→0
Fsτ − lim

γ→0
FKG

)
= nkT

(
− κ⊥ + γL−1 (γ) + log

(
L−1 (γ) csch

[
L−1 (γ)

]
4π

)
+

γκ

L−1 (γ)

+
(
1− γ2

) [
−κ

3
+ log

(
2
√
κ√

π erf (
√
κ)

)]
+ κ

(
1− 3γ

L−1 (γ)

)(
Ê · r̂

)2)
(2.11)

where κ⊥ = E2χ⊥/2kT , and L−1 is the inverse Langevin function. Notice that (2.11) recovers the exact168

solution when κ = 0 and is exact in the limits of zero stretch and full stretch. This approximation has169

been shown to agree well with numerical experiments for a large variety of general chain conditions (e.g.170

stretches, orientations with respect to the electric field, |κ|, etc.) [GD20].171

Having obtained an approximation of the free energy, one can obtain the chain polarization, p, by differen-
tiating the free energy with respect to the electric field, which is equivalent to integrating the dipole moment
over the monomer density function; i.e.

p :=

∫
S2
µ (n̂) ρ (n̂) dA = −∂F

∂E

The significance of the relationship between the partial derivative,
∂F
∂E

and the chain polarization is that it172

establishes the fact that F is the Legendre transform of A = A (r,p), that is, the Helmholtz free energy of173

the chain. The derivation of this relationship is given in Appendix A.174

We note an important feature of the free energy-stretch relationship of electro-responsive chains: numerical175

experiments suggest that the F/kT vs γ curve is convex and its minimum is at zero stretch, implying that a176

chain will not stretch when subject to electric field. Therefore, the additional electrostriction that occurs in177

dielectric elastomers when the permittivity is deformation-dependent cannot be explained by the notion that178

individual chains spontaneously stretch or contract within the network due the applied field2. Physically,179

this feature of the F/kT -γ relationship can be understood as a consequence of: (1.) the electrostatic energy180

of the monomers being quadratic in E · n̂ (see (2.3)) and (2.) the assumption that monomer-monomer181

interactions are negligible. This means that if a monomer’s orientation is reversed (i.e. n̂ → −n̂), its182

energy, and hence, its contribution to the Boltzmann factor is the same. And since there is no energy penalty183

associated with large or small bond angles between neighboring monomers, the chain is free to fold back184

on itself. So in terms of the Boltzmann factor, a longer end-to-end vector is never any more favorable than185

a shorter end-to-end vector. However, in terms of entropy, the shorter end-to-end vector is more favorable.186

For these reasons, the free energy versus stretch relationship for an electro-responsive polymer chain is187

expected to be convex with its minimum at zero stretch.188

2.C. Orientational Averaging Over a Polymer Chain Network189

In order to relate the continuum scale deformation to individual chains in the network, we use the affine190

deformation assumption [Tre75] and the full network model [WVDG93, Bea03].191

At each material point in the reference (stress-free) state, it is assumed that chains have their most probable192

2 By additional electrostriction, we mean the contribution to electromechanical coupling that is not due to the Coulomb attraction
between the electrodes.



7

length, b
√
n, and are randomly oriented. For instance, consider a material that is isotropic due to the chain193

orientations being uniformly distributed. That is, the probability density function of finding a chain with194

end-to-end vector, r̃, is P (r̃) =
δ (|r̃| − b

√
n)

4π
.195

By the affine deformation assumption, each chain gets mapped from the reference configuration to the196

current configuration by the deformation gradient, F , i.e. r = F r̃. Finally, the free energy density is taken197

to be the product of the average chain free energy and the number of chains per unit volume, N :198

W∗ (F ,E) = N 〈F (F r̃,E)〉r̃ = N

∫
dr̃ P (r̃)F (F r̃,E) , (2.12)

whereN is the number of chains per unit volume and 〈·〉r̃ denotes an average over the distribution of chains.199

Similarly, we can obtain the (continuum-scale) polarization, i.e. dipole moments per unit volume, P by:

P (F ,E) = N 〈p (F r̃,E)〉r̃ = N

∫
dr̃ P (r̃)p (F r̃,E) .

Appendix C discusses an approximate closed-form expression to evaluate the integration in (2.12) for a200

commonly-used class of P. In general, numerical integration of (2.12) can be challenging to perform201

accurately [Ver15].202

2.D. Continuum Electroelasticity203

Since the pioneering work of [Tou56], there has been a lot of work recently in variational methods and204

formulations for continuum electroelasticity [Tou56, SZG08, Suo10, BDO09, DO06, DO14, Liu13, Liu14].205

For the theory and analysis of the stability of DEAs using continuum models, see [ZDDP17, YZS17, ZS07].206

LetΩ0 denote the body in the reference configuration andΩ = Υ (Ω0) the body in the current configuration,207

where Υ is the deformation mapping. The position of a material point in the reference configuration, X ,208

is mapped to a position in the current configuration by the deformation mapping, i.e. x = Υ (X); and the209

deformation gradient is given by F = GradΥ .210

Then given some boundary conditions, B, and some external work, W, the equilibrium configuration of the211

body is given by the minimization of the Gibbs free energy such that the boundary conditions are satisfied;212

that is:213

G
[
F , P̃

]
=

∫
Ω0

W
(
F , P̃

)
dV −W{

F eq, P̃ eq
}

= arg min
F ,P̃

G
[
F , P̃

]
subject to B

(2.13)

Thus, the constitutive response is encoded in the form of the Helmholtz free energy density function, W ,
which is given by

W
(
F , P̃ ;T

)
=W∗ (F ,E;T ) + J−1P̃ ·E (2.14)

W∗ = N 〈F (F r̃,E;T )〉r̃ = N

∫
R3

d3r̃ P (r̃)F (F r̃,E;T ) (2.15)

where P̃ = JP is the pullback of the (continuum-scale) polarization3, andW∗ is the Legendre transform214

3 Note that the definition of the pullback, P̃ , is not unique, see, e.g., the discussion in section 4.1.1 of [MD14]. We make this
choice for P̃ because of its simplicity and note that others have used the same definition (see, e.g., [YZS17, Liu14]). In general,
when deriving the free energy density from a statistical mechanics description, one derives the free energy density in the current
configuration and then, once a choice of variables has been made, can formulate the free energy density in terms of the pullback
quantities by substitution.
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(in the P̃ slot) of the Helmholtz free energy density. We will denoteW∗ as the closed-dielectric free energy;215

more precisely, it is the Gibbs free energy when the dielectric material can be considered as a closed system216

in a constant electric field. Physically, the significance of the closed-dielectric free energy is that it has a217

minimum principle at constant temperature and constant electric field. See [GD20] Section 3.3 for further218

discussion of this issue.219

Finally, recall that because of the long-range nature of dipole-dipole interactions, the relationship between220

E and P̃ is nonlocal; they are related by the electrostatic equation. Therefore, in general, the Legendre221

transform cannot be taken in terms of the free energy density, rather this must be done at the level of222

the total free energy, which is a formidable challenge as well as highly problem-specific. However, when223

the monomer-monomer dipolar interactions are neglected, the nonlocal relationship becomes local (recall224

Section 2.A.2 of this paper, or see Section 2.2 of [GD20]) and the transform taken in (2.14) is indeed valid.225

2.E. Electromechanical Coupling Due to Chain Torque226

We highlight some important physical implications of the model outlined above. We notice that an applied227

electric field applies a moment to individual polymer chains, due to the fact that the chain carries an effective228

dipole. The importance of this is two-fold: (1.) it contributes to the stress beyond that imposed by the229

Coulombic attraction of the electrodes, and (2.) it provides a means to engineer the orientational distribution230

of chains so as to obtain a desired network architecture.231

(1.) represents an opportunity to design for enhanced electromechanical coupling. Specifically, one could232

potentially tune the network architecture such that the deformation is increased due to contributions from233

(1.). To illustrate (1.), we consider a typical DEA, but with the stress caused by the electrodes counteracted.234

This counteraction could be achieved, for instance, by applying a traction, t, to the outside surfaces of the235

electrodes that is equal and opposite to the Coulomb attraction and by ensuring the voltage difference is236

adjusted to keep the electric field constant when the distance between the electrodes changes. This is shown237

in fig. 2.1 (inset).238239

In this case, the change in energy stored in the electric field (or equivalently, the work of the battery) and240

the work of the applied traction will cancel each other out; as a result, the equilibrium configuration will241

be the one that minimizes the free energy of the DE film. We neglect the fringe fields and assume that the242

electric field is uniform in space, implying that the electric field is then aligned along the thickness direc-243

tion. Further, assume homogeneity, isotropy, and incompressibility; the stretch in the thickness direction is244

denoted λE , implying that the stretch in any in-plane direction is λ
− 1

2
E . Evaluating the free energy for this245

class of deformations using (2.14) with uniform orientational distribution P = 1/4π, we then minimize246

to find the energy-minimizing stretch λE . FIG. 2.1 shows λE as a function of κ. We see that the model247

predicts a spontaneous deformation of the film, even in the absence of pressure from the top and bottom248

electrodes. When the chain is composed of TI monomers (κ > 0), the film shrinks in the thickness direction249

(i.e. λE < 1). Alternatively, when the chain is composed of uniaxial monomers (κ < 0), the film elongates250

in the thickness direction (λE > 1).251

3. Design Parameters252

In this section, we identify design parameters which describe the polymer network architecture. That the de-253

sign parameters constitute a description of the network is supported by the affine deformation assumption–254

which states that chain end-to-end vectors in the reference configuration are mapped to the current config-255

uration by the deformation gradient–and the negligibly interacting assumption–which allows us to decom-256

pose complex chain architectures in the network into separate linear parts.257

The key variables that we aim to optimize over are related to the network connectivity and geometry, and258

the orientational distribution of the chains. These aspects are relatively feasible to control using applied259
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FIG. 2.1. Electrostriction of a DEA with a fixed bottom surface and an applied traction, t, to the top surface of the
actuator that is equal and opposite to the Coulomb attraction (inset). The plot shows the stretch across the thickness,
λE , as a function of κ.

electromagnetic fields or stresses [ABB+17]. In contrast, we treat the dielectric response, specified here by260

χ‖, χ⊥ of individual monomers as a fixed and given, as modifying these characteristics require molecular-261

scale chemical methods that are much less developed in terms of being able to achieve target properties.262

The following is a list of the design variables: mass density, i.e. N0n where N0 = JN is the number263

of chains per unit volume in the reference configuration; fraction of loose-end monomers, α; density of264

cross-links; and orientational distribution of chains, P; which will be introduced shortly.265

3.A. Mass Density266

Since we take χ‖ and χ⊥ to be fixed and, for many applications, we would prefer a high polarization sus-267

ceptibility, we may be tempted to pack as many monomers per unit volume, N0n, into the polymer network268

as possible. There are, however, some subtleties associated with this strategy. For one, since there is a269

mass associated with each monomer, this would serve to increase the mass density of the material; however,270

it is likely that we do not want the density of the material to exceed a certain threshold for many of the271

applications of interest (e.g. wearable sensors, soft robotics, etc.). Similarly, packing more monomers into272

the network may also affect the compliance of the material. Therefore we will be interested in the product273

N0n as a tunable parameter; and, specifically, its influence on, and interplay between, the aforementioned274

bulk properties.275
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FIG. 3.1. (a) Linear polymer chain (b) (linear) block copolymer chain (c) branched polymer (d) star polymer

3.B. Negligibly Interacting Assumption276

Two systems A and B are in weak interaction with each other if the Hamiltonian of the combined system277

H can be decomposed as H = HA +HB +HA↔B with |HA↔B|2 � |HA| |HB|. Here HA,HB , are the278

Hamiltonians of systems A,B respectively; and HA↔B , is a correction term due to interactions between279

system A and system B (see [TM11] section 7.3.3, for example). In this work, we assume that the chains280

of the network are in weak interaction with each other such that their interactions are negligible. Because281

