Downloaded from https://royal societypublishing.org/ on 06 November 2023

PHILOSOPHICAL
TRANSACTIONS A

royalsocietypublishing.org/journal/rsta

L)

Research

updates

Cite this article: Brazda K, Kruzik M, Rupp F,
Stefanelli U. 2023 Curvature-dependent
Eulerian interfaces in elastic solids. Phil. Trans.
R. Soc. A381: 20220366.
https://doi.org/10.1098/rsta.2022.0366

Received: 3 May 2023
Accepted: 8 August 2023

One contribution of 11 to a theme issue
‘Foundational issues, analysis and geometry in
continuum mechanics'.

Subject Areas:
applied mathematics

Keywords:
elasticity, multi-phase materials, interfacial
energy, varifolds, curvature varifolds

Author for correspondence:
Martin Kruzik
e-mail: kruzik@utia.cas.cz

THE ROYAL SOCIETY

PUBLISHING

Curvature-dependent Eulerian
interfaces in elastic solids

Katharina Brazda', Martin Kruzik?, Fabian Rupp'
13,4

and Ulisse Stefanelli

"Faculty of Mathematics, University of Vienna,
Oskar-Morgenstern-Platz 1,090 Vienna, Austria

2(zech Academy of Sciences, Institute of Information Theory and
Automation, Pod Voddrenskou Vezi 4,182 00 Prague 8, Czechia
3Viienna Research Platform on Accelerating Photoreaction Discovery,
University of Vienna, Wahringerstrasse 17,1090 Vienna, Austria
#stituto di Matematica Applicata e Tecnologie Informatiche

E. Magenes, via Ferrata 1, 27100 Pavia, Italy

MK, 0000-0003-1558-5809

We propose a sharp-interface model for a hyperelastic
material consisting of two phases. In this model, phase
interfaces are treated in the deformed configuration,
resulting in a fully Eulerian interfacial energy. In
order to penalize large curvature of the interface,
we include a geometric term featuring a curvature
varifold. Equilibrium solutions are proved to exist via
minimization. We then use this model in an Eulerian
topology optimization problem that incorporates a
curvature penalization.

This article is part of the theme issue ‘Foundational
issues, analysis and geometry in continuum
mechanics’.

1. Introduction

In the field of elasticity, it is commonly assumed
that experimentally observed patterns in materials
correspond to the minimization of a suitable phase-
dependent energy. Indeed, some materials have multiple
phases, and the optimal energetic configuration is often
achieved by creating spatial microstructures composed
of these phases. These microstructures feature their own
unique size, shape and distribution (such as grains,
precipitates, dendrites, spherulites, lamellae or pores).
The phases can be distinguished from each other by
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their various crystalline, semicrystalline or amorphous properties, which can be experimentally
identified through microscopy techniques.

To fully understand the behaviour of a material, it is necessary to characterize the
relation between the macroscopic properties and the underlying phenomena occurring at the
microstructural scale. To shed light on the multi-scale nature of this phenomenon is paramount
for optimizing material performance and developing new materials with tailored properties.

A prominent example of materials with microstructure are shape memory alloys, showing
a highly symmetric crystallographic variant called austenite, preferred at high temperatures, as
well as different low-symmetry variants called martensites, favoured at low temperatures. These
alloys, including NiTi, CuAINi or InTh, are widely used in various technological applications,
as discussed in [1]. The mixing of these different phases leads to the formation of complex
microstructures, which ultimately govern the rich thermomechanical response of the material.

In the continuum theory, the total stored energy of the system usually consists of bulk
and interfacial energy contributions. Neglecting the interfacial energy generically leads to a
minimization problem that has no solution due to the formation of spatially finer and finer
oscillations of the deformation gradient among the various phases. If spatial phase changes are
penalized by the interfacial energy, an optimal material layout is reached by balancing energy
contributions rising from the bulk and the interface, under the effect of external loading.

Different models have been considered taking into account interfacial energy in various
forms. This includes strain gradients [2,3] but also gradients of nonlinear null Lagrangians
of the deformation [4]. Curved interfaces in solids are thoroughly studied in [5] following
previous research on interface-bulk elastic interactions [6]. Curved twin boundaries in lead
orthovanadate are observed in [7], see also [8] for discussions on grain boundary shapes or
[9] for curvature-dependent interfacial energies in nanomaterials. Recently, éilhavy introduced
in [10] a notion of interface polyconvexity and proved it sufficient to ensure the existence of
minimizers for the corresponding static problem. In particular, in this model the perimeters of
interfaces in the reference and deformed configurations, as well as the deformations of lines in the
referential interfaces, are penalized. A more explicit characterization of interface polyconvexity
can be found in [11,12], discussing the case of materials with more than two phases as well.
Again, let us mention that the mathematical treatment of multi-phase materials without surface-
energy penalization typically leads to ill-posed problems where the existence of a solution is not
necessarily guaranteed, and some relaxation is needed, cf. [13]. This, however, would challenge
orientation preservation of the involved deformations, and consequently, also injectivity may be
lost [14].

