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Abstract

This paper presents a novel engineering strategy for the design of Dielectric Elastomer (DE) based actuators,
capable of attaining complex electrically induced shape morphing configurations. In this approach, a multilayered
DE prototype, interleaved with compliant electrodes spreading across the entire faces of the DE, is considered.
Careful combination of several DE materials, characterised by different material properties within each of the
multiple layers of the device, is pursued. The resulting layout permits the generation of a heterogenous electric
field within the device due to the spatial variation of the material properties within the layers and across them. An
in-silico or computational approach has been developed in order to facilitate the design of new prototypes capable
of displaying predefined electrically induced target configurations. Key features of this framework are: (i) use of
a standard two-field Finite Element implementation of the underlying partial differential equations in reversible
nonlinear electromechanics, where the unknown fields ot the resulting discrete problem are displacements and
the scalar electric potential; (ii) introduction of a novel phase-field driven multi-material topology optimisation
framework allowing for the consideration of several DE materials with different material properties, favouring the
development of heterogeneous electric fields within the prototype. This novel multi-material framework permits, for
the first time, the consideration of an arbitrary number of different NV DE materials, by means of the introduction
of N — 1 phase-field functions, evolving independently over the different layers across the thickness of the device
through N — 1 Allen-Cahn type evolution equations per layer. A comprehensive series of numerical examples
is analysed, with the aim of exploring the capability of the proposed methodology to propose efficient optimal
designs. Specifically, the topology optimisation algorithm determines the topology of regions where different DE
materials must be conveniently placed in order to attain complex electrically induced configurations.
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1. Introduction

Dielectric Elastomers (DEs) [1, 2, 3, 4, 5] are a special type of Electro Active Polymers (EAPs), a sub-group
within smart or multi-functional materials. DEs, which are extremely soft elastomeric materials, are typically
sandwiched by a pair of oppositely charged electrodes placed across their thin thickness. As a result, Coulomb forces
develop between the electrodes, inducing thinning across the thickness of the DE. Then, its near-incompressible
nature leads to an in-plane expansion, ultimately yielding large area expansions [3, 6, 7]. Consequently, the
inherent capability of DEs to exhibit large electrically induced deformations, resulting from the interplay between
their mechanical and electrical physics, in conjunction with their low stiffness and bio-mimetic dexterous features,
have led to their identification as ideal candidates in the field of soft robotics [8, 9, 10, 11]. Nonetheless, the
potential of DEs is not restricted to the field of electrically induced actuation, as they have been successfully used
as Braille displays, deformable lenses, haptic devices and energy generators, to name but a few [12].

For the case of nearly flat DE designs, the electric field remains mostly uniform everywhere within the ho-
mogeneous (material properties do not vary spatially) elastomeric material. This reflects in the homogeneity
of the electrically induced deformations (prior to the development of wrinkles triggered by boundary conditions
[6, 13, 14]). Relatively more complex eletrically induced bending deformations have been achieve through the at-
tachment of passive elastomeric layers [15, 16]. However, more advanced actuation configurations are still hindered
by either: (i) the relatively homogeneous electric field distribution across the DE device; (ii) the homogeneous
material properties of the DE across the device. With that in mind, very recent experimental research at Clarke
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Lab (Harvard) [17, 18] has pursued the introduction of new technologies capable of generating either highly in-
homogeneous electric field distributions or heterogeneous material properties with the aim of attaining complex
electrically induced shape morphing configurations. Specifically, two different types of engineering solutions were
found in order to accomplish that objective. In the first [17], a multi-layer layout comprising a set of elastomeric
DE layers intercalating compliant electrodes (of alternating polarity) with different shapes was pursued. The
exploration of various electrode meso-architectures enabled the attainability of sophisticated electrically induced
configurations through the generation of highly heterogeneous electric fields within the elastomeric layers. In a
second approach, Clarke et. al. [18] proposed a layout where an active layer of elastomer (subjected to a voltage
gradient across its thickness) was attached to passive material on one or both of its sides in contact with the elec-
trodes, acting as stiffeners or as a smart exoskeleton. Although the electric field generated within the active DE
layer through this mechanism is practically uniform, the material heterogeneity induced by the combination of the
active material and the conveniently placed passive material led to an anisotropic behaviour of the overall device.
This was crucial to allow for the attainability of complex electrically induced shape morphing configurations.

Figure 1 demonstrates that the same electrically induced deformation can be obtained by both approaches.
The results shown in Figure 1 are taken from References [19, 20]. Therein, the authors of the present paper,
inspired by the pioneering experimental work at Clarke Lab (Harvard) [17, 18], decided to explore state-of-the-art
topology optimisation techniques with the aim of attaining specific electrically induced target shape morphing
configurations through the two mechanisms described, namely: (i) the design of the electro meso-architecture [19]
(see Figure 1,); (ii) the design of the exoskeleton attached to an active DE layer [20] (see Figure 1;).
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Figure 1: (a) Multilayered structure of circular elastomer sheets interleaved with electrodes with different shapes (red and blue surfaces).
The electric field is primarily concentrated in the regions of overlap between the adjacent electrodes, yielding a heterogeneous electric
field inside the device, inducing a positive and negative Gaussian curvature upon application of electric potential on the electrodes.
Results from [19]. (b) A layer of DE is attached to two layers of carefully designed stiffeners on both sides. The resulting exoskeleton
induces positive and negative Gaussian curvatures upon application of electric potential on the electrodes. Results from [20].

In the present manuscript, a third alternative engineering solution is investigated with the aim of generating
complex electrically induced shape morphing configurations. In this new approach, a multilayered DE device,
interleaved with compliant electrodes spreading across the entire faces of the DE, is considered. Then, the careful
combination of several DE materials with different material properties (multi-material approach) within each of
the multiple layers of the device is sought through the application of topology optimisation techniques. This
ultimately leads to a heterogenous electric field within the device due to the spatial variation of the material
properties within the layers and across them. In order to achieve the design objective described in the new



approach proposed, we advocate for a specific methodology which relies on two key ingredients: (i) an accurate
Finite Element framework for numerical simulation in the context of nonlinear electromechanics; (ii) the application
of cutting edge topology optimisation techniques in nonlinear multi-physics problems. Both features will certainly
benefit from subsequent experimental verification of the designs proposed. This is indeed the object of follow
up publications were we intend to crystallise the designs proposed through our mathematically-driven strategy
into real prototypes for their verification in the lab. However, the multi-disciplinarity required to cover the three
aspects mentioned demands to moderate our ambitions and to focus initially on the two aspects which are within
our current area of expertise, addressing the experimental facet at due time relying on the valuable aid of experts
in the field. Nonetheless, a review on state-of-the-art additive manufacturing technologies that allow for multi-
material printing of active materials, critical to materialise the designs obtained in the present manuscript into
real prototypes, can be found in References [21, 22, 23]. Furthermore, a crucial benefit from the proposed topology
optimisation-based approach is that it easily enables its generalisation to other types of active materials such as
thermo-active and magneto-active materials [24, 25, 26, 27].

With regards to the numerical simulation of DEs, the consideration of two-field variational formulations, where
displacements and electric potential are the unknown fields of the problem, represents the most popular choice
(28, 29, 30, 31, 32, 33, 32]. In this formulation, the constitutive information of the material is encapsulated in the
free energy density. The latter must comply with mathematical and physical conditions. The most well-accepted
of these is the Legendre-Hadamard or ellipticity condition [34], which ensures the well-posedness of the underlying
system of differential governing equations. A sufficient condition complying with the ellipticity condition is that
of polyconvexity [34, 35, 36]. Extension of this condition to the field of nonlinear electromechanics was postulated
in Reference [37]. In this paper, however, and without loss of generality, we do not contemplate extreme scenarios
beyond the onset of loss of ellipticity. Hence, commonly used free energy densities will be used.

