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A B S T R A C T

Dielectric Elastomer Actuators (DEAs) are highly efficient soft actuators widely used in soft robotics and artificial
muscles due to their superior actuation capabilities. Introducing two-phase structures to DEAs offers potential
benefits, particularly in reducing operational voltages. However, this approach poses significant challenges due
to both physical and numerical constraints. This study investigates the distinctive actuation performance of two-
phase microstructure DEAs, designed using a class of architected materials known as Triply Periodic Minimal
Surfaces (TPMS), and compares them with Random Heterogeneous Microstructures. Six well-known TPMS ge-
ometries, including Gyroid, Schwarz-P, and IWP structures, are employed. In addition to actuation performance,
localized electric fields and blocking forces are analyzed for all microstructures to provide a comprehensive
understanding of their behavior. The quasi-static, fully coupled governing equations of DEAs are implemented in
ABAQUS software using a reliable in-silico FEM approach. The results reveal that DEAs based on TPMS geom-
etries exhibit intrinsic advantages over their random counterparts in terms of actuation performance. Notably,
the microstructure named Octo demonstrates the highest improvement, showing a 9.9% increase in actuation
performance compared to Random Microstructures. However, this trend is reversed with respect to blocking
forces, where Random Microstructures exhibit higher values. The analysis of localized electric fields indicates
that both TPMS- and Random-based microstructures have the potential to offer relatively low localized fields.
These findings represent a preliminary step toward the development of multi-phase DEA composites with
architected geometries.

1. Introduction

Recent advancements in robotics have underscored the importance
of flexibility, safe interaction, and adept navigation in confined spaces,
thereby elevating the role of soft actuators (Gu et al., 2017), (Zhang
et al., 2023). These actuators are intelligent materials that respond to a
variety of stimuli, such as temperature changes, chemical interactions,
etc. (Safavi et al., 2023), (Askari-Sedeh and Baghani, 2023), (Ahangari
et al., 2024), (Enferadi et al., 2024). Among these materials, dielectric
elastomer actuators (DEAs) have emerged as particularly promising.
These remarkable devices exploit electrostatic forces to enable recon-
figurable motion within their structures. DEAs provide substantial
actuation capabilities, cost-effectiveness, noise-free operation, fast
response, and high specific energy density. These unique features make
DEAs excellent candidates for applications such as artificial muscles, soft

robotics, tactile displays, and energy harvesting (Duduta et al., 2019),
(Feng et al., 2024), (Ji et al., 2021), (Moretti et al., 2020), (Yuan et al.,
2024) (see Fig. 1a). The most fundamental DEA consists of a rectangular
elastomer film coated with compliant electrodes on opposing sides.
When an electrical potential is applied to these electrodes, an electro-
static pressure develops, causing the structure to contract in thickness.
Simultaneously, this contraction induces lateral expansion, which con-
stitutes the actuation mode of the DEA (see Fig. 1b).

Developing novel DEAs involves addressing several critical chal-
lenges. On one hand, achieving optimal DEA performance—high actu-
ation strain at low voltages—requires designing materials with both
high permittivity and compliance while maintaining a thin structure.
Additionally, mitigating dominant failure modes such as electrome-
chanical instability (EMI) and electrical breakdown is essential, whether
through structural improvements or material modifications. Numerous
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innovative solutions have been proposed in the literature, including
inherently pre-stretched structures (Niu et al., 2013) or materials pos-
sessing strain-stiffening effect (Li et al., 2017), tailoring novel composite
DEAs (Zhang et al., 2020), (Hu et al., 2014) as well as blend DEAs (Tian
et al., 2014), and chemically modifying conventional DEA materials
(Racles et al., 2013). For comprehensive details, interested readers can
refer to (Romasanta et al., 2015), (Madsen et al., 2016). Apart from
experimental studies, the efficient design of DEAs requires investigating
the large deformation phenomena that occur under electromechanical
loading. Various constitutive models have been proposed, including
linear elastic models that exhibit high error rates at large strains (Pelrine
et al., 2000), (Pelrine et al., 2002), and more reliable models based on
finite strain theory, which effectively capture DEA behavior (Suo, 2010),
(Behera et al., 2021). Additionally, efforts have been made to propose
analytical models that estimate the onset of instability in DEAs (Zhou
et al., 2008), (Bahreman et al., 2022). These models prove valuable for
simple geometries such as rectangular, tabular (An et al., 2015), (Liu
et al., 2022) and spherical ones (Xing and Yong, 2021). Recent ad-
vancements have led to the development of more practical DEAs with
complex geometries (Hajiesmaili et al., 2019), (Hajiesmaili and Clarke,
2019), (Hajiesmaili et al., 2024), (Liu et al., 2020). Analyzing these
advancements has become increasingly challenging due to the need to
solve coupled multi-physics governing equations on complex geome-
tries. The Finite Element Method (FEM), a powerful tool for tackling
complex problems in solid mechanics (Shen et al., 2024), (Long et al.,
2023), is commonly employed to address this challenge. In this regard,
reliable finite element models have been developed in recent studies
(Hajiesmaili and Clarke, 2021).