In this article, we consider a material with two phases, separated by a sharp interface. Note,
however, that our model can be extended to describe more phases similarly as in [15], see remark
4.2. To incorporate the penalization of large interface curvatures, we describe the interface in terms
of a curvature varifold, a measure-theoretic generalization of classical surfaces with a notion
of curvature and with good compactness properties [16-18]. Mathematical models involving
varifolds have been used to describe bending-resistant interfaces in a wide range of applications,
for instance in the modelling of cracks [19-21], biological membranes [22-24] or anisotropic phase
transitions [25].

The state of the elastic body is characterized by the deformation y of the reference configuration
2 CR3, the phase field ¢ and a curvature varifold V describing the phase interface. The
equilibrium state minimizes the energy E, consisting of the elastic bulk energy and the energy of
the phase interface. If the varifold V and the phase interface correspond to a smoothly embedded
surface M C R? with second fundamental form II, our energy typically looks as follows

B, 0,V)= | (=6 0)Wol¥y) +0 0 yWi(V) dX+ 10 + | 1P ar?, (L)

see §3b for the general definition and all necessary details.
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The main result of this work is the proof of the existence of minimizers with the phase field
and the varifold defined in the deformed configuration, i.e. in the Eulerian setting. In order to find
a good framework for the direct method in the Calculus of Variations, two important challenges
need to be met: Firstly, a suitable coupling needs to be imposed to identify the varifold with the
phase field, see Definition 3.1. Secondly, the Eulerian setting implies that both ¢ and V are defined
in the deformed configuration y(§2), which itself is subject to minimization. Once compactness
is achieved, the existence of minimizers follows from the closedness of the coupling condition
together with the lower semicontinuity of the energy via the usual (poly-)convexity assumptions.
Note that, if no curvature term was present in the energy no varifold V would be needed and the
existence of minimizers would follow from the theory in [11].

Moreover, we adapt the variational theory to study a related problem in topology
optimization, taking into account the curvature of the design material surface. We also provide a
corresponding referential formulation that might be computationally more feasible.

This article is organized as follows. In §2, we introduce basic notions and notation on functions
of bounded variation and varifolds. Our model is presented in §3 and the existence of a solution
is proved in §4. This allows us to settle a problem of topology optimization in the Eulerian
coordinates and to establish the existence of an optimal topological design in §5.

2. Notation and preliminaries

(@) Piecewise constant functions of bounded variation

Let U c R3 be open. By BV(U) we denote the class of functions of bounded variation and by SBV(U)
the class of special functions of bounded variation, see [26]. We set

SBV(U;{0,1}) :={¢ € SBV(U) : ¢(x) € {0,1} fora.e.x e U}.

Its elements are piecewise constant functions in the sense of [26, Def. 4.21], restricted to only
assuming values in {0,1}. The weak derivative of ¢ € SBV(U;{0,1}) is the R3-valued Radon
measure

D¢ = vp(H? L) € M(U; R?).

Here, H? is the two-dimensional Hausdorff measure, Jo C U is the approximate jump set, which
is countably H2-rectifiable, and Vg Jp — $? is the unit normal vector. The total variation norm of
D¢ is given by

IDI(U) =H?(Jy)- 2.1)

By definition, functions ¢ € SBV(U;{0,1}) are characteristic functions of some E C U of finite
perimeter, i.e. ¢ =1 : U — R with

1, xeE

1p(x):=
E®) 0, otherwise.

In particular, J4 coincides with the reduced boundary of E up to a H2-null set, Vg points in the
interior of E and |D¢|(U) is the perimeter of E.

For the convenience of the reader, we recall the compactness theorem for piecewise constant
functions that follows from Ambrosio et al. [26, Thm. 3.23, Thm. 4.25].