With regards to Topology Optimisation (TO) of smart materials, density-based methods, seem to be the
preferred choice. Among these, the Solid Isotropic Material with Penalisation (SIMP) method [38] is the most
popular alternative. However, there are other techniques available such as level-set methods [39, 40], phase-field
methods [41, 42], topological derivative methods [43] and evolutionary methods [44]. Kang and Wang [45] used
the SIMP method for the topology optimisation of piezoelectric ceramics, restricted to small electrically induced
deformations. The works in references [46] and [47] apply TO to piezoelectric ceramics and flexoelectric materials.
Zhang et. al. also applied TO for the design of piezoelectric sensors for active vibration control. Other works
[48, 49, 50, 51] have investigated the simultaneous optimisation of polarisation and layout of piezoelectric ceramics
over a fixed host (passive) material, and when the host structure is also included in the optimisation process
[52, 53, 54]. Furthermore, the work in [55] carries out the TO of piezoelectric ceramic-based micro-grippers
considering geometrical nonlinearities. Some recent works include the TO design of thermo-electric coolers and
generators [56, 57, 58]. In addition, the work in [59] explores TO of DEs seeking to maximise electrically induced
rotations of a rotary device. The work in [60] explored TO of DEs for the design of wide tunable band gaps.
Through the use of the SIMP method, the authors in [61, 62] applied TO for the design of DE materials for
actuation purposes. In addition, as already mentioned above, [20] explored density-based topology optimisation
for the design of the exoskeleton attached to a film of DE with the aim of attaining specific electrically induced
target configurations upon application of electric voltage on the electrodes attached to the DE film. Reference
[19], also described above, made use of phase-field driven topology optimisation for the careful design of electrode
meso-architecture in order to yield specific electrically induced target configurations.

The layout of this paper is as follows: Section 2 introduces the governing equations in nonlinear electromechanics
and the basic notions for the definition of invariant-based constitutive models in this context. Section 3 describes
the main ingredients of the multi-material phase-field driven topology optimisation approach proposed. The
Section concludes with an algorithmic flowchart that summarises the proposed computational approach. Section
4 presents a series of numerical examples in order to demonstrate the robustness of the proposed methodology
and present various designs for complex three dimensional actuation modes. Section 5 provides some concluding
remarks and future lines of research. Finally, Appendix A summarises the Finite Element spatial discretisation
technique.

2. Governing equations in nonlinear reversible electro-mechanics

A brief description of the differential governing equations will be carried out in this section. In addition, a
succinct overview on the definition of constitutive models in the context of nonlinear electromechanics will be
given, prior to the definition of suitable variational principles in this context.

2.1. Differential governing equations in nonlinear electromechanics

Let By C R? represent the reference configuration of a DE, with unit outward normal N (see Figure 1). After
the motion, the DE occupies a deformed configuration B C R? with boundary B and unit outward normal n.
The deformation mapping ¢ relates material particles X € By to the deformed configuration & € B according to



x = ¢(X), and permits to introduce the deformation gradient tensor F' [63], the co-factor H and its Jacobian J
as

1 1
F =V ¢ := 0x¢; H:§FXF; J:§H:F, (1)

where X represents a tensor cross product operation [64, 65] between second order tensors defined as (AX B),; =
Eiik€rirAj Brk, VA, B € R¥*3, where & (or €15k ) symbolises the third-order alternating tensor components
and the use of repeated indices implies summation?.
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Figure 2: Deformation mapping ¢ (X) for the DE in material configuration (left) and deformed configuration (right).

In the absence of inertia effects, the mechanical response of the DE is represented by

F =V,o¢; in By; (2a)

DIVP + f, = 0; in By; (2b)
PN = to; on 81530; (2(3)
¢=0" on 9By, (2d)

where (2a) represents the kinematic compatibility equation and (2b) the quasi-static version of the conservation
of linear momentum in a Lagrangian setting. In above equations, f represents a body force per unit undeformed
volume, P is the first Piola-Kirchhoff stress tensor, £y is the external traction vector per unit undeformed area
OBy C 0By and é&b the Dirichlet type boundary condition on 0By C 0By, with 0:By U 0pBy = 0By and
0By N OBy = 0.

Similarly, and in the absence of magnetic effects, the electrical response of the DE is represented by

Ey = —Vqp; in By; (3a)
Dy N = —wp; on 0,,Bp; (3¢)
w = @b; on aapBOa (3d)

where (3a) and (3b) denote the quasi-static version of the Gauss’ and Faraday’s laws in a Lagrangian setting. In
above equations, ¢ represents an scalar electric potential, Ey denotes the material electric field, Dy the material
electric displacement, py represents an electric charge per unit of undeformed volume, wy an electric charge per unit
of undeformed area 9,8y C 0By and @" the electric potential applied on electrodes, positioned on 0,8y C 0By,
such that 9,8y U d,By = 0By and 9,8y N d,By = 0.

2.2. Constitutive equations in reversible nonlinear electromechanics

A constitutive law is required in order to relate the first P and D with the quantities F and Ej in (2) and
(3), namely P = P(F, E,) and Dy = Dy(F, E). For the case of reversible nonlinear electromechanics, this is
done through the definition of the free energy density function per unit undeformed volume By [28, 66, 67, 68, 69],
denoted as ¥ = U (F, Ey). From the latter, the first Piola-Kirchhoff stress tensor P and the electric displacement
field Dy emerge as

P(F,E,) =0rY(F, E)); Dy(F, Ey) = —0g,¥(F, E)). (4)

n addition, throughout the paper, the symbol (-) indicates the scalar product or contraction of a single index a - b = a;b;; the
symbol (:), double contraction of two indices A : B = A;;B;;; and the symbol (®), the outer or dyadic product (a ® b);; = a;b;.



Furthermore, the so-called constitutive tensors emerge as,
C(F,Ey) =035 V(F,Eo);  P(F,E¢) =-05,pV(F,Ey); e(F,E)=—0g,pg,V(F,Ep). (5)

where {C,P, 0} correspond with the fourth order elasticity tensor, the third order piezoelectric tensor and the
second order dielectric tensor, respectively. Usually, an additive split of the free energy density is adopted between
a purely mechanical contribution ¥,,(F) and an additional contribution encapsulating the electromechanical
coupling, denoted as V., (F, Ey), i.e

\P(FaEO) = \I/’m(F) + \Ile’m(F7E0)' (6)

The Mooney-Rivlin model [70] is a typical example of the purely mechanical contribution ¥, = WME and it
is defined as

WNAE) = M (1T = 3) 4+ B2 (1T = 3) 4 f0) J0) =~ +2m) (D) + 5 (T -1, (D)

with ITo = A : A and {u1, 2, A} can be related to the Young’s modulus E and Poisson ratio v in the origin,
namely when F' = I (with I the second order identity tensor) and Ey = 0, as

Ev

At 20 = 1+ 0)(1—2v) ®

H1+ po = m?
The free energy can be additively decomposed into a polarization term \Ilfm(F,Eo) and a Maxwell term
\I/é\;[n(F, Ey). For the case when the DE is immersed in vacuum, and under the consideration of a simple ideal DE
model, both contributions are defined as
€ €
vl (F,E,) = —%‘)UHEO; M (F, Ey) = —ﬁHHEO; Ilyp, = HEy- HE,, (9)
where g represents the electric permittivity of vacuum, being g9 = 8.854 x 107'2Fm™!, and y, the electric
susceptibility. Therefore, for this specific case, the free energy W, (F, E) can be written as

Erfo
2J

\Ilem(FaEO) = - [IHan Epr = 1+ X (10)

where ¢, denotes the relative electric permittivity of the material with respect to that of vacuum &y.