HA↔B is negligible, we neglect it completely. As we will see, in the negligible interacting regime, one can282

characterize many different chain and network architectures in a general and straightforward way.283

3.C. Individual Chain Geometry: Backbone Monomers, Loose-end Monomers, and Linear Chains284

A key design parameter is the architecture of the chains that make up the cross-linked network. Specifically,285

we mean the geometrical features of the chain, the types of monomers the chain consists of, and the various286

sequences that the monomer types are arranged in. FIG. 3.1 shows a few examples of polymer chain287

architectures. We divide the monomers into two groups: (1.) nb monomers that contribute to the backbone288

of the chain; and (2.) nl monomers that are in the loose ends of the network 4. By backbone of the chain,289

we mean all segments that span from cross-link to cross-link; by loose ends, we mean the non-backbone290

segments. This distinction allows us to consider monomers which interact through the end-to-end vector291

constraint separately from those that do not need to satisfy such a constraint. To make this clear, consider292

the example architectures in fig. 3.1. If there are cross-links at each of the stars in fig. 3.1.a, then we say293

this is a linear chain without any loose-end monomers (i.e. nb = 11, nl = 0). In contrast, if a cross-link is294

missing at either star, then the chain only contributes to the average number of loose-end monomers in the295

network, (i.e. nb = 0, nl = 11). Similarly, in the branched polymer given in (b), if there are cross-links at296

the stars but not the squares, then our decomposition says that this is a single chain with nb = 11, nl = 8. In297

the last example, the star polymer, (c), if there are only cross-links at the stars, this results in a single chain298

4 In [Flo44], a similar decomposition into backbone monomers and loose-end monomers was used to correct for so-called “net-
work defects” when relating mass density to the elastic properties of rubbers.
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with nb = 22 and nl = 33; whereas cross-links at both the stars and squares results in five linear chains,299

each with nb = 11.300

Having decomposed complex architectures into linear parts, we make the assumption that loose end301

monomers are in negligible interaction with the backbone monomers and that separate chains are in negligi-302

ble interaction with each other5. This reduces all chain architectures to collections of negligibly interacting303

linear chains with some fraction of loose ends, α = nl/n. This is justified as follows. First, in regards to304

the electrical energy of the system, we have assumed that all dipole-dipole interactions will be neglected.305

Second, for the entropic contributions, monomers within a chain interact through the enforcement of the306

end-to-end vector constraint; however, loose end monomers, do not take part in this constraint, and obvi-307

ously monomers in separate chains do not interact through such a constraint. The negligible-interaction308

assumption could be violated if chains are “too short” such that a significant portion of monomers in the309

chain are in the vicinity of another chain; if long-range interactions are significant; or if excluded volume310

effects are important.311

To simplify further, we assume that the chain architectures are uniform enough to model their behaviour in312

terms of average numbers of backbone monomers and loose-end monomers per chain6. In summary, we313

describe the network through the number of linear chains per unit volume, N , and the (average) number314

of backbone monomers and loose-end monomers per chain. Thus, Nnb is the number of backbone chains315

per unit volume; in other words, the number of monomers per unit volume which are related to continuum316

scale deformation through F and chain averaging. Whereas,Nnl is the number of loose-end chains per unit317

volume; in other words, the number of monomers which only contribute to the polarization of the network318

and do not contribute at all to the elasticity of the network.319

3.D. Density of Cross-links320

The junction point at which chains in the network are joined together are called (effective) cross-links.321

Specifically, given our decomposition of complex chain geometries into chains with linear backbones and322

loose-ends, we say that there are cross-links at the beginning and end of each linear backbone. For a given323

mass density then, N0 is proportional to, and n is inversely proportional to, the number of cross-links per324

unit volume. Therefore the density of cross-links in the network is both a parameter which is known to be325

controllable [Tre75] and will affect the electroelasticity of the architected network (by (2.11) and (2.15), for326

example).327

3.E. Chain Probability Distribution Function328

The orientation of polymer chains with respect to the local electric field influences the electroelastic re-329

sponse of the network. As a result of both the importance of orientation and our decomposition of complex330

chain architectures into (multiple) linear chains, we use the orientational distribution of these linear chains331

within the network as a design variable. More specifically, let P = P (r̃) denote a probability density func-332

tion which describes the fraction of chains with reference end-to-end vector r̃. The design space of P is the333

space of all probability measures on R3; and hence, an infinite dimensional space. However, we reduce the334

dimensionality of the problem as follows.335

First, we assume that the length of all chains depends only on n and b; specifically, we assume |r̃| = b
√
n,336

which is the expectation of the length of a random walk of n steps with step length b. This choice is337

motivated by the fact that, prior to cross-linking, chains are free to move in a random manner. While this338

choice is primarily motivated by classical polymer theory, it will also be discussed below when we discuss339

residual stresses.340

5 The assumption of negligibly interacting chains is often used in rubber elasticity, see [Tre75] section 4.2.
6 This is similar to the assumption, which is typically implicitly made, that the network of chains can be accurately described by

a single (average) n as opposed to specifying the number of monomers in each individual chain or taking n to be a random
variable.
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Second, having reduced the support of P to the surface of a sphere of radius b
√
n, we next consider341

the symmetries inherent in the physical problem. For instance, in regards to chain statistical mechanics:342

F (r, ...) = F (−r, ...); or, in other words, although chains have well defined ends (cross-linking points),343

either end may be identified as the start and finish. Therefore P need only be defined on a half sphere.344

Third, we further reduce the dimensionality by considering the setting of a thin film dielectric elastomer345

actuator with the voltage applied across the thickness of the film. Physically, the direction across the film346

thickness is significant. We therefore restrict our attention to functions P = P (θ) which satisfy347

P (θ) = P (π − θ) (3.1)

where θ is the polar angle with respect to the direction of the electric field, Ê. This choice is consistent348

with the symmetry of the DEA and with the r → −r symmetry. For materials with the above symmetries349

and the BVP associated with a thin film DEA, we expect a homogeneous deformation of the form F =350

diag
(

1/
√
λ, 1/

√
λ, λ

)
.351

Fourth, we obtain a drastic dimension reduction by using the following as an ansatz of P:352

P (φ, θ) = Pθ (θ; θ0, σ) = C

(
exp

[
−(θ − θ0)2

2σ2

]
+ exp

[
−(π − θ − θ0)2

2σ2

])
. (3.2)

where C is a normalization constant such that
∫

P = 1. Notice that this ansatz is consistent with a353

transversely isotropic material.354

Some examples of this ansatz are shown in fig. 3.2. The reasons for this choice of ansatz are as follows:355

(1) the properties of Gaussian distributions are well understood; (2) ease of evaluating various integrations,356

e.g. (2.15); (3) the symmetry given by (3.1) is satisfied; (4) it reduces our search space from infinite-357

dimensional to a two-parameter space spanned by (θ0, σ); and (5) it is consistent with heuristic ideas of358

modeling manufacturing tolerances; for instance, tolerances could be modeled by placing lower bounds on359

σ.360361

In regards to manufacturing for a design P: we envision controlling P either by cross-linking while under362

an applied electric field (i.e. taking advantage of chain torque) and/or applied stresses; or by an advanced363

type 3D printing [ABB+17].364

3.F. Reference States to Define Material Response365

Consider a uniform distribution P = 1/4π. In the absence of external field and external mechanical load,366

assuming incompressibility gives from symmetry that there is no deformation at equilibrium, i.e. F eq = I .367

Interestingly, this is not the case for a general choice of P, i.e. the material is not at equilibrium for F = I in368

the absence of external loads. This can be interpreted as a residual stress introduced during manufacturing.369

We use the relaxed Helmholtz energy minimizing deformation, denoted F ?, to define linearized material370

response properties that we will aim to optimize.371

It is for this reason that we remarked earlier that assuming fixed |r̃| = b
√
n would be further justified.372

This justification lies in the fact that it is apparent that chain lengths and orientations cannot be controlled373

independently of each other–they are related through the relaxation of the residual stresses. Indeed, after F ?
374

the chain lengths in the network will no longer be homogeneous, but will depend on r̃ (i.e. |F ?r̃| 6= const.).375
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FIG. 3.2. Example chain pdfs of the form (3.2): θ0 = arctan
√

2, σ = π/8 (top left), θ0 = arctan
√

2, σ = π/32
(top right), θ0 = π/6, σ = π/32 (bottom left), and θ0 = 5π/12, σ = π/32 (bottom right). Red signifies higher
density and blue signifies lower density. The chain pdfs, roughly speaking, consist of a ring of width σ at angle θ0
with respect to the polar axis (i.e. axis of symmetry) and reflected about the equator (θ = π/2) of the unit sphere.
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Considering the Taylor expansion of the free energy density about the relaxed configuration
{
F = F ?, P̃ = 0

}
:376

W
(
F , P̃

)
−W (F ?,0) =

∂W
∂Fij

(F − F ?)ij +
∂W
∂P̃k

P̃k

+
1

2

∂2W
∂Fij∂Fkl

∣∣∣∣
F ?,0

(F − F ?)ij (F − F ?)kl

+
∂2W

∂Fij∂P̃k

∣∣∣∣∣
F ?,0

(F − F ?)ij P̃k +
1

2

∂2W
∂P̃i∂P̃j

∣∣∣∣∣
F ?,0

P̃iP̃j

+O
(
ε31
)

+O
(
ε21ε2

)
+O

(
ε1ε

2
2

)
+O

(
ε32
)

(3.3)

where ε1 = |F − F ?| and ε2 = |P̃ |. We assumeW is convex in P̃ and its minimum is P̃ = 0, justified377

empirically for general DEs. Therefore, the linear terms in (3.3) vanish. The constitutive response of the378

DE is governed by
∂2W
∂F ∂F

,
∂2W
∂P̃ ∂P̃

, and
∂2W
∂F ∂P̃

. These quantities correspond to the stiffness tensor, the379

inverse of the polarization susceptibility tensor (i.e. X−1)–which is a measure of the stiffness of the atomic380

bonding of charges bound to the DE–and the cross modulus tensor, respectively. The magnitude of the cross381

modulus signifies the intrinsic electromechanical coupling of the material; that is, the electromechanical382

coupling irrespective of external loads or Coulombic attraction of external electrodes. Thus, we will be383

interested in how our design variables affect these three quantities. However, we will not, strictly speaking,384

seek to optimize all of these properties. In particular, stability and positive definiteness of the energy near the385

equilibrium state bounds the cross modulus from above by, roughly, the geometric mean of the susceptibility386

and the stiffness. Therefore, a practical strategy is to keep the stiffness from getting too high or too low,387

while optimizing the susceptibility and the cross modulus.388

3.G. Incompressibility389

As a final note to this section, we make a few remarks regarding the incompressibility of our hypotheti-390

cal, proposed, anisotropic electroresponsive elastomer. While most elastomers are incompressible to a very391

good approximation and are often modeled as such, this is empirically motivated and taken as an assump-392

tion in both statistical mechanics and continuum mechanics models. Since we are proposing to design an393

anisotropic material – which is potentially very different from existing elastomers – it is possible that in-394

compressibility will not be a good approximation for our designed materials. However, for simplicity, we395

will assume here that the proposed anisotropic electro-responsive elastomers are incompressible. Formally,396

this means that the deformation gradient must satisfy J = 1 where J := detF . As a consequence,N = N0397

and P = P̃ .398

4. Elastic Modulus399

We first consider the elastic modulus in the purely mechanical setting. Let E (x) = 0 for all x ∈ Ω. Then
U = 0 and consequently:

F = A = −TS = nkT

[
γL−1 (γ) + log

(
L−1 (γ)

4π sinh (L−1 (γ))

)]
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from [KG42, Tre75, D+72]. The affine deformation assumption gives that r = F r̃, and therefore the400

Helmholtz free energy density is given by:401

W(F ) = N

∫ π

0
dθ

∫ 2π

0
dφ P ·

nkT
 |F r̃|
nb
L−1

(
|F r̃|
nb

)
+ log

 L−1
(
|F r̃|
nb

)
4π sinh

(
L−1

(
|F r̃|
nb

))
 sin θ


(4.1)

where r̃ can be written as b
√
n (cosφ sin θ, sinφ sin θ, cos θ). This integral is difficult to evaluate in closed-402

form, but simplifies significantly if we use a Taylor expansion of L−1 (γ) in powers of γ:403

W =
3

2
NkT

∫ π

0
dθ

∫ 2π

0
dφ P (φ, θ)

(
γ2r +O

(
γ4n

))
sin θ (4.2)

where γr := |r|/|r̃| = |r|/b
√
n. For the remainder of this section, we neglect the higher-order terms in

(4.2). For now, we consider F of the form diag (λ1, λ2, λ3); thus,

γ2r = λ21 cos2 φ sin2 θ + λ22 sin2 φ sin2 θ + λ23 cos2 θ.