Microstructure DEAs can be customized to enhance their perfor-
mance and practicality. To achieve this, pre-designed architectures can
be applied to these materials, incorporating specific desired perfor-
mance characteristics. Among the various available architectures, Triply
Periodic Minimal Surfaces (TPMS), as a class of bio-inspired meta-
materials, stand out as a promising class of cellular structures. TPMS

structures are mathematically defined surfaces with zero mean curva-
ture at each point, resulting in smooth phase boundaries (Feng et al.,
2022). These geometries can be frequently found in natural examples
(Gan et al., 2016), (Han and Che, 2018) (see Fig. 1c). High modulus,
high surface-to-volume ratio and fluid permeability make TPMS-based
structures excellent candidates for energy absorbers, heat exchangers,
bone scaffolds and other applications (Sang et al., 2023), (Xi et al.,
2023), (Li et al., 2020), (Kapfer et al., 2011), (Werner et al., 2018),
(Shirzad et al., 2023), (Tian et al., 2023) (see Fig. 1d). Thus far, a sig-
nificant number of these experiments have focused on TPMS-based hard
materials (Maskery et al., 2017), (Lu et al., 2021). As a result, many
constitutive models proposed in the literature rely on the linear elastic
assumption (Khaleghi et al., 2023), (Khaleghi et al., 2021). Although a
few valuable studies have been conducted on smart materials with TPMS
geometries (Sadeghi et al., 2023), (Imanian et al., 2023), (Chen et al.,
2022), (Roudbarian et al., 2022), (Singh et al., 2022), these efforts are
still in their early stages. This is mainly due to the complex multi-physics
behavior governing smart materials, which makes computational anal-
ysis challenging, especially for structures with complex geometries. As a
result, a significant gap remains in the study of soft actuators with
complex geometries. However, the unique characteristics of TPMS, as
discussed earlier, provide the foundation for the present work, which
aims to explore this gap with the expectation of yielding valuable
insights.

This study explores the potential benefits of using TPMS-based two-
phase microstructures in DEAs (referred to as P-DEAs), particularly for
reducing operating voltages. To highlight the distinctive actuation be-
haviors of these microstructures, the study compares them to fully
Random and anisotropic Random Heterogeneous Microstructures
(referred to as R-DEAs). The research also examines localized electric
fields and blocking forces in these microstructures to provide a
comprehensive assessment. In Section 2, the TPMS-based microstruc-
tures used in this study, including well-known geometries such as
Schwarz-P and Gyroid, as well as two types of Random Heterogeneous

Fig. 1. a) Utilization of multi-layered DEAs as artificial muscles in a robotic arm (Duduta et al., 2019). b) Electromechanical performance of DEAs under the voltage
(ϕ). c) Photograph of a butterfly, alongside microscopic and SEM images of its wings at different scales (Corkery and Tyrode, 2017). d) Heat exchangers inspired by
Gyroid and Schwarz-D geometries (Li et al., 2020).
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Microstructures, are introduced. Additionally, the previously-developed
governing equations are described within a continuum mechanics
framework to model their electromechanical actuation. The finite
element method protocol for implementing the discretized equations in
the ABAQUS commercial software is also explained. In Section 3, the
results of the analyses are presented and discussed in relation to the
aforementioned criteria, with the best- and worst-performing micro-
structures highlighted. In Section 4, the study’s most significant findings
are summarized, and recommendations for future work are provided.

2. Methodology

Dielectric Elastomer Actuators (DEAs) undergo significant de-
formations under electromechanical loading. Hyperelasticity theory
provides a practical framework to describe this behavior. In this section,
the quasi-static, fully-coupled governing equations of DEAs are derived
based on hyperelasticity theory, then discretized into a standard FEM
format. Next, the TPMS structures used in this study are introduced,
along with an overview of their properties. Finally, the protocol for
implementing the standard FEM form of the equations in ABAQUS, as
well as other aspects of the FEM analysis of the microstructure DEAs
problem, are outlined.

2.1. Governing equations

2.1.1. Differential form
In the context of DEAs subjected to electromechanical loading, a

system of coupled equations, addressing mechanical and electrical as-
pects of the problem, governs the behavior. These governing equations,
expressed in differential form, are as follows:

∂
∂xi

(
σij + σijMaxwell

)
= 0, j = 1,2, 3

∂Di
∂xi

= q
(1)

where x→, σ, σMaxwell, D→ and q represent the current coordinates vector,
Cauchy stress tensor, Maxwell stress tensor, electric displacement field,
and the density of free charges, respectively. The first equation depicts
the balance of linear momentum, wherein the total stress tensor is
decomposed into the Cauchy stress tensor and the electric field-induced
Maxwell stress tensor. It is important to note that in the subsequent
paragraph, each stress tensor is introduced separately. The second
equation corresponds to Gauss’s law, which establishes a relationship
between the distribution of electric charges and the resulting electric
displacement within the volume. By definition, the electric displacement
is the sum of the electric field scaled by the vacuum electric permittivity
(8.85×10− 12 Fm) and the polarization density of the dielectric: D

→
= ϵ0 E

→
+

P→. Assuming the dielectrics in this study behave similarly to liquid-like
dielectrics, where the material polarization is proportional to the
applied electric field ( P→∝ E→), and the electric displacement field is
proportional to the applied electric field with the material permittivity,
(ϵ = ϵ0ϵr, where ϵr is the relative permittivity specific to the material),
the relationship for the electric displacement reduces to: D→ = ϵ E→.