Remark. The electromechanical contribution V.., in (10) represents one of the simplest models to describe the
coupled nature of the elastomer. Other more advanced and realistic models may consider the nonlinear dependence
of the electric permittivity with respect to deformation. The electric permittivity tensor, denoted as €, is defined
in terms of its material counterpart € in (5) as

e=J 'FeF?. (11)

The spatial permittivity tensor for the model in (10), according to (11) yields
€= —¢pe0l, (12)

with I the second order identity tensor. Clearly, the expression in (12) does not depend with respect to F. A
simple model embedding nonlinear dependence of € with respect to deformations (i.e with respect to F') is widely
used in the literature [32]

€1

\Ilem(FaEO) = _ﬁ

& &=
ITgg, — EQIIFEO - 5311,20. (13)

According to (11), the spatial permittivity tensor for the model in (13) is

~ €2,9 €3
— eI 22 -3 14
€ €1 J J ’ ( )

where b= FFT represents the left Cauchy-Green strain tensor. An alternative way of incorporating nonlinearity
into € can be achieved by considering a nonlinear susceptibility x into the simple model in (10), namely

@HHEO; & (F) =1+ x(F), (15)

\Dem(FaEO) = - 27



where x(F) must be an isotropic and objective function of F. For the model in (15), its associated spatial permit-
tivity tensor € is
E— (14 x(F))eol. (16)

Notice however that the model in (13) introduces a more complex nonlinear dependence with respect to F (see
equation (14)) than the model in (15), since the permittivity for the model in (15) is indeed isotropic irrespectively
of the state of deformation (i.e. proportional to the identity tensor). For the numerical examples considered in
Section 4, the simple constitutive model introduced in equation (10) will be considered without loss of generality.
Incorporation of the more complex and realistic models in (13) and (15) into the topology optimisation framework
developed in Section 8 would be immediate.

Remark. As already discussed in the previous remark, the constitutive model considered in this paper is, by no
means, the most generic of all, as it does not embed all the possible physical phenomena inherent to dielectric
elastomers. For instance, extensibility limit is not incorporated in the mechanical component W, (F') in (7). This
can be achieved by means of alternative models such as the Gent model [7], defined as

U, (F) = —“J%ln (1 - M)

Jlim
where p refers to the shear modulus in the origin and Jy.,, to the extensibility limit of the material. Another
limitation of the model resides in its deterministic nature, i.e. aleatory uncertainty in the material properties of
the model (electric permittivity, mechanical parameters, etc.) is not considered, despite the remarkable effect that
these may have on the design of these materials (i.e. dielectric elastomers).

The aforementioned limitations can be incorporated into the topology optimisation framework developed sub-
sequently in Section 3. However, despite the limitations of the simplified model considered, this does encapsulate
inherent sources of electromechanically induced instabilities. Specifically, it is well-known that the electromechan-
ical contribution V.., (F,Eq) in (10) permits the development of instabilities such as buckling, wrinkling and
crumpling [71] beyond a critical value of electric field. These instabilities are prone to appear in the scenario
considered on this paper, where an electric voltage gradient is applied across the extremely thin thickness of the
material. However, the consideration of large values of electric field, which may trigger these instabilities, poses
a tremendous challenge when making use of a gradient algorithm as that advocated for on this manuscript (see
Section 38). Therefore, moderate values of the applied electric field will be considered in the numerical examples in
Section 4, with the aim of preventing these scenarios.

(17)

2.3. Variational formulation in reversible nonlinear electromechanics

The variational formulation associated with equations (2) and (3) is presented in this section. Specifically, the
classical two-field variational principle with unknown fields ¢ € V® and ¢ € V¥ is advocated for in this paper,
with V¢, V¥ functional spaces complying with the Dirichlet boundary conditions in (2d) and (3d), namely

V® = {¢ € (H'(By))? : s.t.(2d)}; V¢ ={pc H (By) : s.t.(3d)}. (18)

The variational principle is stated as follows
1", = ntsup { [ (P Bo) v~ 112 () - 12 () (19

¥ 0

where II7}, and IIE7} represent the external work associated with the mechanical and electrical PDEs in (2) and

ext

(3), respectively, defined as
05 (@) = | fo-PdV +/ to- pdA; I (@) = —/ pop dV — / woyp dA. (20)
Bo 9:Bo Bo 8. B0
The stationary conditions of II(¢, ) (19), yield the weak forms of the PDEs in (2) and (3), namely
DI(¢,)[6¢] = | P (F,Ey): Vod¢pdV — DI, (¢) [0¢] = O; (21a)
Bo

DIl(¢, p)[0¢] = [ Do (F,Eg)-VodpdV — DIIEE (@) [0¢] = 0, (21b)

ext
Bo

where d¢ € V(qf and §p € V§ represent independent virtual variations 2, with

DU, (8)[56] = [ fo SV + / to-6pdA; DI (o) [ = — / pododV — | wodpdA. (22a)
Bo atBo BO 3wBO

2As usual, the sub-index 0 for a functional space is used to indicate satisfaction of homogeneous essential boundary conditions.



The solution of the coupled system of nonlinear weak forms in (21) is obtained through the use of a k-iterative
scheme such as the Newton-Raphson. This entails the linearisation of both weak forms in (21) with respect to
increments in the solution fields A¢ € V& and Ap € V¢ as

D*TI(¢*, ") [0¢p; Ap] + D’TI(¢", ¥)[5p; A] = —DII(¢", o*)[5¢b]; (23a)
D?IL(*, ¢*)[00; Ad] + D*11(¢", ") [dp; Ap] = —DIL(¢", oF)[5¢], (23b)

From (23), the solution field {¢, ¢} at iteration k are updated according to
" =" A P =00 1 A, (24)

In equations (23), the terms on the left-hand side can be obtained as

D*T1(¢p, )[6¢p; Ag] = i Vodg: C(F,Ep): VoAgpdV; DT1(¢p, ) [6¢p; Agp] = : Voigp: PT (F,Ep) - VoApdV;
DPTI(, o) [b: Agh] = /B Vosp P (F.Bo): VohodVi D60l Ad] == [ Vabp-e(F.E) Vodpav.
0 0 (25)

= (P)IjJ'

with C, P and e defined in (5) and where ('PT> —
J

3. Topology optimisation framework

3.1. Phase-field formulation

In this section, the underlying fabrication principle for the design of shape-morphing DE-based devices through
a multi-material-based approach is presented. Figure 3 depicts a multilayered device with intercalated electrodes
of alternating polarity, spreading over the entire faces of the elastomers. The objective is to create an non-uniform
distribution of electric field both across the thickness and over the in-plane direction of the three layers. For
that, N different DE materials (N = 3 in Figure 4), with differentiated mechanical and electrical properties can be
combined appropriately on each layer with the aim of attaining potentially complex shape morphing configurations.

1,2,3
BO

e

oB}*

Material 2 32

Negative electrode: . 2,3
9 Material 1S3} 0B;

Elastomer layers

Material 3 BS

Positive electrodes
(a) (b)

Figure 3: (a) Device comprising three layers with intercalated electrodes; (b) One of the various elastomeric layers across the thickness
of the device and the various regions {B(l), Bg, Bg, 885’2, 888’3, 833’3, 85(1)’2’3} for the particular case of three different DE materials.

For the case considered in Figure 4, three different materials are considered potentially spreading over each
of the three layers of the device. For convenience, these will be denoted as Material 1, Material 2 and Material
3. Each of them is characterised by suitable free energy density functions W(F, Eq) (6). Thus, Material 1 is
characterised by the free energy density function ¥ = Uy(F, E;). Similarly, Material 2 and Material 3 are
characterised by the free energy density functions ¥ = Uy(F, Eg) and ¥ = U3(F, Ey), respectively. A smooth
representation of the topology of each of the N = 3 materials (i.e. Material 1, Material 2 and Material 3) present
over each of the various layers of the device is adopted. For that, N — 1 = 2 phase-field functions v; € V¥ (with
i = {1,2}) are introduced on each layer, being

VY= {;: By = [0,1], ;€ H'(By), i={1,...,N}}. (26)

Crucially, the extreme values (i.e. 0 or 1) of the two phase-field functions ¢ (Bp) and 13(Bp), would determine
the regions B}, B2 and B3 corresponding with the presence of Material 1, Material 2 and Material 3, respectively,



with B{ U B2 U B} C By. This can be mathematically stated as below

1 (X) =1; if U(F,Eq) =V,(F,Eq) (B}orMaterial 1);
VX € BY,{ (X)) =0,92(X)=1; if U(F,Eq) = Uy(F,Eq) (BZor Material 2); (27)
0, ¥o(X)=0; if U(F,Ey) =V3(F,Ey) (Bjor Material 3).