First, let P = 1/4π. It is easy to show that we obtain the neo-Hookean energy density:

W =
Giso

2

(
λ21 + λ22 + λ23

)
whereGiso := NkT is the shear modulus that is predicted by the Gaussian chain approximation in classical404

rubber elasticity [Tre75]. This result is to be expected since we took a Taylor expansion of the Langevin405

chain statistics (4.1) about zero stretch and because the chosen form of P is isotropic. Clearly then, for406

isotropic elastomers, the stiffness–for a constant mass density, N0n–increases with the density of cross-407

links; that is, increases with N0 (recall: N0 = JN ) (this is well known; see, for example, [Tre75]). More-408

over, the slope of the inverse Langevin function is a monotonically increasing function of its argument. Its409

argument in (4.1) is O
(
n−1

)
, so increasing the density of cross-links for fixed mass density–which effec-410

tively lowers n–also increases the stiffness through higher order terms in (4.2). Physically, this is because411

the higher order terms account for the finite extensibility of the chain and, as n decreases, so does the maxi-412

mum length of a chain. Similarly, the stiffness increases with the fraction of loose end monomers (for fixed413

n) because, as α increases, the maximum length of the chain, nbb, decreases and finite extensibility effects414

are more relevant for shorter stretches [Tre75, KG42]7.415

Next we consider a transversely isotropic elastomer. In this case, we take P to be given by the ansatz (3.2).
We make the definition:

Ik [µ, σ] :=

∫ π

0
dx

(
exp

[
−(x− µ)2

2σ2

]
+ exp

[
−(π − x− µ)2

2σ2

])
sin (kx)

where k ∈ N, µ ∈
[
0,
π

2

]
, and σ ∈ [0,∞). Then the average square relative stretch and the Helmholtz free

7 We remark that there is also some discussion in the literature regarding how the entanglement of loose-end chains with the rest
of the network affect its elastic properties [LP74, Gor75, Cas60]. Since we do not explicitly consider chain entanglements, we
do not explore this further, but such considerations, as well as other structural details of the polymer network, may be worth
investigating in future work.
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energy density are:

〈
γ2r
〉
r̃

=
1

4

(
λ21 + λ22

2

(
3− I3 [θ0, σ]

I1 [θ0, σ]

)
+ λ23

(
1 +

I3 [θ0, σ]

I1 [θ0, σ]

))
(4.3)

W (λ1, λ2, λ3; θ0, σ) =
3

8
NkT

(
λ21 + λ22

2

(
3− I3 [θ0, σ]

I1 [θ0, σ]

)
+ λ23

(
1 +

I3 [θ0, σ]

I1 [θ0, σ]

))
(4.4)

We can approximate these expressions in the limits of σ � 1 and σ � 1 by using (C1) and (C2), respec-416

tively.417

As mentioned previously, there is no systematic theory which connects the molecular structure of elastomers418

to their effective Poisson’s ratio; instead, incompressibility is generally taken as an assumption, and we use419

this assumption here.420

We consider loading the body with displacement-control along the axis of symmetry, and free on the trans-421

verse faces. With incompressibility, the symmetry of the system gives the deformation gradient of the form422

F = diag
(

1/
√
λ, 1/

√
λ, λ

)
, where the 3-direction is aligned along the axis of symmetry.423

The slope of the stress-strain curve gives the tangent elastic modulus Y‖ in the direction of the axis of424

symmetry. Similarly, the tangent elastic modulus in the plane orthogonal to the axis of symmetry is denoted425

by Y⊥8.426

In the limit of σ � 1, our model predicts:427

Y‖ =
∂2W
∂λ2

=
3

4
N0kT

(
1 + 3λ−3 + e−4σ

2 [
1− λ−3 + 2

(
1− λ−3

)
cos (2θ0)

])
(4.5)

which shows a strain hardening in compression and a strain softening in tension–except when θ0 = 0 and428

σ = 0. Interestingly, (θ0, σ) = (0, 0) recovers the isotropic elastic modulus; as does any (θ0, σ) at λ = 1.429

At first glance, this seems physically unreasonable, as one would expect changing the distribution of chain430

directions in the network to affect the stiffness in various directions. However, recall from our discussion in431

Section 3.E that λ = 1 is no longer the equilibrium configuration in the absence of external loads. Indeed,432

let λ? be such that
∂W
∂λ

∣∣∣
λ=λ?

= 0; then,433

λ? =

(
3− [1 + 2 cos (2θ0)] e

−4σ2

2 + [2 + 4 cos (2θ0)] e−4σ
2

)1/3

. (4.6)

Equation (4.6) is shown in FIG. 4.1 as a function of θ0 for σ = 0, π/32 and π/16. Let θiso be the polar angle434

for which F ? = I when σ = 0; one can show that θiso = arctan
√

2. When θ0 < θiso, we have λ? < 1.435

This is because there is simultaneously a higher density of chains that are oriented closer to the direction436

of stretch (i.e. the axis of symmetry), and a lower density of chains oriented towards the orthogonal to the437

direction of stretch. The elasticity of polymer chains is due entirely to entropy in the absence of electric438

field in our model; consequently, polymer chains are in tension, at any finite temperature, if their end-to-end439

vector is finite. Put differently, the maximum chain entropy is given by a vanishing end-to-end vector; thus,440

chains always want to contract if we neglecting excluded volume effects. The additional incompressibility441

assumption accounts empirically for the excluded volume effects and prevents the collapse of the network442

to zero volume.443

8 The property Y⊥ corresponds to the slope of the stress-strain curve if a sample were stretched biaxially in the plane orthogonal
to the axis of symmetry and traction-free on the lateral faces. It can be calculated from the deformation considered here by

Y⊥ =
1

4

∂2W

∂
(
1/
√
λ
)2 , where the 1/4 is a material and geometric factor related to the number of dimensions that are being

stretched (i.e. 2) and the Poisson’s ratio, 1/2.
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FIG. 4.1. The load-free equilibrium stretch in the direction of the axis of symmetry for a transversely isotropic,
incompressible elastomer. The stretch, λ?, is shown as a function of the angle, θ0, that the (upper) Gaussian is
centered about.

When incompressibility is enforced, for chains to contract in one direction requires chains to elongate in444

other directions. This trade-off between stretch and elongation in different directions gives, for isotropic445

networks, that λ? = 1. When θ0 < θiso, we obtain λ? < 1 and thus there is a contraction along the446

axis of symmetry, because there are more chains oriented toward this direction and hence a net increase in447

entropy can be gained from some λ? < 1 compared to the decrease in entropy of fewer chains that must448

elongate in other directions. Conversely, when θ0 > θiso, there are fewer chains along the axis of symmetry,449

and a net increase in entropy can be gained by contracting orthogonal to the axis despite the decrease in450

entropy to the fewer chains along the symmetry axis that must elongate. In the limit of σ = 0 when all451

the chains are aligned precisely along a single direction, this leads to singularities at (θ0 = 0, σ = 0) and452

(θ0 = π/2, σ = 0) as can be seen in FIG. 4.1.453

We return our attention to the elastic modulus. In particular, we are interested in Y ?
‖ := Y‖ (λ = λ?); that454

is, the stiffness of the material at its equilibrium state when no loads are applied. Using (4.6) in (4.5), we455

obtain:456

Y ?
‖ (θ0, σ) =

9

4
NkT

(
1 + [1 + 2 cos (2θ0)] e

−4σ2
)

(4.7)

Similarly,457

Y ?
⊥ (θ0, σ) =

9

8
NkT

(
3− [1 + 2 cos (2θ0)] e

−4σ2
)
. (4.8)

As expected, the maximum Y ?
‖ occurs at (θ0, σ) = (0, 0)–as this is the case which has the maximum458

amount of chains oriented in the direction of the axis of symmetry for a given N0. Interestingly, although,459

as previously mentioned, there is a singularity at (θ0, σ) = (0, 0) such that λ? = 0, the elastic modulus is460

finite. The maximum Y ?
‖ is given by 9NkT , which is the number of spatial dimensions times the elastic461

modulus for an isotropic network (Yiso = Y‖ (θiso, 0) = Y⊥ (θiso, 0) = 3Giso = 3NkT ). Once again,462
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FIG. 4.2. The dimensionless elastic moduli in the directions of the axis of symmetry, Y ?
‖ , and orthogonal to the axis

of symmetry, Y ?
⊥, as a function of the upper Gaussian center, θ0, when σ = 0. The dashed, black line represents the

elastic modulus for an isotropic network, Yiso = 3Giso = 3NkT

as expected, Y ?
‖ is a minimum and, more specifically, vanishes at (θ0, σ) = (π/2, 0). Similarly, Y ?

⊥ is a463

maximum at (θ0, σ) = (π/2, 0) and vanishes at its minimum (θ0, σ) = (0, 0).464465

This analysis establishes upper bounds 9 for Y ?
‖ and Y ?

⊥ as 9NkT and 9/4NkT , respectively; and shows466

that theoretically, zero stiffness can be achieved. However, as previously mentioned, there are many appli-467

cations, such as soft robotics, when it will be desirable to control the DE stiffness within some range while468

optimizing over other properties. In this case, (4.7) and (4.8) can be used as design tools in the limit when469

σ � 1; that is, when directionality in the network is highly controlled.470

We now carry out a similar analysis in the limit of weak directional control (i.e.σ � 1). In this case,471

Ik [θ0, σ] ≈ I∞k [θ0, σ], where I∞k [θ0, σ] is given in (C2). Explicit evaluation gives:472

Y‖,∞ = NkT

[(
2 + λ3

)
f (θ0, σ)− 28λ3 − 80

λ3 (f (θ0, σ)− 36)

]

λ? =

[
f (θ0, σ)− 40

f (θ0, σ)− 28

]1/3
Y ?
‖,∞ = 3NkT

[
f (θ0, σ)− 28

f (θ0, σ)− 36

]
Y ?
⊥,∞ = 3NkT

[
f (θ0, σ)− 40

f (θ0, σ)− 36

]
where f (θ0, σ) = 18σ2 − 18πσ − 36θ20 + 9π2

(4.9)

These approximations for the nondimensional elastic moduli, Y‖/NkT and Y⊥/NkT , are shown in FIG. 4.3473

for σ = 4π/3 and 3π/2. Clearly, (4.9) recovers Y ?
‖,∞ = Y ?