The Cauchy stress tensor, σ, serves as the initial component of the
total stress within the system and is defined by hyper-elasticity theory.
Within this theoretical framework, a Helmholtz free energy function is
considered for each system, capturing its response to external forces.
This energy function characterizes the mechanical energy of the system
using various strain tensors, including the left Cauchy-Green strain
tensor. Specifically, it can be expressed as b = FFT, where F represents
the deformation gradient tensor that relates the current and initial states
of the system. Various constitutive models have been developed in the
literature for the Helmholtz free energy function of DEAs, including Neo-
Hookean (Firoozan et al., 2024), Mooney-Rivlin (Ahmadi and Asgari,

2020), etc. Given the relatively small stretches in this study (λ < 3), the
Neo-Hookean Helmholtz free energy function is accurate and has been
adopted. The Neo-Hookean Helmholtz free energy function, expressed
in terms of principal stretches, is given by:

ψ(I1, J) =
μ
2
(I1 − 3) +

κ
2
(J − 1)2 (2)

with μ and κ representing the shear modulus and bulk modulus,
respectively. The expression (I1 = I1/I1/33 ) denotes the isochoric
component of the first invariant of the Cauchy-Green deformation tensor
(i.e., I1 = trace(b) = λ12 + λ22 + λ32). Additionally, J represents the
determinant of the deformation gradient tensor and is equal to the
square root of the third invariant of the Cauchy-Green deformation
tensor (i.e., J =

̅̅̅̅
I3

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λ12λ22λ32

√
= λ1λ2λ3). The first term in equation

(2) corresponds to the isochoric deformations within the system, while
the second term accounts for volume changes during deformation.
Knowing Poisson’s ratio (ν) and the shear modulus (μ) of the material as
material parameters, the bulk modulus (κ) can be evaluated using the
following equation: κ =

2μ (1+ν)
3 (1− 2ν). The material parameters used in this

study are presented in Table 2.
By taking the derivatives of the Helmholtz free energy function (Eq.

(2)), the Cauchy stress tensor, σ, can be described as:

σ =

(
μ

J5

/3

)

b+
(
−

μ
3J
I1 + κ(J − 1)

)
I (3)

in which I is the identity tensor. As the second part of the total stress
tensor, Maxwell stress tensor, σMaxwell, describes the interaction between
electromagnetic forces and mechanical momentum. In the absence of
magnetic fields, σijMaxwell simplifies to:

σijMaxwell= ϵ
(

EiEj −
1
2

δijEkEk
)

(4)

wherein δ is the Kronecker delta.

2.1.2. Discretization
For the finite element implementation of the governing equations (i.

e., Eq. (1)), they must first be transformed into a system of algebraic
equations. This transformation, known as discretization, can be ach-
ieved using weighted residual methods. A similar procedure has been
carried out in previous studies, and this study leverages that approach to
perform a reliable FEM analysis. The discretization of the governing
equations proceeds in the following manner.

In this specific case, the Ritz method is employed to derive the weak
form of the governing equations. By combining the Ritz method with the
Gaussian quadrature integration scheme, the residuals of the governing
equations are discretized into a set of algebraic equations with respect to
the displacement (u) and the voltage (φ), as described below:

⎧
⎨

⎩

RAuj
RAφ

⎫
⎬

⎭
=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∑

nG

(

− σij
∂NA

∂xi
+bjNA

)

wnG det
∂xp
∂ξq

+
∑

nG

(
TjNA)wnG det

∂xp
∂ξq

∑

nG

(

− Di
∂NA

∂xi
− qNA

)

wnG det
∂xp
∂ξq

+
∑

nG

(
qsNA)wnG det

∂xp
∂ξq

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

=

{0
0

}

(5)

where →b, →T , qs andwnG stand for the body forces, surface tractions, the
flux of free charge density and integration weights per integration
points, respectively. Additionally, NA(ξ1, ξ2, ξ3) are shape functions
expressed in a local coordinate system (ξ1,ξ2,ξ3), and superscript A is the
node number. After transformation mapping of the coordinate system
(geometrical discretization of the equations) using the same shape
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function as the displacement, the system of nonlinear algebraic equa-
tions can be solved iteratively using the Newton-Raphson method,
accordingly:

−
∂

∂uBk

⎧
⎨

⎩

RAuj
RAφ

⎫
⎬

⎭
δuBk −

∂
∂φB

⎧
⎨

⎩

RAuj
RAφ

⎫
⎬

⎭
δφB =

⎧
⎨

⎩

RAuj
RAφ

⎫
⎬

⎭
, j=1, 2,3,A=1,…,N (6)

where the superscript B denotes the node numbers after mapping. The
above equation can be rewritten in the standard FEM form as follows:
⎡

⎣
KuAj uBk KuAj φB

KφAuBk
KφAφB

⎤

⎦

{
δuBk
δφB

}

=

⎧
⎨

⎩

RAuj
RAφ

⎫
⎬

⎭
, j=1, 2,3,A=1,…,N (7)

in which K represents the components of the problem’s stiffness
matrix. For the final step, the Dirichlet and Neumann boundary condi-
tions (BCs) must be specified at the boundary surfaces to fully define the
problem. The mathematical representation of these BCs is provided
below:

x→
(
X→
)
= x→0

(
X→
)

∀X→∈ Su

σ.n
(
X→
)
= σ0.n

(
X→
)

∀X→∈ Sσ

φ
(
X→
)
= φ0

(
X→
)

E→
(
X→
)
= E→0

(
X→
)

∀X→∈ Sφ

∀X→∈ SE

(8)

wherein x→0, σ0, φ0 and E→0 represent the displacements, stresses,
electric potentials, and electric fields, respectively, specified over the
boundary surfaces Su, Sσ, Sφ and SE. It is noteworthy that applying E

→
0 on

SE corresponds to the flux of free charge density on that surface.