Layer 1
0.0e+00 0.2 0.4 0.6 0.8 1.0e+00
|
B .
0.0e+00 0.2 0.4 0.6 0.8 1.0e+00
|
O .

|

Figure 4: top: actuator with three layers across its thickness (the layers have been presented separately for visualisation purposes);
middle: the two phase-field functions 1 (X) and t2(X) over each layer; bottom: “reconstruction” of the regions associated with the
three different materials through evaluation of the phase-field functions 1 (X) and v2(X) according to (27).

I Material 1
e Material 2
Il Material 3

Intermediate values of 11(By) and ¢s(By) would correspond with the smooth representation of the shared
boundaries between the three subsets {B}, B3, B3}. Three of the possible “smooth” boundaries are detoned as
883’2, 888’3 and 883’3, and correspond with the boundary shared by the pairs of regions B} and B3, B} and B,
and finally, by B2 and B3, respectively. A fourth “smooth” boundary, denoted as By, would correspond with
the region shared by the three subsets BY, B2 and Bj (see Figure 3;). This entails that in our smooth approach,
By can be represented as the union of the following subsets

By = BYuB:UB U aBy*uaBy®uaB® U oBy>° (28)
— ~—

regions with a single material regions with mixture of two materials region with mixture of three materials

Notice from equation (27), that for the limiting values of the phase-field functions {11 (X), 2(X)}, it is clear
that the free energy function U(F, Ey) must coincide with that of the material associated with either of the three
regions Bj (i = {1,2,3}). However, the definition of U(F, Ey) is not that obvious over the “smooth” boundaries
{0857, 0By°,0B5°, 085>}, namely

0<y1(X) <1, ¢a(X)=1; unknown expression for U(F, Ey) (region By?);
VX € B 0 <1(X) <1, (X)) =0 unknown expression for ¥(F, Eq) (region 88(1)’3); (20)
€ By,
0 P1(X)=0,0 < Pa(X) < 1; unknown expression for U(F, Eqg) (region B3°);
( ) (

1,2,3

0<9y1(X)<1,0<9¢(X)<1; unknown expression for ¥(F, Eq) (region 0B,"");

The definition of W(F, Eq) over {98}, dBy*,0B5°, 085>} is dictated by choice of the so-called energy
interpolation scheme, which at least must comply with the limiting cases shown in equation (27). For that, we



incorporate both phase-field functions {11 (X), ¥2(X)} as arguments of the free energy, i.e.
U = V(1 (X),12(X), F, Eo). (30)

Specifically, we propose the following energy interpolation scheme when there are three materials available

(X)), 02(X), F. Eo) = (41(X)) Wi (F, Bo) + (1 - (X)) ) ( (62(X)) Wa(F, Eo) + (1 = (12(X))) ¥s(F, Eo)).
(31)

Typically, a value of p = 3 is used for the penalising exponent in (31) in the context of density-based TO,
which in turn, ensures the satisfaction of Hashin-Shtrikman bounds [72] in the specific case of linearised elasticity.
Essentially, the phase-field function 7 (X)) is introduced in order to differentiate in a smooth manner between two
material phases. These correspond with Material 1 and a composite material resulting from the mixture of both
Material 2 and Material 3. The second phase-field function, namely (X)), is introduced within this composite
in order to differentiate in a smooth manner between the material phases associated with Material 2 and Material
8. This is illustrated in Figure 5.

Associated with the interpolated free energy density W(v(X),12(X), F, Ey) in (31), it is now possible to
obtain the first Piola-Kirchhoff stress tensor P and electric displacement field Dy according to (4), yielding

P(1(X),42(X), F, Bo) = (11(X)) Py + (1= @1 (X)) ) (02(X)) Pa+ (1= (92(X))) Ps);  (320)
Dy(t1(X), $2(X), F, Bo) = (41(X)) Do, + (1= (01(X))" ) ((#2(X))" Do, + (1 - (42(X))") Do, ), (32b)

where the individual contributions {P1, Py, P3} and {Dy,, Dy,, Do, } are defined according to (4), namely

Pi = 8F\i1i(F,EQ>; D() = _6E0\Ili<F; Eo)7 (Z = {1, 2,3}) (33)

i

Similarly, the constitutive tensors {C, P, e} associated with W (11 (X),12(X), F, Ey) (refer to equation (31))
can be obtained simply from (5), resulting in

C1(X),2(X), F, Bo) = (1(X)) €1+ (1= (X)) ) ((2(X))" €+ (1= (65(X)F) C5); (34a)
P(1(X), 12(X), F, Bo) = (41(X)) Pr+ (1= 01(X)) ) ((6:(X)) P+ (1= (02(X))) Ps);  (34D)
e(1(X),92(X), F, Bo) = (11(X)) e1 + (1= @1 (0P ) (02(X)V 2+ (1= (92(X))es),  (340)
where the individual contributions {C1,Ca,Cs}, {P1, P2, Ps} and {e1, €2, €5} are defined according to (5), namely
Ci=0ppVi(F,Eo);  Pi=—-0p,rVi(F,Eo); & =—0%,p,ViF, E); i={1,2,3}. (35)

Remark. The energy interpolation scheme in equation (31) has been particularised for the case when three dif-
ferent DE materials are considered. For the more generic case when N materials are considered, it would be
possible to generalise the energy interpolation scheme through the introduction of N — 1 phase field functions
{01(X), ¥2(X), ..., bn-1(X)} according to the following and convenient nested definition of the final interpo-
lated energy ¥ (1 (X),...,¥n_1(X), F, Ey) as

V(e (X), - on1(X), F, Bo) = (42(X)) Wi (F, Bo) + (1= (61 (X)) ) ¥a, n (92(X), - ton—1(X), F, Bo);

Ty n(a(X), ..., on_1(X), F,Eq) = (wQ(X))p\IIQ(F,EO) i (1 — (¢2(X))P)\I/37,,_,N(¢3(X), e by (X), F, Eo):;

Uy 1. n(WNn-—1(X), F, Eg) = (T/JN—I(X))p\I’N—l(FyEO) + (1 - (wN—l(X))p)‘I’N(F, Ey).
(36)
Notice that in (36), we have introduced the notation \i/i)i+17,,,,N to refer to the free energy density whose
homogenised behaviour depends upon the phase-field functions {¢;(X),...,¥n_1(X)}. Hence, the proposed ho-
mogenised behaviour of \Tl,'J_,_l,__.’N corresponds to the mixture of Material i, Material i + 1, up to Material N.



Remark. Some authors [37, 73], rather than the free energy density V(F, Ey), prefer to define the constitutive
model of dielectric elastomers using its dual energetic counterpart, denoted as internal energy e(F, Dy). Both are
related through the following standard Legendre transformation

V(F,Ey) = — SEP{EO Do —e(F, Do)} (37)

A similar energy interpolation scheme to that considered in equation (31) can also be used for the internal
energy-based approach. This will be explained for the case where the interpolation scheme in (31) is particularised
to two materials. Given that the energy interpolation scheme represents in fact a mathematical artifact (it is
not physical) permitting interpolation between two different models, there is not just a unique definition for such
interpolation. Indeed, one possible energy interpolation scheme would be analogous to that in (31), namely

e(¥1(X), F, Do) = (41(X)) ex(F, Do) + (1= (42(X))" )ex(F, D). (38)

where e; and es refer to the internal energies of the two materials corresponding with a value of the phase-field
¥ =1 and ¢ = 0, respectively. Alternatively, a second energy interpolation scheme can be defined, distinguishing
between the mechanical and electromechanical contributions of the internal energy, as follows

é(1(X), F, Do) = (wl(X ))peml(F) + (1 - (¢1(X))p)em2(F)
eeml(F; DO)eemz (F, D()) (39)

T GL(XP) (coma(F. Do) — eom (F, D)) + comi (F Do)’

where €p; and eqn; represent the purely mechanical and electromechanical contributions of the internal energy
density of material i. Notice that the last term on the right-hand side of (39) (and its partial derivatives) coincides
With eem1 (F', Do) for w(X) =1 and with eema(F, Do) for (X)) = 0. The interpolation scheme in (39) introduces,
however, a higher degree of nonlinearity compared to that in equation (38).