⊥,∞ = Yiso in the limit of σ → ∞, as expected.474

9 We emphasize that these bounds are obtained in the limit σ � 1.
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The approximations in (4.9) share the same physical character as the σ � 1 approximations in the sense475

that, when σ is large enough, Y ?
‖,∞ is at its maximum (on the interval [0, π/2]) at θ0 = 0 and minimum at476

θ0 = π/2 (this can also be seen in FIG. 4.3). The situation is reversed for Y ?
⊥,∞; that is, its maximum is477

at θ0 = π/2 and its minimum is at θ0 = 0. Again, this is due to the fact that there is a greater stiffness in478

the directions of higher chain densities. Lastly, note that the approximations in (4.9) predict a nonphysical479

singularity on the interval θ0 ∈ [0, π/2] when σ is not large enough (σ / π). This can result in, incorrectly,480

predicting negative and/or diverging Y‖ or Y⊥. Thus, one should take care that σ is large enough when using481

(4.9) for design of transversely isotropic elastomers.482

2.7

2.8

2.9

3

3.1

3.2

3.3

3.4

3.5

3.6

0 π/8 π/4 θiso 3π/8 π/2

Y
? �
/N

k
T

θ0

Y ?
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Y ?
⊥,∞, σ = 3π/2

FIG. 4.3. The dimensionless elastic moduli in the directions of the axis of symmetry, Y ?
‖ , and orthogonal to the axis

of symmetry, Y ?
⊥, as a function of the upper Gaussian center, θ0, for finite σ: 4π/3 and 3π/2. The dashed, black line

represents the elastic modulus for an isotropic network, Yiso = 3Giso = 3NkT .
483
484

5. Susceptibility485

Using the negligibly interacting assumption, we have thatW∗ = N 〈F〉r̃. However, (2.10) is challenging486

to evaluate in closed-form. Proceeding as in the case of the elastic modulus, we use a Taylor expansion of487

the inverse Langevin function about zero stretch to find γ/L−1 (γ) =
1

3
− 1

5

γ2r
n

+ O
(
γ4
)
. This provides488

an approximation for the free energy:489

W∗ (F ,E) = NkT

(
n
[
w∗f (κ)− κ⊥

]
+

[
3

2
+

2κ

15
− w∗f (κ)

] 〈
γ2r
〉
r̃

+
3κ

5

〈
γ2r

(
Ê · r̂

)2〉
r̃

+
〈
O
(
γ4n

)〉
r̃

)
(5.1)

where490

w∗f (κ) = log

(
2
√
κ√

π erf (
√
κ)

)
. (5.2)

The four terms on the right side of (5.1) can be understood as follows.491

1. the first term is the closed-dielectric free energy density of a collection of (Nn) monomers that are492
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kinematically free; that is, monomers that are not constrained to satisfy a given end-to-end vector;493

2. a correction to the first term that is related to the average magnitude of chain stretch;494

3. a further correction that takes into account the average amount that the chain is stretched parallel to495

the direction of the electric field;496

4. higher order terms related to the finite extensibility of the chain. Note that the first term is invariant497

when changing the cross-linking density at fixed mass density.498

The second and third terms contribute to electromechanical coupling, while only the third term captures499

the effect of chain torque. Interestingly, if one neglects O
(
γ4n

)
terms in (5.1), then it is invariant under500

α. Therefore changing the fraction of loose end monomers can only have an effect on higher order terms,501

terms which are related to the finite extensibility of the chain.502

5.A. Definition of the Susceptibility503

In Section 3.F we defined the inverse susceptibility tensor: X−1 :=
∂2W
∂P̃ ∂P̃

, where the derivative is eval-

uated at the reference state. However, (5.1) gives us W∗; that is, the Legendre transform of W in the
polarization slot. Further, although it is clear that

W
(
F , P̃

)
=W∗

(
F ,E

(
P̃
))

+ J−1P̃ ·E
(
P̃
)

(where byE
(
P̃
)

we mean the electric field as a function of polarization), it is not straightforward to write
outW explicitly. This is because, while we have derived the polarization as a function of the electric field,
we are unable to invert this function, for general F and P̃ , to obtain E = E

(
P̃
)

. Therefore, we instead

look for a correspondence between derivatives ofW and ofW∗. The desired identity is as follows10:

− ∂2W∗

∂E∂E
=

(
∂2W
∂P̃ ∂P̃

)−1
= X

This is shown in Appendix B.504

5.B. Tangent and Secant Susceptibility505

We return our attention to the first term in (5.1)–the term that corresponds to a dielectric that consists of506

monomers that are unconstrained. We call the result of taking −∂/∂E of this term the free polarization.507

The ratio of free chain polarization to its maximum theoretical value is shown in FIG. 5.1 as a function of the508

applied electric field. We distinguish between the secant susceptibility, X sec, and the tangent susceptibility509

X . The secant susceptibility is defined such that P = X secE. Thus, fig. 5.1 shows a measure of the secant510

susceptibility of free monomers. Clearly X sec 6= X = − ∂2W∗

∂E∂E
in general; in fact, X = X sec+

∂X sec

∂E
E.511

They are equivalent when the dielectric is linear.512513

All of the dielectric nonlinearity in our DE materials is encoded in the function w∗f , which is a per monomer514

contribution to the closed-dielectric free energy free energy for an unconstrained polymer chain (see (5.2)).515

In fact, the closed-dielectric free energy of an unconstrained polymer chain is nkT
(
w∗f − κ⊥

)
. Taking516

−∂/∂E and then dividing by E, we arrive at the result shown in FIG. 5.1. The vertical axis corresponds to517

the secant susceptibility with a single free chain per unit volume, where the secant susceptibility is measured518

in units of nχM and χM := max
(
χ‖, χ⊥

)
. In regards to the physical character of the secant susceptibility519

for the free chain, there are three regimes that can be seen in FIG. 5.1.520

10 As discussed in section 2.D, the local nature of the relationship between E and P̃ depends upon monomer-monomer interactions
being negligible.
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FIG. 5.1. The nondimensional secant susceptibility per monomer for a collection of kinematically free monomers–or,
in other words, the ratio of chain polarization to the characteristic scale, nχME, where χM := max

(
χ‖, χ⊥

)
–shown

as a function of
√
|κ|. The chains consist of TI (|∆χ| = χ⊥) and uniaxial (|∆χ| = χ‖) monomers. In the limit of

small electric field or large temperature (i.e.
√
|κ| → 0), the nondimensional (lab) susceptibility per monomer is 2/3

for TI monomers and 1/3 for uniaxial monomers. In the limit of large electric field or small temperature, the chain
polarization approaches its theoretical maximum: nχME.

The first regime corresponds to
√
|κ| → 0; then Xsec/n →

(
χ‖ + 2χ⊥

)
/3. In this limit (i.e. E → 0521

and/or kT → ∞), the pdf of monomer orientations is uniformly distributed over the unit sphere because522

the electrostatic energy is vanishingly small as compared to the thermal energy. The factors of 1/3 for523

χ‖ and 2/3 for χ⊥ correspond to the dimensionality of each dipole susceptibility: the monomers are in524

three dimension space while χ‖ is the dipole susceptibility along a line (i.e. span n̂) and χ⊥ is the dipole525

susceptibility in the plane orthogonal to n̂. In addition, note that Xsec does not vanish as kT →∞. This is526

because χµ is quadratic in n̂. Even though n̂ is uniformly distributed, the polarization does not cancel.527

In the second regime
√
|κ| → ∞; then Xsec/n → max

(
χ‖, χ⊥

)
. In this limit (i.e. E → ∞ and/or528

kT → 0), the monomers are frozen in their minimum potential energy orientation; that is, n̂ = ±Ê when529

χ‖ > χ⊥ and n̂ such that n̂ · Ê = 0 when χ⊥ > χ‖. In this case, the chain has reached its maximum530

theoretical secant susceptibility.531

Finally, there is a transition regime between the limits of
√
|κ| → 0 and

√
|κ| → ∞.532

There are two main takeaways that are relevant to this discussion: (1.) the dielectric nonlinearity of our DE
materials arises because the average alignment of the monomers is determined by a balancing of electro-
static potential energy and the entropy, and because the dipole susceptibility of a monomer depends on its
alignment with respect to the applied electric field; and (2.) despite this nonlinearity, we have X = Xsec
in the limits of

√
|κ| → 0 and

√
|κ| → ∞. Moving forward, we will consider both X and Xsec; as they

will both prove useful. Specifically, X is particularly relevant to material stability while Xsec is relevant to
the capacitance–and hence, electromechanical coupling–for a given thin film DEA geometry. Moreover, for
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convenience, we make the definitions:

X h := lim√
|κ|→0

X = lim√
|κ|→0

X sec

X c := lim√
|κ|→∞

X = lim√
|κ|→∞

X sec

We now consider what we have learned about free polarization in the context of the design of anisotropic533

dielectric elastomers. When used for a DEA, it is desirable that the secant susceptibility of the DE be534

as large is possible. This is because the susceptibility serves to increase the capacitance of the DEA.535

The increased capacitance means a greater accumulation of charge on the electrodes for a given volt-536

age difference–which leads to a greater Coulomb attraction between the electrodes and hence a greater537

electromechanical coupling of the DEA. Now, for illustrative purposes, consider a single chain. If the538

chain is allowed to contract to zero stretch, then all the terms in (5.1) vanish except the first one–which539

is consistent with our previous discussion. In this case, the susceptibility is isotropic and is such that540

X sec = XsecI,Xsec ∈ Nn
[(
χ‖ + 2χ⊥

)
/3,max

(
χ‖, χ⊥

)]
. Recall (FIG. 5.1) that the secant suscepti-541

bility is maximized at low temperature or large electric field (i.e.
√
|κ| � 1). This is an issue, from a542

practical standpoint, because we would prefer not to need to operate our DEA under these conditions. Both543

temperature control as well as large applied field are challenging and cumbersome to impose.544

Now consider this same chain, but in the reference, load-free state of an isotropic network such that γr =
1. Then the second and third terms–the electromechanical terms–are O (1) while the first is of O (n).
This means, for a dielectric elastomer that consists of “long chains” (i.e. n � 1, n & 1000), that the
electromechanical terms are negligible when the elastomer is in the load-free state (and in many cases,
they are even negligible at large macroscopic deformations). Thus, if we are to significantly improve on
the small

√
|κ| secant susceptibility in the load-free state, then one may first want to increase the density

of cross-links of the elastomer (i.e. increase N0/n)–while keeping in mind that the stiffness also scales
with the density of cross-links. Before moving on, it is also worth recalling the discussion on the “residual
stresses” of our hypothetical anisotropic elastomers. Since the load-free state has some initial deformation
to relieve the “residual stresses”, γr 6= 1 in general. At first glance, one may consider this as an opportunity

to increase
(
X h
)?

. However, it is easy to show that
〈
γ2r
〉?
r̃
≤ 1 and that equality only holds for an isotropic

network. The key is that, in the absence of electrical loads, the relaxed state should maximize the entropy
of the elastomer and, by our approximation, the chain entropy as proportional to −γ2r ; thus, for entropy to
not decrease with respect to the manufactured state (i.e.

〈
−γ2r

〉
r̃

= 1), we require
〈
γ2r
〉?
r̃
≤ 1. Similarly,

the lower bound on
〈
γ2r

(
Ê · r̂

)2〉?
r̃

is clearly zero since it is strictly nonnegative and it vanishes when the

elastomer is manufactured such that all of the chains are orthogonal to the eventual direction of the applied
electric field. The upper bound, however, is much less clear and warrants further investigation. For the
purposes of this investigation, we split the susceptibility into two contributions: one associated with free
monomers, Xfree, and a correction term due to the electromechanical coupling of the material, X̌ ; that is:

X = XfreeI + X̌ .

Taking derivatives of (5.1) with respect to E and taking the appropriate limits, we obtain:545

X̌ h‖ =
N (∆χ)

5

(〈
γ2r
〉
r̃
− 3

〈
γ2r

(
Ê · r̂

)2〉
r̃

)
, (5.3)
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and546

X̌ c‖ = −N (∆χ)

15

(
2
〈
γ2r
〉
r̃

+ 9

〈
γ2r

(
Ê · r̂

)2〉
r̃

)
. (5.4)

5.C. Design for susceptibility547

We again consider transversely isotropic materials and use (3.2) as our ansatz for P. This gives us:548 〈
γ2r

(
Ê · r̂

)2〉
r̃

=
λ2

4

(
1 +

I3 [θ0, σ]

I1 [θ0, σ]

)
. (5.5)

In the limit of σ � 1, we have the approximation:〈
γ2r

(
Ê · r̂

)2〉
r̃

≈ λ2

4

[
1 + e−4σ

2
(1 + 2 cos (2θ0))

]
We could then derive, using (5.5) and (4.3), W∗ for transversely isotropic DEs. However, we turn our
attention directly to X̌ h‖ . In the limit of σ � 1, we have the approximation:(

ˇX h‖,0
)?