2.2. Microstructures exploitation

2.2.1. Triply Periodic Minimal Surfaces (TPMS)
The introduction of the first class of bio-inspired TPMS dates back to

the 19th century. Mathematician Hermann Schwarz introduced two
periodic surfaces, and his student Neovius later introduced a third one,
which became known as Neovius geometry. In 1970, Alan Schoen
introduced 12 new infinitely connected TPMS structures, including the
Gyroid (Schoen, 1970). Since then, numerous other TPMS with unique
characteristics have been introduced. Fisher et al. (2023) have compiled
the equations for TPMS structures that have appeared in the literature,
along with their corresponding properties. The implicit equations of the
TPMS structures investigated in the present work are presented as
follows:

Gyroid : f(x, y, z) : CxSy +CySz + CzSx = t (9)

Schwarz − D : f(x, y, z) : SxSySz + SxCyCz + CxSyCz + CxCySz = t (10)

IWP : f(x, y, z) :
(
C2x+C2y+C2z

)
− 2

(
CxCy +CxCz+CzCy

)
= t (11)

FRD : f(x, y, z) : 4CxCyCz −
(
C2xC2y+C2yC2z +C2zC2x

)
= t (12)

Octo : f(x, y, z) : 0.6
(
CxCy +CyCz+CzCx

)
− 0.4

(
Cx +Cy +Cz

)
+0.25= t

(13)

C(D) : f(x, y, z)

: C3x+yCz − S3x− ySz + Cx+3yCz + Sx− 3ySz + Cx− yC3z − Sx+yS3z = t
(14)

in which Ci = Cos(i) and Si = Sin(i), calculated in different directions
of the coordinate system, and t represents the level set parameter.
Satisfying Eqs. 9–14 yields infinite surfaces indicating various TPMS
structures. The inequalities (f < t) and (f > t) result in two solid phases,

referred to as Endo-Skeleton and Exo-Skeleton structures, respectively.
For each TPMS, there exists a distinct range of level set parameters
within which the relative density—the ratio of solid-phase volume to the
unit cell volume—for each skeletal phase is specified. Outside this range,
the TPMS loses its bi-continuity. Table 1 indicates the range of level set
parameter values and the corresponding relative densities of the skeletal
phases for the 6 TPMS investigated in this study.

After introducing TPMS structures and highlighting their implicit
functions, it becomes necessary to provide schematics to gain a better
insight into them. Fig. 2 depicts the unit cell of each TPMS microstruc-
ture utilized in this research, along with their separate skeletal phases.
For each schematic, the volume fraction (VF) of the skeletal phases is set
at 50%.

2.2.2. Random heterogeneous microstructures
To conduct a comprehensive investigation of two-phase micro-

structure DEAs, random microstructures (R-DEAs) were introduced for
comparison with P-DEAs across various criteria. The first, called the
Random Checkerboard Microstructure (RCM), serves as a basic repre-
sentation of heterogeneous materials. In this model, phase dispersion is
entirely random, based on the specified volume fractions of each phase.
These microstructures are generated using a Python script that defines a
3D random array with specific dimensions, containing values of 0 and 1.

The second random microstructure used in the present work is the
Anisotropic Heterogeneous Microstructure (AHM). A previously devel-
oped method was utilized to create three-dimensional (3D) micro-
structures exhibiting preferential anisotropic behavior. Eigen
microstructures were effectively realized by integrating Monte Carlo
and Cellular Automata algorithms. The reconstruction process is carried
out in three iterative steps: cell generation, distribution, and growth. In
this approach, the initial geometries are defined by primary cells, which
are placed at random nucleation points determined by the volume
fractions of each phase. The growth of these cells is simulated using
Cellular Automata algorithms. Additionally, by adjusting the cell growth
parameters in different directions, the anisotropy of each phase can be
precisely controlled.

The detailed methodologies and algorithms for microstructure gen-
eration have been thoroughly discussed in our previous publication,
providing a comprehensive framework for understanding and repli-
cating this innovative approach (Baniassadi et al., 2011). For a clearer
perspective on these microstructures, Fig. 3 showcases voxel-based
R-DEAs generated by the Python script.

2.3. Finite element modeling

In this study, all finite element analyses were conducted using the
commercial software ABAQUS. To facilitate efficient and straightfor-
ward parametric studies, a Python script was developed to define ge-

Table 1
The level set parameter range (t) and the associated volume fraction (VF) of the
skeletal phases for the TPMS structures.

Structure t [-] VF [%]

Schwarz-P [-1.0,1.0] [21.3,78.7]
Gyroid [-1.4,1.4] [2.2,97.8]
Schwarz-D [-0.99,0.99] [8.5,91.5]
IWP [-2.99,2.99] [0.8,89.8]
FRD [-1.1,1.0] [21.4,66.7]
Neovius [-0.75,0.75] [33.3,66.2]
Octo [-0.22,0.05] [47.5,76.0],

[22.75,47.5]a,b

C (D) [-0.16,0.16] [37.5,62.5]b

a The bi-continuity ranges of the Exo-skeletal and Endo-Skeletal phases in the
Octo structure were denoted, respectively. For other structures, the range is the
same for both Exo-skeletal and Endo-Skeletal phases.
b These ranges were evaluated approximately.
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ometries and other relevant aspects of the analysis in ABAQUS. As the
first step of the analysis, voxel-based TPMS geometries were defined.
These geometries feature cubic unit cells with dimensions Lx = 2πlx,
Lx = 2πlx, and Lz = 2πlz, where 2πli denotes the length of the unit cell in
different directions. Each unit cell is discretized into Nx, Ny, and Nz
voxels in each direction. The coordinates of the center of each voxel,
multiplied by αi = Li/Ni, are in Eqs. 9–14 as (x, y, z). As the number of
voxels increases, the accuracy of the TPMS geometry improves.