Theorem 2.1 (Compactness of piecewise constant SBV-functions). Let U C R3 be an open,
bounded Lipschitz domain. Let (¢n)nen C SBV(U) be piecewise constant functions, satisfying

sup (1énllLn + H2(Jg,)) < 0o

neN

Then there exists a piecewise constant function ¢ € SBV(U) such that after passing to a subsequence, we
have ¢, — ¢ in LY(U) and D¢, —* D¢ in M(U;R3) as n — oo.
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(b) Oriented curvature varifolds

We briefly introduce the relevant definitions for varifolds, restricting to two-varifolds in the
open set UCR3. Let Gp3 denote the Grassmannian, i.e. the set of all two-dimensional linear
subspaces of R3, which we describe by their orthogonal projection matrices P € R3*3. We identify
the oriented Grassmannian with the two-sphere S? by representing an oriented two-dimensional
subspace by its unit normal.

Following [16], an oriented two-varifold in U is a (non-negative) Radon measure

Ve MU x S?).
The mass of V is the Radon measure py € M(U) given by
wy(B)=V(B x S?) for all Borel sets B C U.
By Riesz’ Representation Theorem, e.g. [18], V is defined through its action on continuous

functions with compact support, given by

(V,u) =J u(x,v) dV(x,v) forall ueCo(U x S?).
UxS?

Pushforward of V by the covering map q: U x S — U x Gp3, 4(x,v) = (x,[3x3 — v ® v) gives the
(unoriented) two-varifold g:V € M(U x G 3), namely,

(g:V,v) = J v(x, P) d(g:V)(x, P) = Ju - v(g(x,v)) dV(x,v)

Uux G2,~

forall v e CO(U x Gy3). Moreover, to every oriented two-varifold V we can associate a two-current
Ty € Do(U) by

Tvo)=| (w00 @V
Ux$?
for all w e C°(U; AZ%(R3)), the smooth, compactly supported two-forms in U. Here, xv € Ar(R3)

stands for the simple two-vector associated with v € S? through the Hodge star operator . The
boundary of Ty is the one-current 8Ty € D1(U), which is given by

0Ty, n) = (Ty,dn)

for all one-forms n € C°(U; AL(R3)), where dn denotes the exterior derivative of 7.
An oriented integral two-varifold is a varifold V e M(U x S?) given by

V= (e, M) @)+ e, M) (1) L)
M
forallue CQ(U x §?) and for which we will also write

V(x,v) = (H2M)) ® (6 (18,0 () + 8™ ()5 _yvig(1). 2.2)

Here, M C U is a countably H2-rectifiable set, the orientation vM e LllOC HZ(M; S?) selects one of the

two unit normals to the approximate tangent plane TyM at H?-a.e. x € M, and the corresponding
multiplicities 6% € Lllocle(M) are integer-valued, i.e. #*(x) e N for H?-a.e. x€ M. The class of
oriented integral two-varifolds in U is denoted by IV5(Ul).

The unoriented varifold associated with V is the integral two-varifold given by

G:V,v) = JM o, ToM)EH(x) + 6~ (1) dHA()

forallv e C?(U x G23). The class of (unoriented) integral two-varifolds in U is denoted by IV, (U).
The current associated with V is the integral two-current given by

Ty, o) = jMwM(x), o)) — 6-()) dH2()

for all w € C*(U; A%(R3)).
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A curvature two-varifold (in the sense of Hutchinson et al. [16], i.e. without boundary measure
[17]), denoted by V € CVZ(U) is an integral varifold V € IV,(U) such that there exist generalized
curvature function AV = (Az]k)z] 1 € Lloc y(U x Go3; [R3*3x3) satisfying

3
J‘leGz3 ]21: ( if ](‘0 + Z(aplk(ﬂ)Azjk +A]‘; ) dv =0

for all ¢ € CL(U x Gy3) and 1 <i < 3. An oriented curvature two-varifold, denoted by V e CV5(U), is
an oriented integral varifold V € IV3(U) whose unoriented counterpart g4V is a curvature varifold,
ie.

CV3(U) ={V e IV§(U) : g,V € CVa(U)}.

We conclude with a compactness theorem for oriented curvature varifolds without boundary; still
restricting to two-varifolds in U C R3. The result is a combination of the compactness theorem [16,
Thm. 3.1] for oriented integral varifolds and [17, Thm. 6.1] for curvature varifolds.

Theorem 2.2 (Compactness of oriented curvature varifolds without boundary). Let p > 1 and
(Vidnen € CV5(U) satisfy 9Ty, =0 for all n € N and

sup(uy, (U) + 1A%V (P,

neN qttV"(UXGN)

Then there exists V € CVS(U) such that after passing to a subsequence, Vy —* V in M(U x S?) and
gsVn —=* g4V, Aztk "qy Vi —* Aq’j gz Vin M(U x Gy3) forall 1 <i,j,k <3.