N (∆χ)
= 0

where again, �? denotes a quantity evaluated at λ = λ?. Interestingly, the electromechanical correction549

term vanishes at λ? for all θ0 and σ when σ � 1; and hence, at least in the limit of the load-free state, the550

DE effectively behaves as a collection of free monomers.551

Similarly, using (C2) in (4.3) and (5.5), then subsequently (5.3) and (4.9), we arrive at an approximation of(
X̌ h‖
)?

in the limit of weak directional control (i.e. σ � 1). This approximation is:

− 16∆χ (θ0 − σ) [π − 3 (θ0 + σ)]

5
(
2θ20 − 2πθ0 − 4σ2 + π2 − 4

)
[f (θ0, σ)− 40]1/3 [f (θ0, σ)− 28]2/3

where f was first defined in (4.9). The approximation is shown in FIG. 5.2. Notice that, while the elec-552

tromechanical correction (at λ = λ?) does not vanish,
(

ˇX h‖,∞
)?
/N∆χ is small compared to 1 in the limit553

of σ � 1. Since the free monomer susceptibility is O (Nn), this correction term is negligible; and, what is554

more, is that it vanishes as σ →∞.555

The electromechanical correction to the susceptibility in the load-free state,
(
X̌ h‖
)?

, vanishes in the limit of556

σ � 1 and is negligible in the limit of σ � 1. It would seem then that there is little hope for increasing the557

initial susceptibility of our design DEs. However, it is clear from (5.3) that X̌ h‖ is deformation dependent.558

It is worth considering whether or not ˇX h‖,0, for instance, vanishes when λ 6= λ?. To this end, we visualize559

ˇX h‖,0 for σ = 0 and λ = 1 in FIG. 5.3. Notice that, in this case, ˇX h‖,0 does not vanish and is, in fact,560

has a positive contribution of O (N) when ∆χ > 0 and θ0 → π/2, and when ∆χ < 0 and θ0 → 0.561

Thus, to maximize
(

ˇX h‖,0
)?

, one must find a way to alter the polarization properties while simultaneously562

maintaining a (nearly) mechanically isotropic network.563
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FIG. 5.2. Correction to the free monomer susceptibility in the load-free state in the limit of σ � 1. The correction to
the free monomer susceptibility is much less in this limit than the σ � 1 limit, and it vanishes as σ →∞.

5.D. Hybrid networks: maximizing the operating susceptibility564

It was clear, particularly in FIG. 5.3, that
(
X̌ h‖
)?

could be made greater if somehow the initial, load-free
deformation, λ?, could be as close to unity as possible. For this reason, we propose the following (rough)

manufacturing process and design algorithm for optimizing
(
X̌ h‖
)?

. First, imagine that we have two types
of polymer chains that are compatible with each other in the sense that they can be cross-linked together in
a network. Further, imagine that the monomers for the one type of chain are such that∆χ > 0 and the other
are such that ∆χ < 0. Call these type A and type B, respectively. Now, if an electric field is applied in a
constant direction just prior to and during cross-linking, then the density of A chains oriented orthogonal
to the electric field direction will increase, as will the density of B chains oriented parallel to the electric
field. Let σA and σB be the design standard deviations for chains of type A and type B, respectively. Then,
clearly, σA and σB would depend on the magnitude of the applied electric field; and, σA and σB would
likely not be able to be controlled independently of each other–or rather, the envisioned manufacturing
process would need to be specialized further in order to control the two independently of each other. In this
scenario, the monomer susceptibilities χA⊥, χA‖ , χB⊥, and χB‖ are given; or at best, selected from a catalog of
possible monomer types. Then the design variables consist of NA

0 , nA, θA0 , σA, NB
0 , nB , θB0 , σB , where

NA
0 is the number of chains of type A per unit volume, nA is the number of monomers per chain in chains

of type A, θ0 is the center of the Gaussian in the upper half of the unit sphere for chains of type A, σA is the
standard deviations of the pdf for chains of type A, and the remaining quantities are the same but for chains
of type B. The closed-dielectric free energy density for this hybrid DE is:

W∗ = J−1
(
NA

0 〈F〉
A
r̃ +NB

0 〈F〉
B
r̃

)
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FIG. 5.3. Approximate ˇX h
‖,0 for σ = 0 and λ = 1. In this case, ˇX h

‖,0 does not vanish and is O (N).

where

〈F〉�r̃ = C�
∫ π

0
dθ

∫ 2π

0
dφ

({
exp

[
−
(
θ − θ�0

)2
2σ2�

]
+ exp

[
−
(
π − θ − θ�0

)2
2σ2�

]}
·F
(
F r̃,E;n�, χ�⊥, χ

�
‖

)
sin θ

)
.

The design space for this problem is of a higher dimension than those that we have considered thus far.
Therefore, we proceed by using some of the intuition that we have gained thus far. By FIG. 5.2 and FIG. 5.3,

we reason that an optimal
(
X h‖
)?

will result from taking θA0 = π/2, θB0 = 0, and σA = σB = 0. Now

let Nm
0 := NA

0 n
A + NB

0 n
B be the number of monomers per unit volume in the reference configuration

and Nm := J−1Nm
0 be the number of monomers per unit volume in the current configuration. The free

monomer susceptibility scales with the number of monomers per unit volume; thus, assume that Nm
0 is

already taken as large as possible or desired given some range of acceptable DE mass density. Similarly, X̌ h‖
scales with N0, but so does the stiffness. Thus, one should take N0 as large as possible while still keeping
the stiffness within some desired range. Let ΞA := NA

0 /N0 so that NB
0 = ΞBN0 =

(
1− ΞA

)
N0. Again,

considering FIG. 5.3, we want to pick ΞA ∈ [0, 1] such that λ? = 1. In other words, we require that ΞA

satisfies:

∂

∂λ

[(
ΞA 〈F〉Ar̃ +

(
1− ΞA

)
〈F〉Br̃

)]∣∣∣
λ=1

= 0,

which sets ΞA = 2/3.565

Next, we need to pick nA and nB . We define the ratios ξA := N0n
A/Nm

0 and ξB := N0n
B/Nm

0 . Since,
by assumption, the total number of monomers is already given, by definition, we require:

Nm
0 = NA

0 n
A +NB

0 n
B.
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Consequently: ξA ∈
[
0, 1/ΞA

]
and ξB =

(
1− ΞAξA

)
/
(
1− ΞA

)
. Because the only contribution to X h‖566

that depends on Nm is the free monomer susceptibility, if
(
χA‖ + 2χA⊥

)
>
(
χB‖ + 2χB⊥

)
then we try to567

reach the limit ξA → 1/ΞA. Where as, if
(
χA‖ + 2χA⊥

)
<
(
χB‖ + 2χB⊥

)
then we try to reach the limit ξA →568

0. Lastly, if
(
χA‖ + 2χA⊥

)
=
(
χB‖ + 2χB⊥

)
then, in our truncated theory, X hfree is invariant with respect to569

ξA (in this case, it is likely best to let nA = nB = Nm/N0). Let M = arg�max
[
χA‖ + 2χA⊥, χ

B
‖ + 2χB⊥

]
.570

If the limiting process is successfully carried out such that X hfree is maximized, then:571 (
X h‖
)?

=
(
X hfree

)M
+
N

5

[
ΞA|∆χA|+ 2

(
1− ΞA

)
|∆χB|

]
,

=
Nm

3

(
χM‖ + 2χM⊥

)
+
N

5

[
ΞA|∆χA|+ 2

(
1− ΞA

)
|∆χB|

]
,

= N

(
nA + nB

3

(
χM‖ + 2χM⊥

)
+

2

15

[
|∆χA|+ |∆χB|

])
.

(5.6)

In summary, the proposed design process for maximizing X h‖ is as follows:572

1. Choose a preferred mass density, Nm
0 .573

2. Let θA0 = π/2 and θB0 = 0. Try to approach σ → 0.574

3. Let ΞA = 2/3 and, consequently, ΞB = 1/3.575

4. Maximize N0/Nm
0 without exceeding the desired stiffness threshold(s). Note, when ΞA =

2/3, ΞB = 1/3:

Y‖ = NkT
(
1 + 2λ−3

)
Y⊥ = NkT

(
1

2
+

5

2
λ3
)

5. Choose ξA; let ξB =
(
1− ΞAξA

)
/
(
1− ΞA

)
:576

(a) The target ξA should be determined by:

ξA =


1/ΞA χA‖ + 2χA⊥ > χB‖ + 2χB⊥

0 χA‖ + 2χA⊥ < χB‖ + 2χB⊥

Nm
0 /N0 χA‖ + χA⊥ u χB‖ + χB⊥

(b) However, approaching either the upper limit of ξA, which would result in chains of type B577

to be “short” (i.e. nB small) or the lower limit of ξA, which would result in chains of type578

A to be “short”, may affect the electromechanical response of the DE. This is because, as579

chains become shorter, higher order terms in (5.1) become more relevant at even moderate580

deformations. Specifically, these higher order terms would cause monomers to be constrained581

toward the direction of chain stretch more quickly as the DE deforms. This will lead to an582

increase in both strain hardening and electromechanical coupling. An additional consideration583

is the effect of chain length on the validity of the negligibly interacting assumption; it could584

be that, as chain lengths become shorter, interactions between chains become more important.585

Thus, either limit should be approached iteratively until it is determined how closely the limit586

can be approached without affecting the desired stiffness properties.587

We have shown that
(
X hfree

)?
can theoretically be improved upon by deliberately designing and manufac-588

turing the network architecture of a dielectric elastomer. However, practically speaking, it can be seen589
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from (5.6) that, unless the network has a high density of cross-links and therefore consists of “short chains”590

(i.e. Nm
0 /N0 ≤ 10) the increase is modest at best (e.g. . 1% for Nm

0 /N0 & 100); and a high density591

of cross-links may not be desirable because the stiffness per mass density scales linearly with the den-592

sity of cross-links. In addition, the theoretical improvement may be lost entirely once manufacturing error593

inevitably occurs.594

While this analysis shows that the susceptibility can only be marginally improved at best, it does provide595

useful insights: (1.) it provides theoretical limitations of what can be achieved through the design of dielec-596

tric elastomer network architectures, and (2.) although the gains are modest for
(
X hfree

)?
, we will see below597

that there can be significant increases in the electromechanical coupling. Indeed, recall that X hfree is also a598

function of deformation; so that larger increases in susceptibility may be realized at deformations such that599

λ 6= λ?. This effect will be investigated in the next subsection.600

5.E. Mechanically induced susceptibility601

The susceptibility of dielectric elastomers is deformation-dependent, because deformation can cause chains602

in the network to rotate (thereby changing the average monomer orientation in each of the chains) and cause603

chains to stretch (thereby increasing the concentration of monomers oriented toward the direction of stretch604

for a given chain). Using the results developed thus far, we consider a few examples.605

First, as a baseline, we consider an isotropic dielectric elastomer such that P = 1/4π. Using (4.3), (5.5),606

and (5.3):607

X̌ h‖
uni

=
2N

15
(∆χ)

(
λ−1 − λ2

)
(5.7)

Notice that when ∆χ > 0, X̌ h‖
uni

increases (relative to the reference configuration) when the DE is com-608

pressed in the direction of the axis of symmetry (λ < 1) and decreases when stretched; when ∆χ < 0, vice609

versa.610

For the hybrid network, where θA0 = π/2, θB0 = 0, σA = σB = 0, ΞA = 2/3, ΞB = 1/3, we have:611

X̌ h‖
hybrid

=
2N

15

(
|∆χA|λ−1 + |∆χB|λ2

)
(5.8)