Next, appropriate materials were assumed for both introduced pha-
ses. In this work, two commercial silicone elastomers were used as the
Endo-Skeletal and Exo-Skeletal phases. Additionally, fully compliant
electrodes were assumed for each structure to avoid constraining the
actuation. Table 2 provides the material parameters for the silicone
elastomers.

As the next step, the governing equations for the problem of DEAs
under large deformations were defined for each element using a User-
Defined Elements (UEL) subroutine written by Hajiesmaili and Clarke
(2021). This UEL subroutine was verified by comparing the analytical
solution of a single-phase rectangular DEA with the FEM solution. Both
analyses utilized Ecoflex as the dielectric elastomer (see Table 2).
However, while the analytical solution assumed incompressibility (J =

1) for the layer, the FEM solution treated the material as nearly
incompressible (with a Poisson’s ratio of 0.475). A good agreement was
observed between the results, as shown in Fig. 4.

To provide further detail, it is important to note that the Coupled
Temperature-Displacement scheme was selected to define the "Step"
procedure due to its similarity to the coupled electromechanical prob-
lem in the governing equations. Consequently, the UEL subroutine
exclusively evaluated electric field-induced stresses and their contribu-
tion to the governing equations. Utilizing a reduced integration scheme,
each voxel was modeled as a trilinear brick element (C3D8RT)
throughout the analyses. Table 3 outlines the algorithm implemented in
the UEL subroutine to solve the problem at each increment.

To conduct reliable research and present robust results, mesh
sensitivity analysis of all TPMS geometries was performed. The results
revealed that a mesh with dimensions of 30× 30× 30 elements (totaling
27,000 elements) is suitable for P-DEAs, while a mesh with dimensions
of 50 × 50 × 50 elements (totaling 125,000 elements) is appropriate for
R-DEAs. Since the present work is comparative in nature, a single unit
cell structure (1 × 1 × 1) was employed for all representative volume
elements (RVEs), and tessellation sensitivity analysis was disregarded.
To avoid dimension dependency of the results, the length of all RVEs was
set at 100 μm in each direction. Additionally, from now on, Ecoflex
material is assigned to the exo-skeletal phase, and its proportion serves
as the reference for volume fraction evaluation in all RVEs.

3. Results and discussion

This section reports the results of actuation performance and
blocking forces for all microstructures. Additionally, field localization in
both P-DEAs and R-DEAs is investigated, offering valuable insights into
the potential failure mechanisms of each candidate. Furthermore, the
results are discussed to enhance our understanding of the effectiveness
of microstructure DEAs. The investigations of this section are conducted
through two case studies: equibiaxial actuation of microstructures
without pre-stresses and uniaxial actuation of microstructures subjected

to pre-stresses. Fig. 5 illustrates the electromechanical constraints
imposed on a typical representative microstructure in both case studies.
In both cases, electrical loading is applied by imposing a constant
electric field on the upper side of all investigated RVEs. This approach
ensures consistency and prevents load dependency in the case studies. It
is noteworthy that the results presented in the following subsections
depend on material and geometric characteristics. Therefore, compar-
ative discussion is critical for this study. As a result, valuable qualitative
insights can be drawn.

3.1. Actuation performance

One of the most critical factors in DEAs is achieving high actuation
performance at low voltages. To address this, novel DEA composites
have been proposed. In the present work, a specific type of DEA com-
posites, known as P-DEAs, is focused on. The homogenized actuation
performance of P-DEAs is investigated by solving the equibiaxial actu-
ation problem. The homogenization process is conducted by measuring
average stretches in each direction during electromechanical loading.
Additionally, voltage-related differences are assessed by comparing
electric potentials between the top and bottom surfaces of each RVE at
various increments.

The results indicate that incorporating materials with higher
permittivity and lower stiffness into two-phase dielectric elastomer ac-
tuators (P-DEAs) leads to a significant reduction in operational voltages
for the microstructure. Notably, this actuation enhancement is closely
tied to the volume fraction of the constituent phases. Fig. 6a illustrates
the actuation performance of IWP (a well-known TPMS) at various
volume fractions, demonstrating its relationship with operational volt-
ages. As evident, the actuation performance of IWP is strongly correlated
with its base phases. This trend holds true for other P-DEAs as well,
albeit with minor variations. Approximated electrical breakdown con-
tours for silicones, obtained from reference (Vaicekauskaite et al.,
2020), which provide valuable insights into the practical usage of DEAs,
are presented. Numerical instabilities are observed at volume fractions
of 50% and 75%, which hindered further voltage-stretch tracking.
Nevertheless, consistent trends across all volume fractions underscore
the efficiency of P-DEAs.