Here, the pth power of the LP-norm of the curvature function of V e CV5(U) is

[z A%V (x, PP d(g:V)(x, P)

Lp V(UXGZQ) JUXG2/3

with Frobenius norm |A%V|= Zz k= 1( qu

iik )?. In particular, if V € CV§(U) corresponds to a

smoothly embedded closed oriented surface M C U and has multiplicities 67 + 6~ =1, cf. (2.2),
then py(U) = [,(6T +67) dH? = H3(M) and the Frobenius norms of the curvature function
A =A%V of M and of its second fundamental form II are related by A2 =2|II12.

3. Model
(a) States

Let 2 C R3 be an open, bounded Lipschitz domain, which describes the reference configuration
of an elastic body. The state of the body is characterized by the deformation y, the phase field (or
phase indicator) ¢ and the oriented curvature varifold V corresponding to the phase interfaces. The
deformation is a homeomorphism

y:.Q—>y(S2)CR3,

mapping points in X € 2 to points x = y(X) € y(£2). We describe the interfaces in the Eulerian
setting, that is, both ¢ and V are defined on the current configuration y(§2) of the body, namely

¢ €SBV(y(£2);{0,1}) and Ve CV3(y(£2)).

Since y is a homeomorphism, y(£2) € R3 is an open set.
A crucial ingredient of the model is that we introduce a coupling relating the phase ¢ and the
varifold V in the following sense.
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Definition 3.1 (Coupling). Let U C R be open and consider the linear map
Q:CUULR3) — CAU x §?)  with  (QY)(x,v):=Y(x) - v.

An oriented varifold V € M(U x S2) and a phase field ¢ € SBV(U; {0, 1}) are called coupled in U if
D¢ =Q'V,i.e.if forall Y € CO(U; R%) we have

(Do, Y) = J

Y.%de:J
Js

Y(x) - vdV(x,v) = (V,QY) = (Q'V, Y). (3.1)
SZ

X

Here, Q' denotes the Banach space adjoint and we use the dualities C?(U; R3Y = M(U;R%) and
CUU x $?) = M(U x S?), respectively.

Definition 3.2 (Admissible set). We say that a triple (y, ¢, V) is admissible, in short,
Y, ¢, V)€ A,
if the following conditions are satisfied.
(i) ye Wir(2;R%isa homeomorphism, r > 3;
(ii) ¢ € SBV(y(£2); {0, 1});

(iii) V € CV§(y(£2)) and has no boundary, i.e. 8Ty =0;
(iv) V is coupled to ¢ in y(£2) in the sense of definition 3.1.

Condition (3.2) is enforced by assuming that y € W'7(£2; R?) satisfies det Vy > 0 a.e. in £2, that
it fulfils the Ciarlet-Necas condition [27], i.e.

J det Vy(x) dx < £3(y(2)), (3.2)
2

and that the distortion |Vy|3 /detVy e L—1(0). Namely, non-negativity of the Jacobian
determinant together with (3.2) makes y injective almost everywhere in £2. Controlling the
distortion in L'~1(£2) ensures that y is an open map; cf. [28, Thm. 3.24, p. 43]. This together with
almost everywhere injectivity implies that y is homeomorphic in £2.

Lemma 3.3 (Properties of admissible triples). Let (y, ¢, V) € A. Then we have
(i) Jo Csptuv;

(ii) ] and spt juy are countably H>-rectifiable of class 2, i.e. up to a set of H?-measure zero, they can
be covered by a countable union of embedded, two-dimensional C>-submanifolds of R3.

Proof. If we take a test vector field Y C?(y(!?);]l@) with Y =0 on spt uy, the coupling (3.1)
implies

J Y vy dH2 = J Y(x) - vdV(x,v) < J Y] duy =0, (3.3)
o YRS e )
< X

and (3.3) follows. For (3.3), note that A%V ¢ LlloC q_V(y(Q) x Gp3) implies that puy has locally

bounded first variation with generalized mean curvature in LllO C/Mv(y(())), and consequently the

statement follows from [29, Theorem 1]. |

Remark 3.4. The coupling (3.2), i.e. D¢ = Q'V in y(£2), does not imply that the multiplicity of
V must be one, in particular, it does not imply V(x,v) = (H?L J6)(x) ® 8,,(x)(v), cf. (2.2). Moreover,
there may in general be multiple different varifolds coupled with a fixed phase ¢. The reason for
this is that Q is not surjective: If u € C(C)(y(.Q) x S?) satisfies u(xg, +v) = 1 for some xg € y(82),ve s?,
there is no representation u = QY for Y € Cg(y(Q); R3).
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(b) Energies