Interestingly, since both coefficients are strictly nonnegative and physically we require λ > 0, it is the case612

that X̌ h‖
hybrid

is semi-convex in λ for the domain of admissible λ. Further, it is convex when |∆χA| 6= 0613

and |∆χB| 6= 0. This is significant because it means that when either compressing (i.e. λ < 1) or stretching614

(i.e. λ > 1) – even though initially there may be a drop in X̌ h‖ – eventually X̌ h‖ will begin increasing again615

and do so monotonically. The electromechanical increase of X h‖ is bidirectional for the hybrid network. If616

|∆χA| = 2|∆χB|, then X̌ h‖ has its minimum at λ = 1 so that any deformation increases X̌ h‖ .617

Also, importantly, (5.7) and (5.8) show that the mechanically induced susceptibility of the hybrid network618

is greater than that of the uniform network for all admissible deformations, λ.619

Next, in contrast to either a uniformly distributed network or the hybrid network, we consider a network that620

consists of a single type of monomer and has been manufactured in the limit of high control, i.e. σ � 1. In621

this case: using (C1), (4.3), (5.5), and (5.3):622

ˇX h‖,0 = −N
20

(∆χ)
([

(1 + 2 cos (2θ0)) e
−4σ2 − 3

]
λ−1 +

[
2 (1 + 2 cos (2θ0)) e

−4σ2
+ 2
]
λ2
)

(5.9)

When θ0 = 0 the coefficient of λ−1 vanishes and when θ0 = π/2 the coefficient of λ2 vanishes. This is
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expected because the sign and coefficient of λ−1 and λ2 determine the effect of compression and stretching,
respectively, on X̌ h‖ . The above equation could be used as a design tool for anisotropic elastomers that
consist of a single monomer type. For further physical insight, we let σ = 0. Then (5.9) simplifies to:

ˇX h‖,0
∣∣∣
σ=0

= −N (∆χ)

10

{
[cos (2θ0)− 1]λ−1 + 2 [cos (2θ0) + 1]λ2

}
.

Importantly, the theoretical factor for mechanically induced susceptibility can be larger in this case than623

it is for the uniform or hybrid networks. That is because, in this case, we can orient all of the chains in624

their preferred electromechanical susceptibility direction instead of a fraction. The maximum factors occur625

at θ0 = 0 and θ0 = π/2, as expected. At θ0 = 0, the λ−1 factor (i.e. compression factor) vanishes and626

the λ2 factor (i.e. expansion factor) is maximized–its value being 2N/5. And at θ0 = π/2, the λ2 factor627

vanishes and the λ−1 factor is maximized–its value being N/5. These factors are 3/2 and 2 times larger628

than the hybrid network factors, respectively. However, recall that Y⊥ vanishes as θ0 → 0 and Y‖ vanishes629

as θ0 → π/2. Thus, while a greater mechanically-induced susceptibility can be achieved (over the uniform630

and hybrid networks), there is a trade-off in terms of stiffness and mechanical stability. The implications of631

this in terms of the electromechanical coupling, operation, and failure of DEAs will be explored in the next632

section.633

6. Cross modulus, Electrostriction, and Material Stability634

We now turn our attention to the electromechanical or cross modulus,
∂2W
∂P̃ ∂F

, which provides a measure635

of the electromechanical coupling of the material. Among other things, we will show here that it is related636

to both the stress that develops in the DE when loaded by a constant electric field and as well as the stability637

of the material.638

To derive the cross modulus of our DEs, we begin with the relation:

∂W
∂P̃

= E = X−1secP .

Let K denote the cross modulus tensor. Then, taking derivatives of both sides of the above equation with639

respect to the deformation gradient, we obtain:640

K :=
∂2W
∂P̃ ∂F

=
∂
(
X−1sec

)
∂F

P̃ (6.1)

which can be directly related to derivatives of W∗, as outlined in Section 5. In order to highlight641

some important properties of the cross modulus, we will again consider the setting of a thin film as642

described in Section 2.E, but now using transversely isotropic materials. By symmetry, we expect643

F = diag
(

1/
√
λ, 1/

√
λ, λ

)
in a Cartesian basis with the 3 direction aligned along the thickness di-644

rection. Further, the symmetries of the material, deformation, and applied electric field provide a simplified645

form of (6.1) along the axis of symmetry646

K‖ = − E

Xsec,‖
∂Xsec,‖
∂λ

, where Xsec,‖ (λ,E) = P/E. (6.2)

Note that since K‖ ∝ E, we do not see a frozen in polarization (i.e. the material does not spontaneously647

become an electret) for any relaxation stretch, λ?, as expected.648

For brevity, we restrict our attention to the limit of |σ| � 1. The cross modulus as a function of θ0 is shown649

in FIG. 6.1 and FIG. 6.2 κ = 1 and κ = −1, respectively. For both figures, n = 100. Interestingly, the650
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FIG. 6.1. Cross modulus as a function of θ0 for κ = 1. The absolute value of the cross modulus does not obtain its
maximum on the bounds of θ0, nor does it decay with σ.

absolute value of the cross modulus does not have its maximum, in either case, at θ0 = 0, π/2, or θiso; and651

it does not decay as the distribution spreads out (σ > 0). Instead, the cross modulus vanishes for σ = 0 at652

θ0 = 0 and π/2.653

The significance of the cross modulus is subtle and is perhaps best understood through the lens of the exper-
iment shown in FIG. 2.1: a constant electric field, E0, is applied to a dielectric elastomer with (effectively)
traction free boundary conditions. Since the deformation gradient and electric field are both homogeneous,
the Gibbs free energy minimization ((2.13)) can be carried out pointwise. Furthermore, the polarization is
work-conjugate to the applied electric field; thus, the Gibbs free energy density is given by:

W
(
λ, P̃

)
− P̃E0

or, equivalently,W∗. Now consider an anisotropic DE that has been manufactured and allowed to relax to
λ = λ?. Then, after relaxation, the electric field is applied. The stress that develops in the DE as a result of
the electric field (denote by Σ) is given by:

Σ :=
∂W∗

∂λ

∣∣∣
λ=λ?,E=E0

∝
(
−
∂Xsec,‖
∂λ

)?
∝ K?‖

There is a clear connection between the cross modulus and the stress as they are both proportional to change654

in the secant susceptibility with respect to deformation. After our discussion in Section 5.E, there should655

be no surprise that this contribution to stress exists. The existence of a mechanically induced susceptibility656

implies a stress induced by changing susceptibility, and vice versa.657

For comparison to the cross modulus (depicted in FIG. 6.2 and FIG. 6.2), we also present the formula for
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FIG. 6.2. Cross modulus as a function of θ0 for κ = −1. The absolute value of the cross modulus does not obtain its
maximum on the bounds of θ0, nor does it decay with σ.

the electrically induced stress (which we will refer to as the electrostrictive stress):

Σ

NkT
=

3κe−4σ
2

10× 21/3

[
3e4σ

2 − 1− 2 cos (2θ0)
]1/3 [

e4σ
2

+ 1 + 2 cos (2θ0)
]2/3

Notice that the stress is also proportional to κ and its sign depends on whether the chains consist of TI
monomers or uniaxial monomers. The stress attains its maximum absolute value at

θ0 =
1

2
arccos

(
1

3

)
which, to a good approximation, is also where K?‖ attains its maximum absolute value.658

There are a few important takeaways here that will be relevant to the design of DEs for dielectric elastomer659

actuators in Section 7. First, there are two apparent contributions to the electromechanical coupling in660

DEAs: (1.) the Coulomb attraction between the top and bottom electrodes of the DEA and (2.) the contri-661

bution to the stress in the DE due to the change in the secant susceptibility with respect to deformation. As662

discussed previously, the former can be increased by increasing the susceptibility of the DE. The latter, as663

we have shown in this section, can be increased by increasing the cross modulus of the material. Since the664

susceptibility and cross modulus are optimal for different network architectures, there will be a competition665

between the two when optimizing the network architecture for a DEA.666

The second takeaway is this: the amount of electrostriction of the anisotropic DEs under consideration,667

for a fixed E0, is independent of the chosen network architecture; that is, if we make the decomposition668

λ = λ′λ? where λ? is the initial relaxation of the DE and λ′ is the deformation that occurs as a result of the669

electrically induced stress, then λ′ is invariant with respect to P, N , n, and α. This is indeed surprising, but670

we can begin to explain it as follows:671

1. There are two consequences of the linearized theory that result in invariance with respect to α and n:672
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(a) As before, α is not accounted for in the linearized free energy density because it is has a higher673

order effect related to the finite extensibility of the chains in the network.674

(b) Although the change in susceptibility with respect to deformation does depend on n (since it675

depends on the absolute stretch of the chain), this is also a higher order effect related to finite676

extensibility.677

2. The invariance with respect to n occurs because both Y‖ and Σ are linearly proportional to NkT .678

3. The invariance with respect to P is surprising since there is clearly an influence of the parameters679

(θ0, σ) on the cross modulus and the stress. However, note that Y‖ also depends on (θ0, σ); and,680

importantly, K‖ and Y‖ both depend on the deformation (see (6.1) and (4.5), respectively). This681

interplay between θ0, σ, λ, Y‖ and K‖ results in λ′ being invariant with respect to θ0 and σ.682

For completeness, we also provide the formula for λ′:683

λ′ =

(
45 + 4κ− 30w∗f
45 + 22κ− 30w∗f

)1/3

(6.3)

where w∗f was defined earlier in (5.2).684

6.A. Material stability685

In addition to the electromechanical coupling of our anisotropic, design DEs, we will also be interested
in designing against failure; here, we define failure as loss of stability of the free energy, not considering
fracture, breakdown &c. For this purpose, consider again the Taylor expansion of the Helmholtz free energy
density given in (3.3). However, here we take the expansion about a general equilibrium configuration,(
λeq, P̃ eq

)
. Then, for perturbations about the equilibrium configuration,

{
∆λ,∆P̃

}
, the change in the

free energy density is:

W
(
λ, P̃

)
−W

(
λeq, P̃ eq

)
=

1

2

{
∆λ

∆P̃

}T Y eq
‖ Keq

‖

Keq
‖

(
X eq
‖

)−1
{∆λ

∆P̃

}
+O

(
ε3
)

where |ε| = max
(
|∆λ|, |∆P̃ |

)
� 1 is a small parameter and the superscript, �eq, on the material proper-

ties are there to emphasize that each of the second partial derivatives are evaluated at
(
∆λ,∆P̃

)
. Moving

forward, we drop the superscript as it will be clear what is meant from the context. Next, define the Hessian
of the free energy density:

H :=

[
Y‖ K‖
K‖ X−1‖

]
, H := detH,

For a material to be stable (at a given equilibrium configuration), we require that the energy increase for all686

allowable perturbations11. Here, we neglect the role of constraints, thus, a sufficient condition for stability687

is that H be positive definite.688

As a first step toward understanding the properties of H, let us consider its diagonal: Y‖ and X−1‖ . Directly,

11 As pointed out in [Eri98], although we are actually interested in changes in the free energy (as opposed to the free energy den-
sity), it often suffices to consider stability in the context of the free energy density. Here we do not consider global instabilities,
such as wrinkling and buckling, which are often geometry and/or boundary condition dependent, and instead focus on local fail-
ure modes. For dielectric elastomers, the principal local failure mode is characterized by a dramatic thinning [ZS07, ZDDP17].
Typical global failure modes include wrinkling, buckling, and dielectric breakdown. See [ZDDP17, YZS17] for a more com-
prehensive analysis and discussion. Note that, when failure is studied and observed in dielectric elastomers, the material is
generally subjected to a Maxwell stress. Importantly, we show later in this section that, for both standard isotropic and the
proposed anisotropic materials alike, a local failure mode will not occur in the absence of a Maxwell stress.
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we obtain

Y‖ =
e−4σ

2

60
NkT

(
18κ

(
1 + e4σ

2
+ 2 cos (2θ0)

)
+
[
e4σ

2 (
1 + 3λ−3

)
+
(
1− λ−3

)
(1 + 2 cos (2θ0))

] [
4κ+ 15 (3 + log π)− 30w∗f

])

and, further, using λ = λ′λ? (with (4.6) and (6.3))

Y‖ =
1

20
NkT

[
1 + e−4σ

2
(1 + 2 cos (2θ0))

] (
45 + 22κ− 30w∗f

)
.