In Fig. 6b, the operational voltages for IWP are illustrated at a given
stretch (λx = 1.1) across different volume fractions. As evident, when
25% Ecoflex is added to the IWP microstructure (where Sylgard is the
dominant phase), actuation performance is improved by up to 15.8%. At
a volume fraction of 50%, this enhancement can be reached up to 31.1%.
Further increasing Ecoflex to 75% boosts performance to 43.2%. Cus-
tomization is possible by adjusting electromechanical characteristics
and phase volume fractions.

To achieve a deeper understanding of P-DEAs’ performance in
comparison with other architected microstructures and to highlight
their exceptional actuation capabilities, a comprehensive investigation
was conducted. Specifically, two types of random microstructures (R-
DEAs), namely RCM and AHM, were introduced. Subsequently, the
actuation performance of all microstructures was analyzed by solving
the equibiaxial actuation problem. Fig. 7 illustrates the homogenized
operational voltages required for all microstructures to achieve a lateral
stretch of λx = 1.1 across three different volume fractions.

Among all microstructures, Octo has the best average actuation
performance across all volume fractions. At VF 25%, RCM requires 7.32
kV to reach a 1.1 lateral stretch, while Octo outperforms it by up to
6.2%. At VF 50%, the overall trend remains consistent with VF 25%.
However, the percentage change for Octo, as the best microstructure
relative to RCM (the worst microstructure), increases to 9.9%. At VF
75%, the trend shifts slightly, and FRD demonstrates better actuation
performance. Nevertheless, the differences between FRD and Octo are
minimal. In this volume fraction, FRD shows an 8.9% improvement
relative to RCM, which possesses the poorest actuation performance.

As evident, R-DEAs exhibit inferior actuation performance compared

Table 2
The material parameters of the silicone elastomers used as solid phases. Shear
modulus and material permittivity values were obtained from reference
(Hajiesmaili and Clarke, 2021).

Material Shear Modulus (kPa) Material Permittivity (pF/mm)

PDMS-Sylgard™ 10:1 440 2.7
Ecoflex™ 100 3.2

* Poisson’s ratios of the materials were set as 0.475 in simulations.
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Fig. 2. The unit cell of P-DEA two-phase microstructures: a) Gyroid, b) Sch-D, IWP, d) FRD, e) Octo, and f) C(D). Each microstructure displays individual skeletal
phases—Exo-Skeleton and Endo-Skeleton. Both phases contribute equally, with a 50% volume fraction.
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to P-DEAs across all investigated volume fractions, implying an inherent
superiority of P-DEAs in terms of actuation. Interestingly, this advantage
persists even when the microstructures lose their bi-continuity, a char-
acteristic typically considered unfavorable for a microstructure. Exam-
ples of this behavior can be seen in C(D) and Octo at 25% and 75%
volume fractions. The primary reason for this superiority is that TPMS
geometries are more ordered compared to their random counterparts.
Although this uniformity leads to higher moduli in problems involving
purely mechanical loadings, the same trend is not observed in P-DEAs.
This is mainly because the dominant regime of deformation in DEAs is
electrical. Furthermore, as the through-thickness electric field flows
more effectively within the microstructure, lateral stretches are higher.
Consequently, P-DEAs, with more uniform phase dispersion in their
microstructure, may benefit from improved through-thickness electric

field flow, resulting in higher actuation.

3.2. Blocking force performance

Blocking force is considered one of the important characteristics of
DEAs. Specifically, it refers to the maximum force that can be exerted by
the actuator when its displacement is constrained to zero. DEAs with
high blocking forces find practical applications in soft grippers (Shintake
et al., 2016). In the previous section, the natural superiority of P-DEAs
over R-DEAs was demonstrated. Therefore, in a comparative study, it is
expected that for the same amount of initial total energy applied to the
microstructures (the sum of mechanical and electrical energy), R-DEAs
with lower actuation will exhibit higher blocking forces. In this section,
the blocking forces of all two-phase microstructures—both periodic
(P-DEAs) and random (R-DEAs)—as well as pure Ecoflex and Sylgard
microstructures, were analyzed and compared by solving the uniaxial
actuation of pre-stressed DEAs.

The reason a pre-stress is applied to the microstructures is that DEAs
under pre-stress can significantly suppress electromechanical instability.
This is due to the incorporation of strain-stiffening effects within the
material. For this purpose, the microstructures under study were sub-
jected to a pre-stress of 92.5 kPa in the lateral X-direction, though their
actuation in this direction remained unrestricted during electrome-
chanical loading (as shown in Fig. 5b). The process of measuring the

Fig. 3. Voxel-based R-DEAs investigated in this study, with dimensions of 50× 50× 50. Both structures were generated using a Python script.

Fig. 4. Verification results of the UEL subroutine for a single-phase rectangular
DEA. Ecoflex was used as the dielectric elastomer (see Table 2), with the
distinction that the analytical solution assumed incompressibility for the DEA.

Table 3
FEM analysis algorithm is utilized within the UEL subroutine for each increment.

FEM analysis Algorithm

1. Input: Material parameters, specified BCs.
2. Output: Stretches, voltages, electric fields.

1. Begin
2. Define the inputs and create a job through a python script, calling the UEL File.
3. Calculate the Electric Field (E) from nodal voltages.
4. Calculate σMaxwell and add it to σtotal.
5. Complete the stiffness matrix and the residual vector with the additional terms

from σMaxwell.
6. Solve the non-Linear algebraic system of equations using the Newton-Raphson

method.
7. Write the Outputs for the pseudo-elements.
8. End
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blocking force proceeded as follows: the average stress exerted by the
RVE in the X-direction was calculated and then multiplied by the
instantaneous area of the X-plane of the RVE. Notably, the force corre-
sponding to the pre-stress was subtracted from the homogenized
blocking forces related to electrical loading.