Equilibrium configurations of the body are admissible states (y,¢,V) € A that minimize the
energy
E(]/f ¢/ V) = Ebulk(yr ¢’) + Eint(yr V)r (34)

which consists of the bulk energy

Epui(y, @) := L? (0= @ 0 00 Wo(Ty()) + (¢ 0 () Wa(Vy(X)) ) dX
and the interface energy
iy, V)= | (AR (x, P))d(g; V)(x, P). (35)
y(£2)xGas

Here, W; : R3*3 — R is the elastic energy density of phase i (i=0,1), and ¥ : R3*3*3 — R is the
interface energy density. We assume that there exist cpx > 0 and s > 0 such that

—1
R\
> Chulk (|F|’ + (Il> + (detF)S) if detF >0

Wi(F) detF (3.6)

=400 if detF <0,
where r > 3 is the same as in definition 3.2. Moreover, we assume that W; is polyconvex [30], i.e.
that there exists a convex function ; : R'® — R such that W;(F) = h;(F, Cof F, det F) for all F € R3*3
with detF >0 and i =0, 1. It is easily seen that F > (|F|>/detF)"~! is polyconvex in the set of
matrices with positive determinants if > 3. Therefore, the right-hand side of (3.6) can serve as an

example of a polyconvex stored energy density.
In the interfacial energy, we assume that ¥ : R3*3x3 _, R is a convex function satisfying

W(A) > cine(1 + |AJP) forall A e R3*3%3 (3.7)
for some p > 1 and ¢yt > 0. Integrating (3.7), we find that the interface energy controls both the

curvature and the mass of the varifold, since

BtV 2 ni(iv@) + | 4 ra). (8)

y(82)xGa3

4. Existence of equilibrium states
Let E be given by (3.4) and A as in definition 3.2. Then, the following result holds.

Theorem 4.1 (Existence). There exists a minimizer of E on A.

Proof. We observe that (y, ¢, V) =(id, 1,0) € A and E(id, 1,0) = [, W1(I3x3) dX < oo, which is a
consequence of W1 (Izx3) < oo and [§2] < co. In particular, inf 4 E < oco.
Let (Yn, ¢n, Vi)uen C A be a minimizing sequence for E. Without loss of generality, we may
assume [y, dX=0and
E(n, ¢n, Vi) <K forallmeN. 4.1)

In particular, by (3.6), we have det Vi, > 0 a.e. in £2 and (y;)nen C WL (§2; R3) is bounded. Thus,
after passing to a subsequence, we may assume y, — y in W'7(£2; R%) and also

yp—y in CO(2;R%) as n— oo. 4.2)

Moreover, the weak convergence of (yu)uen, the sequential weak continuity of y+— detVy:
WL (£2;R3) — L'/3(82), and of y > Cof Vi : WV(£2; R3) — L'/2(2;R3*3) yield

Vy, — Vy in L’(Q;R3X3) asn— oo, (4.3)
detVy, —detVy inL"3(2)asn— oo (4.4)

and Cof Vi, = Cof Vy  in L"/2(2;R¥>3) as n — o0. (4.5)
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The convergence in (4.2) allows us to pass to the limit in the right-hand side of (3.2) while the left-
hand side passes to the limit due to the sequential weak continuity of y — det Vy: WL (2;R3) —
L"73(£2). Moreover, (4.3) and (4.4), together with polyconvexity of F — (|F 13/ detF)r—1, imply that

3(r—1) 3(r—1)
J [Vynl dX>J [Vy| dx
I?) 2 (

g ’
50 Jo (detVyny—1 o = | g (detvyy—1

n—oo

i.e. the distortion of the limit deformation also belongs to L1(0),in particular, it implies that y
is also a homeomorphism.

Given a strictly decreasing zero-sequence (g¢)¢en C (0,1), let (U%)¢en denote a sequence of
open, bounded Lipschitz domains such that

{(x e y(2): dist(x, 0y(2)) > ¢} C U* € cy(2) (4.6)

and which, upon extracting a subsequence, is increasing, i.e. U1 C U whenever ¢; < £5. By (4.2),
one easily shows that Ut for ¢ € N fixed is contained in the image set y,,(£2), namely,

U’ cy,(£2) whenever n > n(¢) € N is large enough. 4.7)

Compactness: Firstly, we examine the sequence of varifolds. For £ € N and n > n(¢), consider
the restriction

VE =V, (U x $?). (4.8)

By testing the definitions of curvature varifolds and current boundaries with test functions
supported in U¢ x S? and U, one verifies that

Viecvsu®), A%Vi=A%Yr (U'xS?) and 9Ty =0in U (4.9)

The coercivity assumption (3.7) implies that

e U+ | ARV V) < B, Vi) <K (4.10)