It is not difficult to see that the quantity enclosed in the braces is nonnegative and 45 + 22κ − 30w∗f is
strictly positive. Thus, the stiffness is never negative in this case. Similarly, although the formula for X‖ is
tediously long, we can easily reason that it too is nonnegative. The quantity X‖ is the result of averaging
across scales, starting at the monomer dipole susceptibility. Since the monomer dipole susceptibility is
nonnegative, the subsequent averages that we obtain must also be nonnegative. Further, X−1‖ > 0, since by
similar reasoning there must be an upper bound on X‖ (this upper bound is, of course, NnχM where, as
before, χM = max

(
χ‖, χ⊥

)
). Now, ordinarily

H ≥ 0

would only be a necessary, and not a sufficient, condition for the positive semi-definiteness (positive def-689

initeness when H > 0) of H. However, since the trace is also nonnegative, the above condition is also690

sufficient. Thus, if H > 0 then stability is guaranteed; otherwise, the material may be unstable. We forego691

the nuances of exactly when the design DE is unstable, for simplicity, and focus on how H depends on692

different network architectures and loading conditions.693

Since K‖ is linear in P̃ , when κ = 0, H is trivially positive for all network architectures, (θ0, σ)–except694

when (θ0 = π/2, σ = 0) and Y‖ theoretically vanishes (in which case, H = 0). FIG. 6.3 shows H as a695

function of θ0 for (σ = 0, κ = 1), (σ = π/16, κ = 1), (σ = 0, κ = −1), and (σ = π/16, κ = 1) (n = 100696

for all cases). Similar to the κ = 0 case,H only vanishes when the stiffness vanishes.697

It is reasonable to then ask: does the stability picture change as |κ| increases? FIG. 6.4 and FIG. 6.5 show698

H as a function of |κ| for architectures consisting of TI and uniaxial chains, respectively. For each figure,699

n = 100, σ = 0, and θ0 is varied by series: π/12, π/6, π/4, π/3, and 5π/12. FIG. 6.4 shows that,700

for architectures consisting of TI chains, H decreases slightly before increasing with |κ|. Importantly, it701

does not approach zero in any case. For architectures consisting of uniaxial chains (FIG. 6.5), H decreases702

with |κ| before leveling off asymptotically to some number greater than zero. Therefore, we see, these703

anisotropic DEs do not become unstable when loaded by a constant electric field.704

We conclude this section by explaining why we have not seen instability in these materials. The reason
becomes apparent when we consider how Y‖, K‖ and X‖ scale. Specifically:

Y‖ = O (NkT ) +O (NkT × κ) = O (NkT ) +O
(
NE2

0χM
)
,

X‖ = O (NnχM ) ,

K‖ = O
(
E0n

−1) .
And, consequently,

H = O
(
n−1

) [
O
(
χ−1M kT

)
+O

(
E2

0

)]
−O

(
E2

0n
−2) .
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FIG. 6.3. H as a function of θ0 for different network architectures: (σ = 0, κ = 1), (σ = π/16, κ = 1),
(σ = 0, κ = −1), and (σ = π/16, κ = 1). For all architectures considered, n = 100. Similar to the κ = 0 case,
H only vanishes when the stiffness vanishes.
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FIG. 6.4. H as a function of |κ| for networks consisting of TI chains and with n = 100 and σ = 0. The θ0 considered
are π/12, π/6, π/4, π/3, and 5π/12. H decreases slightly before increasing with |κ|; and importantly, it does not
approach zero. Therefore, material instability does not occur.

Since in many cases n ∼ 100–10000, the strictly nonpositive contributions to H are negligible compared705

to the strictly nonnegative. The main reason why this scaling occurs is because X‖ scales with Nn but706
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FIG. 6.5. H as a function of |κ| for networks consisting of uniaxial chains and with n = 100 and σ = 0. The θ0
considered are π/12, π/6, π/4, π/3, and 5π/12. H decreases with |κ| before leveling off asymptotically to some
positive value; and importantly, it does not approach zero. Therefore, material instability does not occur.

∂X‖/∂λ only scales as N .707

In the next section, we explore how the performance of a dielectric elastomer actuator changes with the708

network architecture. The significance of the results developed in this section will be two-fold. First,709

as mentioned in Section 6, the electrostrictive stress that develops in the DE film due to its polarization710

response will effect the performance of the DE as an actuator; and, importantly, the electrostrictive stress711

is not optimal for the same architectures in which the polarization susceptibility is optimal. Secondly, we712

will also consider the failure of DEAs due to instability. When we do, we will be justified in dropping the713

Hessian-based approach and instead only consider the sign of ∂2G/∂λ2–as the sign of ∂2G/∂λ2 captures714

the instability associated with the Coulomb attraction overcoming the stiffness of the film.715

7. Application to Dielectric Elastomer Actuators716

In this section, we explore the effect of our design parameters on the deformation and usable work obtained717

from a dielectric elastomer actuator (DEA) as a function of its electrical input. There are two main goals718

associated with this design: (1.) we would like to maximize the deformation and/or usable work that results719

from a fixed electrical input; and (2.) we would typically like to maximize the deformation and/or usable720

work that the DEA can produce before its failure.721

Let the dimensions of the DEA in the reference configuration be l × l × l3, where l3 � l is the thickness722

of the DE film. The top and bottom surfaces of the DE film are assumed to be covered with compliant723

electrodes with negligible stiffness. When operating the DEA, a fixed voltage difference, ∆ϕ, is applied724

across the top and bottom surfaces. Consequently, equal and opposite net charges, ±Q, accumulate on725

the top and bottom surfaces, which are then attracted to each other in accordance with Coulomb’s law. The726

attraction between the electrodes compresses the film across its thickness. And an additional stress develops727

as a result of the electromechanical coupling of the material itself [Cd16, ML05, ZS08, Suo10] (see also728

Section 6). The DEA setup is shown in FIG. 7.1.729
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FIG. 7.1. Dielectric elastomer actuator in the reference configuration (a) and deformed state (b). A voltage difference
is applied across the top and bottom surfaces, which are then attracted to each other in accordance with Coulomb’s
law. The attraction between the electrodes compresses the film across its thickness. Additional stress develops as a
result of the electromechanical coupling of the material itself [Cd16, ML05, ZS08, Suo10].

Following [YZS17] and [ZS07], the Gibbs free energy of a DEA undergoing homogeneous deformation,730

F = diag
(
λ−1/2, λ−1/2, λ

)
, is:731

G = l2l3

(
W +

1

2
E2

)
− (∆ϕ)Q (7.1)

where the first term in the parentheses is the free energy density of the DE film and the second term in the732

parentheses is the energy density of the electric field; and the last term in (7.1) is the work of the battery.733

However, (7.1) is in terms ofW instead ofW∗. Recalling thatW =W∗ + P ·E and using Gauss’s law:734

G = l2l3

(
W∗ − 1

2
E2

)
. (7.2)

In deriving (7.2), we have assumed that E = − (∆ϕ) /λl3 inside the DE film, which is a good approxima-735

tion when l3 � l and the DE film has homogeneous material properties.736

As mentioned previously, there is an initial relaxation, in general, after manufacturing an anisotropic dielec-737

tric elastomer. To account for this, we propose the following process:738

1. The DE film is manufactured; it relaxes to some λ = λ?. In anticipation of this relaxation, its initial,739

pre-relaxation thickness is l3/λ?.740

2. A voltage difference, ∆ϕ, is applied across the electrodes.741

3. The DE film deforms further by some amount λ′ such that λ = λ′λ?.742

To model this process, we reformulate (7.2) as:743

G
(
λ′
)

= l2l3

[
W∗

(
λ?λ′, Ẽλ′

−1
)
− 1

2
Ẽ2λ′

−2
]

(7.3)

where Ẽ = ∆ϕ/l3. The stable equilibrium states of the DEA are given by
dG
dλ′

= 0,
d2G
dλ′2

> 0; the744

DEA becomes unstable when
dG
dλ′

= 0,
d2G
dλ′2

≤ 0 (this simplified choice of stability criteria was justified745
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in Section 6.A). The equation
dG
dλ′

= 0, however, is a highly nonlinear function of λ′. Even if one uses746

a Taylor expansion (about Ẽ = 0) of w∗f
(
Ẽ2λ′

−2
(∆χ) /2kT

)
terms (see (5.2)) and truncates higher747

order terms, the equilibrium equation still requires solving for the roots of a 5th order polynomial. Instead,748

moving forward, we use Newton’s method with an initial guess of λ′ = 1.749

7.A. Deformation750

Let E := Ẽ
√
nX hfree/kT . This is a nondimensional measure of the electric field, similar to the dimensionless751

electric field used in [ZHS07, ZDDP17]. Because we would like to emphasize optimization here, we will752

focus on three types of networks: (1) a uniform (isotropic) network as a baseline, (2) network designs in753

the limit of σ = 0, and (3) the aforeproposed hybrid network. Similarly, because (for unitype networks)754

elastomers that consist of TI monomers will have an greater electromechanically induced susceptibility755

than elastomers consisting of uniaxial monomers, we will consider elastomers such that ∆χ = χ⊥ for the756

uniform and σ = 0 networks.757

First, FIG. 7.2 shows λ′ vs θ0 contours of constant E for networks of type (1) and (2). Note that the end758

of each data series (vertical line to the x-axis) represents failure of the DEA for the corresponding network759

architecture and applied electric field. It can be seen in FIG. 7.2 that, for each of the contours, θ0 = θiso760

has the least amount of deformation. In fact, the contours are symmetric about θiso. However, while the761

deformation increases as θ0 has a larger deviation from θiso, the DEA also fails at smaller E . Thus, there is762

a trade-off between the maximizing the deformation for a fixed E and maximizing the operating E before763

failure–and, consequently, the maximum deformation possible. Put differently, there is a trade-off between764

electromechanical efficiency and stability. Note that it can be seen from numerical examples that θ0 = θiso765

has an equivalent electromechanical response to the uniform network. Thus, θ0 = θiso represents our766

isotropic baseline.767

Next, we consider the hybrid network within this context. FIG. 7.3 compares the DEA deformation of the768

hybrid network to the unitype networks with σ = 0. For a given E , the hybrid network deforms more than769

the unitype isotropic network (i.e. θ0 = θiso). However, for E low enough, there is always some θ0, σ = 0770

for which the unitype network has a larger induced deformation than the hybrid network.771

7.B. Usable Work772

Another performance metric for our DEAs is the amount of usable work that can be derived from the system.
We will use −∆G as a measure of the usable work, where

∆G = G
(
λ?λ′, E

)
− G (λ?, E) .