3.2. Mathematical formulation

The final objective of combining N number of materials per layer is to create a non-uniform electric field with
the aim of permitting the DE-based device to attain a complex target configuration. Essentially, this is a design
problem with an objective function, denoted as J(¢) that needs to be minimised. The latter, for the specific type
of shape-morphing application considered on this paper, can be defined as

1 .

7(0) =3 [ 16(X) =& ()| av (40)
with D C By, and where ¢* represents the target configuration that the final DE-based device needs to attain.
The associated design optimisation problem can then be formulated as follows

min - J(¢) (40);

¥1(X),¥2(X)
Variational statements (21)

(P) ¢ Constitutive model (31); 7 (41)
") 0< e (X) <15 (X)) € HY(Bo);
0 <hp(X) <1; (X)) € H' (By);

In this paper, a gradient method is pursued for the optimal solution of the optimisation problem (P) in (41).
With that aim, it is customary to introduce a Lagrangian functional whose sensitivity is crucial in order to let the
gradient algorithm to converge towards the final optimal solution in an iterative fashion. The definition of this
Lagrangian and the non-standard derivation of its sensitivity is carried out in the forthcoming sections.

8.8. The optimisation Lagrangian L and its sensitivity

For problem (P), presented in equation (41), the Lagrangian functional £ can be defined as

£(¢1a¢2’¢’§07p¢,p¢) = j(¢> - DH(wlanad)a W)[p¢] - DH(wlaw%(ba(p)[p@]’ (42)

where DII(¢)1, 12, ¢, ¢)[py] and DIL(¢)1, 12, ¢, ¢)[p,] represent the weak forms in equation (2) and (3), respectively.

Furthemore, p, € Vg’ and p, € V{ represent the corresponding adjoint state variables. Notice that these terms
are identical to those featuring in (21a) and (21b), just replacing d¢ with py) and d¢ with p,. Associated with
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the Lagrangian £ in (42), we compute its optimality conditions. The optimality conditions of £ with respect to
the adjoint states {p,,p,} are defined as

DL(Y1, Y2, 9,0, Pg, Po)[0Pg] = —DIL(Y1, 92, ¢, ) [6pg] = 0; (43a)
D£(¢17 wQa ¢a 907p¢np30)[5ptp} = _Dn(wh ¢27 ¢7 @)[51)90] = O? (43b)

where dp,, € Vg’ and op, € V{ represent virtual variations of the corresponding adjoint states. Solution of
(43) permits to obtain the unknown fields {¢, p}. Notice that the first Piola-Kirchhoff stress tensor P and the
Lagrangian electric displacement field Dy featuring in (43) (see (21)) are computed according to equation (32),
which complies with the energy interpolation scheme in (31).

Furthermore, the optimality conditions of £ with respect to the fields {p,,p,} yield

Dﬁ(wla 1/)27 ¢7 ®, p¢apcp)[6¢] = - D2H(,¢)17 ,(/}27 ¢7 @, pd)apsa)[pgba 6¢] - D2H(¢17 ,(/)27 ¢7 @)[ptp, 6¢]
+DJ(P)6¢] = 0; (44a)
D‘C(wlv ’l/)Qa ¢a §07p¢;p¢)[5§0] = - D2H(w17 1/’27 ¢7 QO) [pzj)v 590] - DQH(wBo (1/’17 1/’27 ¢7 QO) [ptp7 580] = O? (44b)

where the second directional derivatives of II featuring in (44) are presented in (25), just by replacing {d¢, dp}
with {py,p,}, and {A¢, Ap} with {d¢, 0¢}, respectively. In addition, the constitutive tensors {C, P, e} featuring
in the second directional derivatives in (44) (see (25)) are computed according to equation (34), which complies
with the energy interpolation scheme in (31). Solution of the above linear equations in (44) enables to obtain the
adjoint states {Pg, py}-

Crucially, solution of the fields {¢, p} and the adjoint states {p,,p,} from (43) and (44), respectively, permits
to address the ultimate goal of this section, namely, to obtain the sensitivity of the Lagrangian £ with respect
{11, 12}, namely DL[A;] and DL[A)] which yield

Dﬁ[A¢1] *D2H(¢17 1/)27 ¢7 907p¢7p90)[p¢5 Aqul] - DQH(wlv ¢27 ¢7 ' quvptp)[pgm AwlL
D‘C[AwQ] = _D2H(1/)17 /l/)Qa ¢a @7p¢7pg0)[p¢7 A¢2] - DQH(¢1) ¢27 ¢7 @apzpvpcp)[pgoa A¢2]

Making use of the definition of both DII[p,] and DII[p,] in (21) (by replacing {d¢,dp} with {py,p,}), both
sensitivities in (45) can be defined as

(45)

DL[AY] = —/B A%(awlp (V1(X),¥2(X), F, Eq) : Vopg + 9y, Do (¥1(X),¥2(X), F, Ey) - Vopgz) dv;
' Gy (X)

DL[Aws] = ~ /B At (04, P (11(X), ¥2(X), F, Eo) : Vopg + 9y, Do (¥1(X), ¥2(X), F, Eo) - Vop, ) dV,
Gyy (X)

(46)
where the partial derivatives {0y, P, Oy, P} and {0y, Do, 0y, Do} in (46) can be simply obtained from the definition
in equation (32), complying with the energy interpolation scheme in equation (31), yielding

00, P2 (X), 4a(X), F. Bo) = p(ir (X)) <P1 — (X)) P2+ (1= (2(X))") P3)>; (47a)

O P(41(X), 02(X), F, Bo) = p(1 = (11 (X)) ) (42(X)) " (P2 = Po); (47b)

00, Dofts (X),62(X), F, Bo) = p(1 — (X)) ) (42(X)) " (Do, — Dy,). (47d)

As already stated, the sensitivities {DL[Av1], DL[As]}, dictate the evolution of both phase-field functions
{%1,12}. This is shown in the following section.

3.4. FEvolution of the phase-field functions

In order to describe the evolution of regions B}, B3 and Bj (when three different DE materials are considered),
a pseudo-time parameter 7 € [g, Tp,] is introduced. In this work, the evolution of the phase-field functions 1 (X)
and 17 (X), used to describe regions Bf, B2 and Bj, is carried out using the Allen-Cahn approach (see [42]). The
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following initial boundary value problem can be used for the evolution of each of the phase-field functions {1, 12}
as

1 .
001 = K930 — 0y, (({000) + 10w, (XN )5 in B x [,
0=Voui - Ny, on 9By % [ro, 7l = HH2H
eil, =0 in Bo;
In equation (48), x > 0 and n > 0, Gy, (X) and Gy,(X) are indeed the sensitivity per unit volume of the

Lagrangian £ in (42) with respect to the phase-field functions {11 (X),¢2(X)}, presented in equation (46). In
addition, in (48) ®(v;) and h(v;) (for i = {1,2}) are polynomials given by

O(i) = vr(1—v)%  h() =7 (607 — 159 +10); i ={1,2}, (49)
where ®(1;) denotes the double well potential. Furthermore, h(1;) in (49) represents a polynomial complying
with h/(;) = 30®(¢);) and h(0) = 0. The first term on the right-hand side of (48) represents a diffusion term
acting only acts on the phase transition region whilst the second term on the right-hand side of (48) involves the

sensitivities {Gy,, Gy, } in (46), in addition to the double well potential (refer to Figure 5). The variational form
for the evolution equation in (48) can be defined as

(48)

/ Oy s dV = — / KV - Vst dV + [ (1 — 0)r(X, di)S0, V'
Bo Bo Bo
$il,, = ¢7;  in By,

where d1; € VU (with VI in (26)), i = {1,2} are suitable virtual fields and the scalar field r(X,v;) (i = {1,2})
are given by

i=1{1,2) (50)

PX ) = — 5 = 300G, (X)w(l = i) i = (1,2}, (51)

0 0.5 1 0 0.5 1

Composite with Material 1 .
Materials 2 and 3 atena Material 3 Material 2
| —

Figure 5: Double well potential representation. Left: double well for phase-field function 1 (X), modelling the transition between
Material 1 and the composite material with phases corresponding to Materials 2 and 3. Right: double well for phase-field function
12(X), modelling the transition between Material 2 and Material 3.