U(: X Gzlg
After passing to a subsequence, it thus follows from theorem 2.2 that there exist V* € CV5(U*)

(4 (4
such that Vi, —* V* in M(U’ x §?) and g5V}, ~* V¢, AT "quV =+ ALY g, V! in M(U* x Gy5)

for 1 <i,j, k <3. In particular, it follows 3Ty =0 in us.
Similarly, we find that

@b := pulye € SBV(UY;{0,1})  with D¢’ = D¢, LU*. (4.11)
By (2.1) and since Jg¢ C spt 1y by Lemma 3.3, it follows that

H?(Jgg) = Dy |(U°) < ey (yn(2)) < K. (4.12)

Moreover, ||¢}|[p=t) < oo uniformly as well, because ¢ €SBV(U;{0,1}) and U‘Cy(2) is
bounded. Consequently, from theorem 2.1 it follows that after passing to a subsequence, we have
d)f; — ¢% in LY(UY) as n — oo with also ¢* € {0,1} a.e. and Dq’)f; —* D¢t in M(U*; R3).

It is not difficult to see that the above limits are local, i.e. if £ < £/, then we have

VE=VY (Ut xS?) and =9 |, (4.13)

Now, choosing an appropriate diagonal sequence, we thus may assume V4 —* V¢ as n — oo for
all £ € N, and we obtain a limit varifold V € CV§(y(£2)) by setting

(V,u) =V, u) = lim (V7 u) (4.14)

for any ueCl(y(22) xS?) and any ¢eN such that sptuc U’. Similarly, we define ¢
Ll(y(Q); {0, 1}) by the condition

¢ly =¢*
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for all £eN. By (4.13) above, V and ¢ are well-defined. Moreover, we have that ¢ €
SBV(y(£2); {0,1}) since by (4.12) and (2.1) we have

ID$|(y(82)) < sup lim inf | DgS|(U") = sup lim inf H?(J 50) < K. (4.15)
ZEN n—o00 n ZEN n—o00 n

To see that V' is coupled to ¢, fix any Y Cg ($2); R3). Taking ¢ € N sulfficiently large, we have
that spt Y ¢ U*, and consequently

(D¢, Y) = (D¢, Y) = lim (D¢y,, Y) = lim (D¢, ) (4.16)
= lim (V,,,QY) = lim (V},, QY) = (V¥,QY) = (V,QY), (4.17)

using that V;, and ¢, are coupled in y,(£2).
Lower semicontinuity: For the interface part of the energy, by convexity of ¥ and [16, Theorem
5.3.2], for every £ € N we have

J w (A%V) d(g; V') < lim inf J W (A%V3) d(g, V). (4.18)
Utx Gzy3 n— utx G2,3

e}

Sending ¢ — oo, monotone convergence implies

Eint(y, V)= w(A%Y)d(gsV) < lim inf

o0 Jyn((z)XGZ,?)
— liminf Eint(yn, Vi). (4.20)
n—o00

J W (A%Vr) d(q: V) (4.19)
Y($2)xGas

We now turn to the bulk term. From the above construction of U it follows that
¢u—¢ inL'(UY), 4.21)
for all £ € N. We now find that

j b (x) — $()] d < J 6 (0) — B()] dx + (@) \ LY, (4.22)
Yu(£2)Ny(£2) ue

so that, by sending first 7 — oo and then ¢ — oo, by (4.2) we conclude that
nlij{)lo lon — DIy, 2)ny@) = 0. (4.23)

By the energy bound and the coercivity assumptions (3.6), we find that the y, have uniformly
L"~!-bounded distortion, 7 — 1> 2, and consequently the assumptions of [11, Lemma 5.3] are
satisfied. This yields that

$noyn— poy inL(Q). (4.24)

The last limit passage, polyconvexity of the bulk energy densities, weak convergence of minors
(4.3)-(4.5), and the lower semicontinuity result of Eisen [31], imply that

Epulk(y, #) < im inf Epuik (Yn, én)- (4.25)

Consequently, a minimizer of E in A exists. |

Remark 4.2 (Multiple phases). Although the model above deals only with two phases, an
extension to a general multi-phase material is possible in a similar way as in [32], or [10,12]. More
precisely, one can describe the case of m € N distinct phases by redefining

m
B o)=Y (|00 nmTnaxX + Bt V).
i=1
Here, the phase descriptor ¢ =(¢1,...,¢n) takes values in {0,1}" , ie. ¢:y(£2)— {0,1}",
and the components ¢; (i=1,...,m) describe the local proportion of the different phases. In
particular, ¢ is constrained to the set of pure phases {¢ = (¢1,...,¢m) € {0, 1} : p1 + -+ + Py =1}.
Correspondingly, the vector of varifolds V =(V7y,...,Vy) collects m varifolds, such that V; is
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coupled to ¢; in y(£2), i=1,...,m. The energy densities W; are all assumed to be coercive as in
(3.6) and the constants c; are assumed to be positive. Indeed, the latter positivity turns out to be
necessary for lower semicontinuity, see [33] for details.