FIG. 7.4 shows −∆G/N0kT vs θ0 contours of constant E for networks of type (1) and (2). Similar to the773

case of deformation, it can be seen that, for a given E , the usable work can be maximized by picking the θ0774

such that |θiso − θ0| is maximized without an instability occurring.775

Next, consider the usable work of the hybrid network compared to the unitype σ = 0 networks. FIG. 7.5776

shows −∆G/N0kT as a function of E for σ = 0; θ0 = π/6, π/4, θiso, π/3 and the hybrid network. Again,777

it can be seen that for a fixed E , a unitype network with properly chosen θ0 can outperform the hybrid net-778

work. However, the hybrid network combines both a higher electromechanical coupling (than the isotropic779

network) and maintains its stability at larger E . In particular, the hybrid network shows ≈ 75% increase780

in usable work over the isotropic network for general E . While σ = 0, θ0 = θiso can endure a larger E781

before failure, the maximum usable work before failure of the hybrid network is still greater than that of the782

isotropic network. In summary the unitype, σ = 0 networks can be optimized for a specific electrical load783

more so than the hybrid network. However, the hybrid network is more stable and would be much more784
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isotropic baseline.
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FIG. 7.3. Comparison of the DEA deformation of the hybrid network to the unitype networks with σ = 0. The
unitype networks have varying θ0. Notice: for a given E , the hybrid network deforms more than the unitype isotropic
network (i.e. θ0 = θiso). However, for E low enough, there is always some θ0, σ = 0 for which the unitype network
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deformation increases as θ0 has a larger deviation from θiso, the DEA also fails at smaller E . Note that θ0 = θiso has
an equivalent electromechanical response to the uniform network–so θ0 = θiso represents our isotropic baseline.

preferable than the unitype network when used in an application with a wider range of operating E .785

8. Summary of Findings786

In this work, we utilized a multiscale modelling approach to investigate how the microstructure of a dielec-787

tric elastomer affects its material properties and performance as an actuator. The multiscale model lead to788

important insights such as the phenomenon of electrostatic chain torque, which not only contributes to the789

electromechanical coupling of the material but could be used as a possible mechanism for aligning chains790

during the DE manufacturing process. Towards material design, we proposed the following design parame-791

ters: the distribution of chain end-to-end vectors in the network, P; the mass density (i.e. N0n); the density792

of cross-links; and the fraction of loose-end monomers, α. Further, we restricted our attention to forms of P793

that would result in a transversely isotropic material. It was found that substantial gains in the deformation794

and usable work, for fixed electrical input, can be obtained by designing and manufacturing an anisotropic795

DE material.796

Our key findings include the following:797

1. To a good approximation, the electromechanical coupling of the network was invariant with respect798

to α.799

2. The tangent stiffness modulus in the direction of the axis of symmetry, Y ?
‖ , is a maximum for800

(θ0, σ) = (0, 0) (Y ?
‖ = 9NkT and vanishes as θ0 → π/2, σ → 0. Similarly, Y ?

⊥, is a maximum801

for (θ0, σ) = (π/2, 0) (Y ?
⊥ = 9/4NkT and vanishes as θ0 → 0, σ → 0. These results are intuitive802

as they suggest that the elastomer is more stiff in directions in which more chains are aligned. In803

general, the stiffness, at fixed density, is proportional to the density of cross-links in the network.804

3. The total susceptibility scales as O (nN) while (to a good approximation) the influence of the net-805

work architecture on the susceptibility only scales asO (N). This means that unless the cross-linking806
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FIG. 7.5. Comparison of the DEA usable work of the hybrid network to the unitype networks with σ = 0. While the
most usable work can be derived from a unitype, σ = 0 network with properly chosen θ0 for a given E , the hybrid
network combines both stability and an enhanced usable work. In fact, the hybrid network performs ≈ 75% better
than the isotropic network.

density is high–which would reduce compliance–the potential increase in susceptibility from tuning807

the network architecture would likely only be modest.808

4. Surprisingly, the true electrostriction of a transversely isotropic DE is invariant with respect to its809

network architecture.810

5. Despite the gains in susceptibility that result from adjusting the network architecture being somewhat811

modest, its influence (as well as the influence of some of the other aforementioned material proper-812

ties) on the deformation and usable work of a dielectric elastomer actuator is nonlinear. In fact, the813

performance of a DEA can be significantly increased by properly designing the elastomer network.814

6. For single chain type networks, there is a trade-off between the maximum amount of deformation815

and usable work that may be extracted from a DEA before failure and the efficiency of the DEA (i.e.816

mechanical output per electrical input).817

7. A so-called “hybrid network” was proposed which consisted of uniaxial chains oriented with Ê and818

−Ê and TI chains oriented orthogonal to Ê. The hybrid network preserved the isotropic stiffness819

and electromechanical stability of the DE, while increasing its usable work output by ≈ 75%.820

Outlook. Here we have chosen to focus on optimizing the microstructure of dielectric elastomers for a821

general type of actuator; for simplicity, we chose an ansatz for P with only two tunable parameters and822

assumed the material was homogeneous, However, one could imagine relaxing this and using homoge-823

nization, topology optimization, machine learning, and other tools to design a more complex, possibility824

heterogeneous, microstructure to achieve novel behavior such as bending actuation and shape morphing,825

or for optimizing the microstructure for specific applications in wearable electronics, energy harvesting,826

soft robotics, prosthetics, etc. In general, going beyond isotropic materials and exploiting emerging man-827

ufacturing techniques to introduce ordering into the material can lead to significant performance increases,828

following broadly along the lines of work in nonlinear homogenization [CG11, GC13, SC14].829
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A. Polarization as Energy Conjugate to Electric Field837

We show that a consequence of assuming (2.8) as the form of the monomer density function and enforcing838

the constraints given in (2.9), we arrive at the relationship: p = −∂F
∂E

. This was first shown in [GD20] and839

is provided here again for completeness.840

Taking derivatives of both sides of (2.9) with respect to E, we obtain:841

∂

∂E

∫
S2
ρ (n̂) dA =

∫
S2

∂ρ

∂E
dA =

∂n

∂E
= 0

∂

∂E

∫
S2
ρ (n̂) n̂ dA =

∫
S2

∂ρ

∂E
n̂ dA =

∂r/b

∂E
= 0

(A1)

We are able to interchange the operations of derivation and integration because of the smoothness of the842

integrands; and in the last equalities we use the fact that neither the number of the monomers in the chain843

nor the end-to-end vector constraint depend on E.844

Now, we obtain the desired result by taking derivatives of both sides of (2.10):

−∂F
∂E

= − ∂

∂E

∫
S2

(ρu+ kTρ log ρ) dA

= −
∫
S2

[
∂ρ

∂E
u+ ρ

∂u

∂E
+ kT

∂ρ

∂E
log ρ+ ρ

(
∂ρ

∂E
/ρ

)]
dA

= −
∫
S2

[
∂ρ

∂E
u+ ρ

∂u

∂E
+ kT

∂ρ

∂E
(logC − u/kT + τ · n̂) +

∂ρ

∂E

]
dA

= −
∫
S2

[
ρ
∂u

∂E
+ kT

∂ρ

∂E
(τ · n̂) + (kT logC + 1)

∂ρ

∂E

]
dA

= −
∫
S2
ρ
∂u

∂E
dA− kTτ ·

(∫
S2

∂ρ

∂E
n̂ dA

)
− (kT logC + 1)

∫
S2

∂ρ

∂E
dA

By (A1), the last two terms vanish. Thus, recalling (2.2) and (2.3):

−∂F
∂E

= −
∫
S2
ρ
∂u

∂E
dA =

∫
S2
ρ
∂

∂E

(
1

2
E · χµE

)
dA =

∫
S2
ρ

1

2

(
χµE + χTµE

)
dA =

∫
S2
ρµ dA = p

as desired.845

It is obvious then that this is not true of all chains with polarizable monomers such that u includes a dipole-846

electric field interaction term (i.e. −µ ·E). Instead, this follows from the fact that the dipole susceptibility847

tensor, χµ, is symmetric since it derives from a potential; and also from the fact that the energy to separate848

bound charges in the monomer is harmonic such that ubond =
1

2
µ · χ−1µ µ.849
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As a corollary, we show that850

− ∂W∗

∂E
= P (A2)

This follows as a consequence of−∂F
∂E

= p and the assumption that chains in the network are in negligible

interaction (see Section 3.B). By the negligibly interacting assumption,W∗ = N 〈F〉r̃, where by 〈�〉r̃ we
mean the average over the chain pdf. Hence, taking derivatives of both sides:

−∂W
∗

∂E
= − ∂

∂E
N 〈F〉r̃ = N

〈
−∂F
∂E

〉
r̃

= N 〈p〉r̃ = J−1P̃ .

(Recall: incompressibility implies that J = 1.) This result, along with the statistical mechanical derivation851

ofW∗, establishesW∗ (F ,E) as the Legendre transform ofW
(
F , P̃

)
, the Helmholtz free energy density.852

B. Derivatives ofW andW∗853

Since we consider the physical regime in which monomer-monomer interactions are negligible (and thereby854

the nonlocalE-P relationship simplifies into a local one), and since we assume the material is incompress-855

ible, i.e. J = 1, the following hold:856

1. W
(
F , P̃

)
=W∗

(
F ,E

(
P̃
))

+ P̃ ·E
(
P̃
)

,857

2.
∂W
∂P̃

= E,858

3.
∂W∗

∂E
= −P̃ .859

AssumeE
(
P̃
)

invertible such that P̃ = P̃ (E),
∂P̃

∂E
is invertible, andW ,W∗,E

(
P̃
)

and P̃ (E) are all860

smooth functions.861

By assumption,
∂W
∂P̃

= E
(
P̃
)

. Taking derivatives of both sides:

∂2W
∂P̃ ∂P̃

=
∂E

∂P̃
.

Similarly, taking derivatives of both sides of
∂W∗

∂E
= −P̃ :

∂2W∗

∂E∂E
= −∂P̃

∂E
.

From the two above equations we can conclude that

− ∂2W∗

∂E∂E
=

(
∂2W
∂P̃ ∂P̃

)−1

The physical implication of the above result is that: − ∂2W∗

∂E∂E
= X .862
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C. Integration of Gaussian-like Functions863

The integration in (2.12) typically has the form:

Ik [µ, σ] :=

∫ π

0
dx

(
exp

[
−(x− µ)2

2σ2

]
+ exp

[
−(π − x− µ)2

2σ2

])
sin (kx)

where k ∈ N, µ ∈
[
0,
π

2

]
, and σ ∈ [0,∞).864

In the limit of σ � 1, we have that865

Ik [µ, σ] ≈ I0k [µ, σ] = 2
√

2πσ exp

[
−k

2σ2

2

]
sin (kµ) (C1)

This is obtained by bringing the sine term into the exponential (by using sin (kx) = Im
(
eix
)
), and using866

the fast decay of the Gaussian when σ � 1 to approximate the domain of integration by the entire real line.867

In the limit of σ � 1, we have that868

Ik [µ, σ] ≈ I∞k [µ, σ] =
sin
(
kπ
2

)
k3σ2

(
2kπ cos

(
kπ

2

)
+
(
k2
(
π2 − 2πµ+ 2µ2 − 4σ2

))
sin

(
kπ

2

))
(C2)

which is derived by using a Taylor expansion of the exponential to linear order in its argument.869
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D. List of Symbols870

r Chain end-to-end vector (current configuration)
r̃ Chain end-to-end vector (reference configuration)
n Number of monomers per chain
b Length of a single monomer
γ Chain stretch, |r|/nb
N Density of chains per unit volume (current configuration)
N0 Density of chains per unit volume (reference configuration), N0 = JN
nb Number of backbone monomers
nl Number of loose-end monomers
α Fraction of loose-end monomers, nl/n
P Probability density function which describes the fraction of chains with reference end-to-end vector r̃
θ0, σ Mean of pdf Gaussian in the upper half of the sphere, standard deviation of the Gaussian
E Electric field
χ‖ Monomer dipole susceptibility along n̂
χ⊥ Monomer dipole susceptibility orthogonal to n̂
∆χ χ⊥ − χ‖
p Net chain dipole
κ Ratio of electrical energy per monomer to thermal energy per monomer, E2∆χ/2kT
F Closed-dielectric free energy of a single chain
A Helmholtz free energy of a single chain
W∗ Closed-dielectric free energy density of the polymer network
W Helmholtz free energy density
F Deformation gradient
J detF
P Continuum-scale polarization
P̃ Pullback of the continuum-scale polarization
Y Tangent elastic modulus
X Tangent polarization susceptibility
X sec Secant polarization susceptibility
K Cross modulus
�? Material property � with respect to the relaxed state
�‖ Material property � along the axis of symmetry
�⊥ Material property � perpendicular to the axis of symmetry
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