Remark. In order to permit an independent evolution of both phase-field functions {11 (X),1¥2(X)} at each of
the various layers across the thickness of the device, we only enforce C° continuity for both functions within each
layer. This entails that both functions {1 (X),¥2(X)} are discontinuous in the thickness direction exactly at the
interface between elastomeric layers, but continuous within every layer.

3.5. Pseudo-time marching scheme
Following [42] and considering the pseudo-time interval [7,,, 7,41] with AT = 7,11 — 7, a semi-implicit one-step
marching scheme can be used to advance the solution from ' to wfﬂ via time discretisation of (50) as

n+1 n
T+ = /B [(M) 5b; + KV ooy — S v r(X 96 | dV =03 i={1,2},

AT
(52)
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with

PP -y i (X)) < 0;
nopntthy =47
S {wz’(l =it (X > 0. =
Solution of the linear equation (52) is obtained as
DTWi)lAY] = =T(W}); ™ =y + Ay i={1,2}, (54)

3.6. Algorithmic flowchart

Algorithm 1 summarises the flowchart of actions of the phase-field-based multi-material design platform.

Algorithm 1 Pseudo-code of phase-field multi-material topology optimisation approach
Initialisation of phase-field functions {1 (X),¥2(X),...,¥n-1(X)}

Initialise pseudo-time: 7 =0

Solve {¢, ¢} from optimality condition (43)

Solve {py,p,} from optimality condition (44)
Evaluate objective function J(¢)|,_,

Set optimisation parameters {Ar, k,n} for (52)-(53)
Define optimisation tolerance (tol.) and variable e > tol.

while e > tol. do
T+ T+ AT

Get sensitivities Gy, (i = {1,2,...,N —1}) from (46)
Evolve phase-field functions v; (i = {1,2,..., N — 1}) using (52)-(53)
if ¢; > 1 then

P =1
else
Do not correct
end if
if ¢; <0 then
;=0
else
Do not correct
end if

Solve {¢, ¢} from optimality condition (43)
Solve {p,,p,} from optimality condition (44)
Evaluate objective function J(¢)|_

Define e = J|_ — J|,_a-
end while

4. Numerical examples

This section presents a series of numerical examples with the aim of evaluating the proposed multi-material
topology optimisation formulation. In all the examples included, tri-quadratic Finite Element interpolations for
both displacement and electric potential fields have been considered. The underlying reason for this specific choice
of interpolation lies on the nearly-incompressible nature of DEs and the consideration of DE devices with extremely
small thickness (in comparison with the in-plane dimensions of the device). These two features pose limitations
for the consideration of low order finite element discretisations, as these tend to exhibit various sources of locking,
i.e. volumetric and bending locking [73, 74].

In all the examples, three different DE materials will be considered. These will be denoted as Material 1,
Material 2 and Material 3, in order to be consistent with the notation used in Section 3. The constitutive model
of the three materials comprises a Mooney-Rivlin model (see equation (7)) for the mechanical contribution of the
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free energy density, namely ¥, (F'), and an ideal dielectric elastomer (see equation (10)) for the electromechanical
energy contribution W, (F, Ey). The difference between the three materials resides in the material parameters
used. The values for these can be found in Table 1.

M1 (Pa) H2 (Pa) A (Pa) Er {fm»fe}
Material 1 5x 10% 5 x 10% 108 4.8 -
Material 2 15 x 10* 15 x 104 3 % 108 24 fm=3,f=5
Material 3 1.5 x 10* 1.5 x 10* 3 x 107 0.048 fm =03, fe =0.01

Table 1: Material parameters for the constitutive model used for Material 1, Material 2 and Material 3. See equations (7) and (10).
Parameters {fm, fe} represent the mechanical and electrical contrasts, which scale the material parameters of the models for Material
2 and Material 8 with respect to those of Material 1.

As it can be seen from Table 1, Material 2 is stiffer than Material 1. However, its relative permittivity &, is
larger, which may enable Material 2 to undergo larger electrically induced deformations than Material 1 for the
same value of applied electric field. On the other hand, Material 3, although being the most flexible of the three
materials, has a very low electric permittivity, being practically inactive from the electromechanical standpoint.
The most optimal combination of these materials with the aim of attaining a given target configuration is therefore,
far from intuitive. The objective of the following numerical examples is, therefore, to test the ability of the topology
optimisation framework developed to propose optimal solutions for the topology of the regions where Material 1,
Material 2 and Material 3, need to be placed in the most convenient manner with a shape morphing objective in
mind.

4.1. Numerical example 1

In this example, the geometry depicted in Figure 6, is considered. The initial seed for the two phase-field
functions {¥1(X)|,_, ¥2(X)|,_y} (7 representing the pseudo-time parameter at 7 = 0) at the three layers across
the thickness is shown in Figure (6), (all layers are initialised identically), where the red colour corresponds with
¥i(X)|._y =1, 4= {1,2} whilst the blue color corresponds with ¥;(X)|__, =0, i = {1,2}. The Finite Element
discretisation of the geometry is shown in Figure 6,, with a total of 98415 nodes for both unknown fields {¢, ¢}.

Two different shape morphing configurations have been studied in this example, Specifically, these corresponds
with two different actuation modes, denoted as actuation mode 1 and actuation mode 2. Actuation mode
1 is achieved by minimising the vertical (Z direction) displacement of control points { B, D} (see Figure 6,), whilst
maximising that of points {A,C}. Actuation mode 2 is achieved through maximisation and minimisation of
the vertical (Z direction) displacement of points {B, A, D,C} and {E, H, G, C}, respectively. The mathematical
expressions for their associated objective functions are the following

T(@)|imoder = — (@(Xa) = Xa+ d(Xc) — Xc) - Ez+(¢(Xp) — Xp+@(Xp) - Xp) - Es; (55a)
Maximisation Minimisation
T(@)lmodez =~ (@(XB) = Xp+ (X a) - X4+ @d(Xp) - Xp+d(Xc)—Xc) Es
Maximisation

+(@(XE) - Xp+d(Xu) - Xg+¢(Xg) - Xg+¢d(Xr)— XF) E3. (55b)

Minimisation

Figure 7, shows the result of the topology optimisation algorithm for the objective function corresponding with
actuation mode 1. Specifically, the regions where Material 1, Material 2 and Material 3 need to be placed at
each of the three layers across the thickness are shown. Notice that these regions can be inferred from the values
of the phase-field functions {¢1(X),¥2(X)} according to equation (27). In addition, the electrically induced
deformation attained after the application of a voltage difference of value Ap = 2 x 10% (V) is also displayed
in Figure 7,. Clearly, the final shape of the electrically deformed DE design is in agreement with the objective
function J(@)|,,oq0; i equation (55a).