5. Topology optimization

In this section, we build on the above theory and tackle a problem in topology optimization
[34,35]. With respect to more classical settings, the novelty is twofold here. Firstly, in line with this
note’s general approach, the problem’s description is fully Eulerian, which naturally corresponds
to the large-deformation setting. Secondly, the curvature of the material interface is taken into
account. The penalization of the curvature of the boundary of the body, in addition to its surface
area, fits well into applicative situations where sharp edges should be avoided. Indeed, in many
mechanical applications sharp edges, especially reentrant edges, may be subject to strong stresses
and are often the onset of plasticization and damage.

Given a deformation y: 2 — R3 of an open, bounded Lipschitz domain §2 C R3, we interpret
the image set y(£2) as an a priori unknown design domain. This has to be understood as a container,
to be partially occupied by an elastic solid, whose actual shape is the subject of the optimization
procedure. We reinterpret the phase indicator ¢ :y(£2) — {0,1} as a descriptor of the optimal
shape. More precisely, the deformed state of the body to be identified corresponds to the subset of
y(£2) where ¢ = 1. On the contrary, the subset of y(£2) where ¢ =0 is interpreted as the deformed
state of a very compliant Ersatz material, which is still assumed to be elastic. As is customary in
topology optimization, in order to avoid trivial solutions, we prescribe the total mass by imposing

JQ poydX=nL32) (5.1)

for a fixed parameter 5 € (0,1).

As the deformation y is a priori unknown, for mathematical convenience, the scalar field ¢ is
defined from here on the whole space R® without changing notation. We will refer to such a field
¢ :R3 — (0,1} as Eulerian material distribution in the following.

Given an Eulerian material distribution ¢, we start by solving the equilibrium problem with
some appropriate boundary conditions in the referential configuration. More precisely, we let 952
be decomposed into I'p, I'y C 952, which are assumed to be open (in the topology of 3£2) with
I'pNIn=WTpUTyN=3 (closure taken in the topology of 3£2), and H>(I'p) > 0. The body is
assumed to be clamped on I'p and the set of admissible deformations reads

Y ={yeW'(2;R% :yis a homeomorphism, y=idon I'p}.

In addition, a traction g€ Ll(FN; ]R3) is exerted at the boundary part I'y and the material is
subjected to a force with given force density f € L!(£2;R3). Force and traction could also be
assumed to be formulated in Eulerian coordinates, as well.

For all n € (0, 1) fixed, the set of equilibria related with ¢ is defined as

Y(¢)=arg min{Ebuluy, - @onryax-| gy

y € Y is such that (5.1) holds}. (5.2)

By following the arguments from the proof of theorem 4.1, one readily checks that )(¢) is
not empty, provided ¢ is such that the constraint (5.1) is satisfied by some y € ). To this aim,
we will assume that the identity is admissible in (5.1), i.e. IQ ¢ dX = nL3(£2). For such ¢, even if
non-empty, J(¢) may not be a singleton, for equilibrium deformations could be not unique.

Our goal is to minimize the compliance

C(y,¢)=JQ(¢oy)f~de+Jr g-ydH?,
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which is a measure of the elastic energy stored by the deformed piece at equilibrium. In order to
describe the curvature of the Eulerian interface, we augment the description of the material by
an oriented curvature varifold, which we relate to ¢ as in §3. Recalling A from definition 3.2, the
topology optimization problem reads

min {C, )+ By, V): 6 €170, I8lloc <1, | 0dX=n2(@)

yEV@), W, Blye), V) € AJ. (5.3)
The main result of this section is the following.
Theorem 5.1 (Topology optimization). Problem (5.5) admits a solution.