First, the importance of two-phase microstructures in exerting forces
must be highlighted. Fig. 8 illustrates the blocking forces exerted by pre-
stressed base phases (Ecoflex and Sylgard) compared to pre-stressed IWP
microstructures under 10% lateral actuation (λx = 1.1). It is important
to note that pre-stressing induces varying pre-stretch values in the mi-
crostructures shown in the figure, and lateral actuation refers to actua-
tion caused by electrical loading.

As shown in Fig. 8, introducing a stiffer phase with lower permit-
tivity (Sylgard) into the DEA microstructures significantly affects their
blocking force performance. For instance, incorporating 25% Sylgard
into IWP microstructures nearly doubles the blocking force compared to
pure Ecoflex. Moreover, microstructures with 75% Sylgard exhibit
blocking forces that are around five times higher than those of pure
Ecoflex.

After demonstrating the significant potential of two-phase

microstructure DEAs in terms of blocking forces, it is now important to
compare random-based and architected microstructures in this context.
Fig. 9 presents the blocking forces exerted by all two-phase micro-
structures at a lateral stretch of 1.1, considering volume fractions of
25%, 50%, and 75%.

As expected, R-DEAs exhibit a higher blocking force response
compared to P-DEAs across all volume fractions (see Fig. 9). When
comparing the best-performing P-DEAs at different volume fractions
with RCM (the top microstructure in terms of blocking force), it is found
that at a 50% volume fraction, RCM outperforms IWP (the best P-DEA)
by 10.9%. This performance gap narrows to 6.2% at a 25% volume
fraction and 6.9% at a 75% volume fraction. On average, IWP performs
better among P-DEAs, though at a 25% volume fraction, C(D) shows
higher forces.

While the blocking forces of R-DEAs are superior to that of P-DEAs,
TPMS-based microstructures have the advantage of being mathemati-
cally definable, making optimization of their blocking force perfor-
mance more accessible (Ma et al., 2023). This intrinsic advantage of
P-DEAs over their counterparts warrants further investigation.

Fig. 5. The representation of a typical microstructure in each case study. (a) Equibiaxial actuation problem, where electromechanical BCs and electrical loading are
shown in two steps, respectively. (b) Uniaxial actuation of pre-stressed RVEs, with BCs, pre-stresses, and electrical loading depicted in three steps, respectively.
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3.3. Localized electric fields

One of the disadvantages associated with two-phase DEAs is the
occurrence of localized electric fields resulting from material variations
within the structures. While homogenized electric fields contribute to
the overall actuation performance of microstructures, the presence of
such fields can also lead to electrical breakdown of the material.

Therefore, reducing these fields may enhance the electromechanical
performance of DEAs, making them more practical. The magnitude of
these fields can be measured using various localization indexes. In this
study, the Electric Displacement Field Localization Index (Dindex) is

Fig. 6. a) Voltage versus lateral stretch plot for IWP across different volume fractions. The figure shows approximated electrical breakdown contours (Vaicekauskaite
et al., 2020). b) Bar plot illustrating operational voltages for IWP at a given stretch (λx = 1.1) across different volume fractions. Percentage changes for each
microstructure are shown relative to Sylgard c) Schematics of the two-phase IWP microstructures at volume fractions of 25%, 50%, and 75%.

Fig. 7. Bar plot showing the operational voltages for all investigated micro-
structures at a lateral stretch of λx = 1.1 for volume fractions of 25%, 50%, and
75%. The operational voltage value of RCM is displayed alongside the per-
centage change of Octo relative to RCM in each volume fraction.

Fig. 8. Comparison of the blocking forces of pre-stressed base phases (Ecoflex
and Sylgard) with pre-stressed IWP microstructures under 10% lateral actuation
(λx = 1.1).
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utilized. As mentioned in the previous section, the electric displacement
field can be defined as D→ = ϵ E→, and the Dindex is given by Dindex = Dmax/
Davg. Here, Dmax represents the magnitude of the maximum electric
displacement field vector occurring within the structure, while Davg
corresponds to the magnitude of the average electric displacement field
across the entire microstructure. Notably, when the Dindex approaches
unity, it indicates lower gradients of electric fields, resulting in reduced
failure probabilities. To explore these gradients, the Dindex for all the
aforementioned microstructures was analyzed by solving the problem of
equibiaxial actuation in microstructures (see Fig. 5a). During this pro-
cess, the variables Dmax and Davg were extracted at each increment using
an appropriate Abaqus script. Fig. 10 illustrates the Dindex for each
microstructure concerning lateral actuation across three volume
fractions.

The Dindex trends vary based on the volume fraction and stretch,
indicating complex behavior in two-phase microstructures in response
to electromechanical loading. However, it is evident that Dindex values
increase as the amount of stretch increases. As illustrated in Fig. 10, at
VF 25%, the best performance (lowest failure possibility) is attributed to

IWP, while the worst performance (highest failure possibility) is asso-
ciated with C(D). At VF 50%, trends exhibit slight variation, with FRD
and Octo showing the best and worst performance, respectively. Finally,
at VF 75%, the highest and lowest Dindex values are observed for C(D)
and RCM, respectively. At VF 50%, premature numerical instability
occurs before electromechanical instability in Octo and Gyroid, limiting
further analysis. This phenomenon persists for Gyroid, Octo, Sch-D, and
AHM at VF 75%, highlighting the complexity of the problem in terms of
numerical analysis.