On the other hand, Figure 7, shows the result of the topology optimisation algorithm for the objective function
corresponding with actuation mode 2, displaying the regions where Material 1, Material 2 and Material 3 need
to be placed at each of the three layers across the thickness. In addition, the electrically induced deformation
attained after the application of a voltage difference of value Ap = 2x10% (V) is also displayed in Figure 7;. Clearly,
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Figure 6: Example 1. (a) Geometry of the DE with radius R = 0.035 (m) and thickness of each of the three layers of R/128. Also
shown the control points for inducing the desired actuation modes when electrical actuation is applied; (b) Common initial seed for
the two phase-field functions {11 (X),¥2(X)} for the three layers.
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Figure 7: Example 1. Top: electrically induced deformation for optimal result corresponding with actuation mode 1, characterised
by distribution of Material 1, Material 2 and Material 3 shown at each of the three layers. Bottom: electrically induced deformation
for optimal result corresponding with actuation mode 2, characterised by distribution of Material 1, Material 2 and Material 3
shown at each of the three layers.
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the final shape of the electrically deformed DE design is in agreement with the objective function J ()|, qe2 i
equation (55b).

Notice that the objective functions considered for this example in equation (55) tend to maximise or minimise
the displacement of specific control points. In that sense, this example does not strictly correspond with a true
shape morphing application, where the distance to a predefined target shape is typically sought, in agreement with
the expression in equation (40). This will be the object of the following two numerical examples.

4.2. Numerical example 2

In this example, the geometry depicted in Figure 8, is considered. The initial seed for {11(X)|,_, ¥2(X)|,_o}
at the three layers across the thickness is shown in Figure 8; (all layers are initialised in the same manner), where
the red colour is associated with a value of ¢;(X)| __, = 1,4 = {1,2} whilst the blue color is associated with
¥i(X)|._y = 0,4 = {1,2}. The different initialisation corresponds to the two different geometries considered,
associated with the two actuation modes explored in this example. These will be denoted again as actuation
mode 1 and actuation mode 2. They are described in the next paragraph. The Finite Element discretisation,
with a total of 113967 nodes for both unknown fields {¢, ¢}, is also shown in Figure 8;.

elastomeric layers

1.0e+00

0.8

0.6

0.4

Actuation mode 1

0.2

0.0e+00

1.0e+00

0.8

0.6

0.4

Actuation mode 2

0.2

0.0e+00

Figure 8: (a) Geometry of the DE. {Lx,Ly} = {0.05,0.01} and thickness h = Lx /360 for actuation mode 1. {Lx,Ly} =
{0.05,0.005} and thickness h = Lx /360 for actuation mode 2. (b) Common initial seed for the two phase-field functions
{1(X),2(X)} for the three layers for the two actuation modes considered in this example.

Two different designs have been investigated for the DE layout described above. These correspond with two
different actuation modes described as follows. Actuation mode 1 is induced by generating an electrically
induced deformation similar to letter L, whereas actuation mode 2 is induced by generating an electrically
induced deformation similar to letter S. This has been mathematically enforced by defining the target configuration
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¢* for both actuation modes as

0, X < LTX
(¢*7X)E |mo el — (56&)
L [N S R,
2 2
0, X < L2X
(" = X)) B3l 0001 = (56b)
3lmodel (X—LQX>, X>:L2X
. _ Lx (tanh(Bn) + tanh(B(X/Lx —n))\ _ _
(¢ - X) : E3|mode2 _7( tanh(ﬁn) ¥ tanh(ﬁ(l — 77)) )’ 6 - 47 n= 0.5. (560)

7
=

I Vaterial 1 Material 2 I Material 3

Ay

I Viaterial 1 Material 2 I Material 3

Figure 9: Example 2. Top: electrically induced deformation for optimal result corresponding with actuation mode 1, characterised
by distribution of Material 1, Material 2 and Material 3 shown at each of the three layers. Bottom: electrically induced deformation
for optimal result corresponding with actuation mode 2, characterised by distribution of Material 1, Material 2 and Material 3
shown at each of the three layers. In both designs, a composition is shown were three additional devices are placed at 90, 180 and 270
degrees with respect to the optimal design, in order to illustrate the gripping possibilities of the resulting device.

Figure 9, shows the result of the topology optimisation algorithm for the objective function corresponding
with actuation mode 1. Specifically, the regions where Material 1, Material 2 and Material 3 need to be
placed at each of the three layers across the thickness are shown. Notice that these regions can be inferred from
the values of the phase-field functions {¢1(X),12(X)} according to equation (27). In addition, the electrically
induced deformation attained after the application of a voltage difference of value Ap = 1250 (V) is also displayed
in Figure 9,. Clearly, the final shape of the electrically deformed DE design is in agreement with the target
configuration in equation (56b).
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On the other hand, Figure 9;, shows the result of the topology optimisation algorithm for the objective function
corresponding with actuation mode 2, displaying the regions where Material 1, Material 2 and Material 3 need
to be placed at each of the three layers across the thickness. In addition, the electrically induced deformation
attained after the application of a voltage difference of value Ap = 5000 (V) is also displayed in Figure 9;. Clearly,
the final shape of the electrically deformed DE design is in agreement with the target configuration in equation
(56¢).

Optimal solution

Target Shape\

Optimal solution

Target Shape

/ndeformed configuration

(a) (b)

Figure 10: Example 2. Target shape (trans-lucid) and optimal design (red colour) for the actuation modes in (56b) and (56¢).

Figure 10 shows the comparison between the optimal solution provided by the topology optimisation algorithm
and the target shape defined in both equations (56¢) and (56b) for both actuation modes. As it can be observed,
an absolutely perfect matching between both configurations might not be obtained. This is obvious in the case
of actuation mode 1, where it is logical to guess that the corner features of the target configuration might
be difficult to be perfectly reproduced by the optimal solution. Nonetheless, away from the corner, the overall
agreement seems qualitatively reasonable. For actuation mode 2, although a perfect match is not obtained, the
agreement between both configurations is more reasonable than in actuation mode 1.

4.3. Numerical exzample 3

In this example, the geometry depicted in Figure 11, is considered. The initial seed for {11 (X)|,_,, ¥2(X)|,_}
at the three layers across the thickness is shown in Figure 11, (all layers are initialised in the same manner), where
the red colour is associated with a value of v;(X)|._, = 1,4 = {1,2} whilst the blue color is associated with
¥i(X)],_y =0, i = {1,2}. The Finite Element discretisation, yielding a total of 113400 nodes for both unknown
fields {¢, ¢}, is also shown in Figure 11.

Two different designs have been investigated for the DE layout described above. These correspond with two
different actuation modes denoted as actuation mode 1 and actuation mode 2. The target configuration ¢*
for each of these actuation modes is described as

(¢ — X) - E3| 0de1 = 0-2Rout (1 — cos(20)) ; (¢ — X) - E3| 0de2 = 0.-1Rout (1 — cos(46)) , (57)

where 6 € [0, 27] parametrises in the circumferential direction the geometry in Figure 11.

Figure 12, shows the result of the topology optimisation algorithm for the objective function corresponding
with actuation mode 1. Specifically, the regions where Material 1, Material 2 and Material 3 need to be
placed at each of the three layers across the thickness are shown. Notice that these regions can be inferred from
the values of the phase-field functions {¢1(X),1¥2(X)} according to equation (27). In addition, the electrically
induced deformation attained after the application of a voltage difference of value Ap = 1000 (V) is also displayed
in Figure 12,. Clearly, the final shape of the electrically deformed DE design is in agreement with the target
configuration in equation (57),.