Proof. Let us first check that the infimum in (5.5) is not co. To this aim, we construct an
admissible triplet in the domain of the functional. Let ¢g =1y € SBV(R3;{0,1}), where H C R3is a
half-space with £3(£2 N H)=nL3(2). Call Py = 9H C R3 and let Ng € S? be the unit normal vector
to Py pointing towards the interior of H. Moreover, let Vj € CV%(R3 ) be as in (2.2) with M =Py,
vM(x) = Np, 67 (x) =1 and 6~ (x) = 0 for x € M. This entails in particular that Vo and ¢ are coupled
in R%. Now, Yo =id and ¢y satisfy the constraint (5.1), so by the discussion after (5.3), the set Y(¢0)
is not empty. Let now y. € Y(¢o) be given. We readily check that (., ¢oly,(2), Vo L (y+(£2) x st e

A. Moreover, as Py being a plane implies A%"0 =0, we have that

Cy, Poly.(2) + Eint(, Vo L(y(82) x §?))
= C(y+, boly.(@)) + WO/ H*(Po Ny« (£2)) < o0,

since y, € WL (2;R3), r > 3, implies that y,(£2) is bounded.

Let (¥, ¢n, Vi) be an infimizing sequence for problem (5.5). By comparing with the identity in
(5.3), we observe that )(¢,) is bounded in Wlfr(.Q ; R3), independently of n € N. We may argue as
in the proof of theorem 4.1 to conclude that, after passing to a not relabelled subsequence, there
exist ¢ € L°(R3), yeYand Ve CVi(y(£2)) with (y, #ly), V) € Asuch that in particular

yn—y inCO2;R%). (5.4)
¢n—"¢ InL®°R3, ¢,—¢ inLi (y(2) (5.5)
$nolyn—>¢oy in Ll(.Q), (5.6)

and, we have by lower semicontinuity and (5.5) that ||¢||oc < liminf,_« ||¢nlloc <1, as well as
Epulk(y, ¢) < lim inf Epyiic (Y, $n) (5.7)
and
Eint(y, V) < liminf Eint(yn, V). (5.8)
n—oo
Equation (5.4) and (5.6) also imply
Cly, )= nll)ngo CYn, bn)- (5.9)

As the mass constraint (5.1) passes to the limit under (5.6), from (5.4), (5.6) and (5.7) we get that
y € Y(¢). Hence, owing to inequality (5.8) and the convergence (5.9) we conclude that (y, ¢, V)
solves the topology optimization problem (5.3). |

Remark 5.2 (Worst-case-scenario-compliance). Given the Eulerian material distribution ¢, the
set J(¢) may contain more than one equilibrium, for uniqueness may genuinely fail [36]. In order
to tackle this indeterminacy, one could consider solving a topology optimization problem (5.5)
where the compliance C(y, ¢) is replaced by the worst-case-scenario compliance

Cmax = C 1 P)
(9) yrer%) W, ¢)

Note that Cmax(¢) can be proved to be well-defined, as soon as Y(¢) is not empty.
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To treat the worst-case-scenario-compliance case, however, one needs to require some stability
of the set C(¢) C V(¢) given by those equilibria iy € Y(¢) realizing the maximum, namely, such that
C(y, ) = Cmax(¢). A condition that would ensure the validity of an existence result in the spirit of
theorem 5.1 would be

Vo, ¢ € L°(R2), lldnlloo, l1Blloo <1, dn — ¢ in L1(R2), Yy € C(¢),
dy, € V() : C(y/ )< lhrgg}f C(ynr on).

The latter entails the existence of a recovery sequence for each equilibrium y € C(¢). In particular,
it is trivially satisfied in case the set of equilibria )(¢) is a singleton, i.e. in case of uniqueness.
Even in the case of non-uniqueness, the above condition holds if C(y, ¢) takes the same value
for all y € Y(¢). This is for instance the classical case of buckling of a rod under longitudinal
compression.

Remark 5.3 (A referential formulation). The fully Eulerian setting above can be
computationally challenging. One could resort to a more classical referential setting by identifying
the optimized body via ¢:§2 — {0,1} defined on the fixed reference configuration, while still
retaining the penalization of the curvature of the referential boundary of the body, in addition
to its referential surface area. In this setting, the volume constraint (5.1) can be simplified to
lloll1 = nL3($2) for some given n € (0,1). The set of equilibrium deformations related with ¢ is
defined as

Vlg) = arg min,y, {JQ (A=0)Wo(T) + ¢W1(Vy)) dX

—J wf-de—J g~de2}, (5.10)
2 I
which can be readily checked to be not empty. By defining the referential compliance as

Cral0) = | of X+ | g-yart,
2 I'n

the referential topology optimization problem reads

min {cref(y,sa) H] e @V eSBY@i0,1) liplh =L @)

2xGog

Y€ V), VeCV3(£2),0Ty =0,¢ and V are coupled in £2 } (5.11)

Note that the varifold V is now defined in the fixed set £2 x S?, and we are using the same notation
of §2b. By arguing along the lines above, one can prove that the referential topology optimization
problem (5.11) admits a solution.
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