One contributing factor to the high Dindex values may be the presence
of abrupt phase changes within the microstructures. For instance, C(D)
across all volume fractions, as well as Octo at 25% and 50% volume
fractions, exhibit poor field localization performance, primarily due to
numerous phase changes within their microstructures. However, for
Octo at 75% volume fraction, the trend shifts, and Octo demonstrates
lower Dindex values. This shift is attributed to the microstructure losing
its bi-continuity, thereby eliminating the abrupt phase changes. To
better understand these observations, it is useful to examine the electric
displacement field contours within the aforementioned microstructures.
Fig. 11 presents the electric displacement field contours in the RVEs of C
(D) and Octo at a 50% volume fraction.

As evident in Fig. 11, high electric displacement fields are observed
at abrupt phase changes from Sylgard, which has lower permittivity, to
Ecoflex, which has higher permittivity. These abrupt changes lead to
local electric field concentrations, resulting in high Dindex values. In
contrast to P-DEAs, a microstructure with completely random phase
dispersion (RCM) exhibits good field localization performance (see
Fig. 10). Although constant phase changes occur within its microstruc-
ture, none of the phases form agglomerations, and consequently, electric
field concentration is negligible. This behavior results in low Dindex
values. However, AHM, as an anisotropic case of random microstruc-
tures, shows moderate Dindex values. Therefore, the significant superi-
ority of R-DEAs over P-DEAs cannot be concluded, and the results are
comparable.

4. Conclusion

This study investigated the homogenized performance of two-phase
microstructure DEAs with TPMS geometries, referred to as P-DEAs. By

Fig. 9. Bar plot of blocking forces exerted by all microstructures at a lateral
stretch of λx = 1.1 for volume fractions of 25%, 50%, and 75%. The figure also
shows the blocking force value of RCM alongside the percent change of the P-
DEA with the highest blocking force in each volume fraction.

Fig. 10. Dindex versus lateral stretches (λx) for all investigated microstructures at volume fractions of a) 25%, b) 50%, and c) 75%.
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incorporating phases with higher permittivity and lower stiffness into
the microstructures, significant improvements in actuation at lower
voltages were observed. For example, when 25% Ecoflex was incorpo-
rated into the IWP microstructure (whose dominant phase was Sylgard),
the actuation performance improved by up to 15.8%. Furthermore, this
enhancement increased to 43.2% by adding 75% Ecoflex to the micro-
structure. In conclusion, the actuation performance of microstructure
DEAs can be customized based on the volume fraction of phases and the
introduction of various materials into the microstructures. To conduct a
more comprehensive investigation, two types of random microstruc-
tures (R-DEAs) were introduced and compared with P-DEAs in terms of
actuation, blocking force, and field localization across three different
volume fractions.

Among the microstructures, P-DEAs consistently outperformed R-
DEAs in actuation performance. Octo demonstrated the best perfor-
mance, showing a maximum improvement of 9.9% compared to RCM,
the worst-performing microstructure, at a volume fraction of 50%. The
intrinsic superiority of P-DEAs was attributed to the uniformity of phase
dispersion and the ordered flow of the electric field within them.
However, in terms of blocking force, R-DEAs outperformed the selected
P-DEAs. Notably, the IWP microstructure among P-DEAs exhibited the
highest average blocking force.

For the last criterion, it was found that both RCM and IWP micro-
structures had the lowest electric displacement field differences within
them, while C(D) exhibited the highest differences, leading to large
Dindex values. It was concluded that harsh phase changes within a
microstructure contributed to high Dindex values. Fig. 12 provides a
qualitative comparison of DEA performance in terms of actuation,
blocking force, and field localization. The performance of the

microstructures was evaluated on a scale from 1 to 8, where 1 corre-
sponds to the lowest performance and 8 to the highest.

5. Limitations and outlook

This study takes an initial step toward a novel concept for enhancing
the behavior of multi-phase DEA composites with intricate architec-
tures. The results contribute to a deeper understanding of the electro-
mechanical behavior of multi-phase microstructure DEAs, forming a

Fig. 11. Electric displacement field contours for the microstructures with the highest Dindex values at 50% volume fraction. Including: a) C(D), b) Octo. For each
microstructure, λx = 1.1 is set.

Fig. 12. Spider plot comparing microstructures based on actuation, field
localization, and block force criteria, qualitatively. Performance is rated on a
scale from 1 (lowest) to 8 (highest) using a non-one-to-one scheme.
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basis for further exploration. Future research can focus on optimizing
these microstructures using genetic algorithms to enhance performance.
Surrogate models, as a novel topic, is also recommended to be developed
so that the multi-physics behavior of DEAs with architected geometries
can be predictable.

However, several numerical and experimental challenges remain to
be addressed. For instance, more accurate models incorporating precise
geometries and periodic boundary conditions, which were not consid-
ered in this study, are essential for advancing the field. More advanced
assumptions can be considered in terms of elastomeric materials polar-
ization, as well. Additionally, experimental validation is necessary to
confirm the significant potential of embedding TPMS architectures in
DEAs. This task is inherently challenging, primarily due to the diffi-
culties in 3D printing soft, elastomeric, multi-material structures with
complex geometries like TPMS. However, recent advancements in this
area show promise (Karamzadeh et al., 2024), (Wang et al., 2024).
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