On the other hand, Figure 12, shows the result of the topology optimisation algorithm for the objective function
corresponding with actuation mode 2, displaying the regions where Material 1, Material 2 and Material 3 need
to be placed at each of the three layers across the thickness. In addition, the electrically induced deformation
attained after the application of a voltage difference of value Ay = 1000 (V) is also displayed in Figure 12,.
Clearly, the final shape of the electrically deformed DE design is in agreement with the target configuration in
equation (57)p.
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Figure 11: Example 1. (a) Geometry of the DE with outer and inner radius of Rout = 0.05 (m) and Ri, = 0.04 (m), and with
thickness of h = Rout/180 (m); (b) Common initial seed for the two phase-field functions {1 (X)), ¥2(X)} for the three layers across
the thickness.
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Figure 12: Example 1. Top: electrically induced deformation for optimal result corresponding with actuation mode 1, characterised
by distribution of Material 1, Material 2 and Material 3 shown at each of the three layers. Bottom: electrically induced deformation
for optimal result corresponding with actuation mode 2, characterised by distribution of Material 1, Material 2 and Material 3
shown at each of the three layers
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Figure 13: Example 3. Target shape (trans-lucid) and optimal solutions (red colour) for both actuation modes in (57), and (57)p.
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Figure 14: Example 3. Evolution of the objective function J(¢) associated with the target configuration for actuation mode 1 and
actuation mode 2 in equations (57)q and (57),. J has been scaled with respect to its initial value at iteration 1. Distribution of
Material 1, Material 2 and Material 3 at the initial topology optimisation iteration and the end of it (converged design).

Figure 13 shows the comparison between the optimal solution provided by the topology optimisation algorithm
and the target shape defined in both equations (57), and (57); for both actuation modes. As it can be observed, the
agreement between the optimisation-driven result and the target configuration is very good although not perfect.
Finally, Figure 14 displays the smooth evolution of the respective objective functions J for both actuation mode
1 and actuation mode 2.

5. Conclusions

This work has presented a novel engineering strategy for the design of DE-based actuators, capable of attaining
complex electrically induced shape morphing configurations. In this approach, a multilayered DE prototype,
interleaved with compliant electrodes spreading over the entire faces of the DE, has been considered. FEfficient
combination of several DE materials, characterised by different material properties, within each of the multiple
layers of the device has been sought. Crucially, the resulting layout allows for the generation of heterogeneous
electric fields within the device due to the spatial variation of the material properties within the layers and across
them.

A novel computational framework has been developed in order to facilitate the design of new prototypes
capable of attaining predefined electrically induced target configurations. The crucial ingredient of the proposed
methodology lies on the development of a novel phase-field driven multi-material topology optimisation framework
allowing for the consideration of several DE materials with different material properties, favouring the development
of heterogeneous electric fields within the prototype. Although the numerical examples analysed have considered
the combination of three different DE materials, the proposed multi-material framework can be generalised in
order to handle an arbitrary number of different N DE materials. This can be done by means of the consideration
of N — 1 phase-field functions, evolving independently over the different layers across the thickness of the device
through N — 1 Allen-Cahn type evolution equations per layer.

A series of challenging proof-of-concept numerical examples has been included in order to assess the applicability
of the proposed methodology. In all the examples, the final optimal designs permit to interpret, from the values
of the N — 1 phase-field functions, the topology of the regions where the N different DE materials must be
conveniently placed in order to accomplish the underlying shape morphing objective.
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Appendix A. Finite Element spatial semi-discretisation

The various fields Y = {¢, 0, Py Pos Y15 P2, - - - ,¥n—1} are interpolated using Finite Element discretisations as

neg Ny Mg Ny My,
d~ Y NPO™ x> NE™ py~> NPPY pom~ > Nephi v~ » NPt i={1,2,...,N -1},
a=1 a=1 a=1 a=1 a=1

(A1)
where NY correspond with the nodal shape function associated with the field ) and node a of the discretisation.
Furthermore, ny denotes the number of nodes associated with discretisation of field Y, and Y“ is the nodal
value of the field Y. Moreover, N represents the total number of different DE materials combined to achieve a
desired target configuration. Following a Bubnov-Galerkin type approach, identical discretisation is used for the
corresponding virtual fields Y. Finally, the same spatial discretisation is also used for corresponding unknown
fields and adjoint states.

Appendiz A.1. Spatial discretisation of the optimality conditions with respect to the adjoint states
The two optimality conditions in equation (43), for the specific case where N = 2 different DE materials are
considered, can be spatially discretised as

DII(tp1, 2, ¢, ) [6pg) = Z(S% =0;  DI(¢1,92,¢,0)[0p,] = ZcmpRp“’ =0, (A.2)

a=1

where the nodal residual components RS“’ and RE¢ are given by

RY? = [ P (1,00, F,E)) VoN®dV — | fN?dV — / toN® dA;

Bo Bo 0t Bo (A3)
RPe = [ Do (41,00, F,Eq) - VoN¢ dV + / poN? dV + / woN¢ dA,

Bo Bo dwBo

with P (¢1,v9, F, Ey) and Dq (¢1,19, F, Eq) defined according to equation (32). Solution of the discrete nonlinear
optimality conditions (A.2) is carried out via the Newton-Raphson iterative strategy (23), yielding the discrete
counterparts of equation (25), i.e

ng Ng Ng Ne

(Y1, o, b, 0)[0pg; ABl = Y Y op - KEP A" (1, o, @, 0)[0pg; Al = > > 0p - KOF ALY
a=1b=1 a=1b=1
Ne Mg Ny My
Wb, v . @)omp Ak = S 00 (KPP) A@% DM in. 6.0)i0psi A = 33 LK AL,
a=1b=1 a=1b=1

(A.4)
where {d)b,gob} represent the nodal unknowns, with the stiffness tangent contributions K ff , K ‘W and K27
expressed as

<Kf£b>” = /B (VoNf)I (C (1,92, F, Eo)),1;, (VON;?)J dv;
(Kflf)Z = /B (VoN?), (PT (7/11,¢2,F,E0))HJ (VoN7), dV; (A.5)
Kyl =— [ VoN7 e (1,92 F, Eg) VoNy dV,
Bo

with {C,P,e} defined according to (34).

Appendiz A.2. Spatial discretisation of the optimality conditions with respect to the unknown fields
Discretisation of the optimality conditions (44) yields the following linear system of equations,

TLd, TL¢ n¢ nV, n¢
DL, Y2, .0, P D) [00) = = > > " KOPplh =Y o¢* - K&l +> ¢, - R =0;  (A6a)
a=1b=1 a=1b=1 a=1
Ne Ng e Ny
D£(¢17¢27¢7%P¢7P@)[5@] = ZZ(SQP (Kl?a(p) pq& ZZ(SCPabeva = 7 (A6b)
a=1b=1 a=1b=1
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where {pi?b, pg} represent the nodal unknown fields. In addition, for the objective function in (40), the residual
vector RY corresponding to the discretisation of D7 (¢)[0¢] yields

R = [ @-o)Npav (A7)

Appendiz A.3. Computation of the sensitivity and evolution of the phase field equation
The spatial discretisation of the phase field evolution equation (52) yields

Map; My My
DN OUIKLVIAY = > Sy Ry; i ={1,2}, (A.8)
a=1b=1 a=1

where the stiffness matrix component K ;bgw" and the residual component RY: are expressed as

" 1
K5 = /B (ATNgiNiierVoNf;i -VoNfLi+N§1Nf;iP(z/)f)r(X,1/;?)) dv;
0

o (A.9)
ry = [ (5 - auroen) ag,av
where
o) @ = 1) (X Y) <0 a0 (X)) <0
PW’”‘{ B XN > 0 Qwi)‘{ PR > 0 A0

For numerical reasons, the term r(X,1,), whose expression is given in equation (51), is slightly modified,
being defined as

1 ~ .
(X, 1) =i — 5 — 3019y, (X)i(1—ps);  i={1,2}, (A11)
where Gy, are the dimensionless counterparts of Gy, in (46), defined as
~ (X
Gy, (X) = Gul ), (A.12)
Gyl

where the vectors G, (i = {1,2}) emanate from the Finite Element discretisation of DL[A%);] in (46), namely

G = [ GuXONGav: = {12} (A.13)
Bo
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