N
N

N

HAL

open science

Optimization of composite structures: A shape and
topology sensitivity analysis
Gabriel Delgado

» To cite this version:

Gabriel Delgado. Optimization of composite structures: A shape and topology sensitivity analysis.
Optimization and Control [math.OC]. Ecole Polytechnique X, 2014. English. NNT: . pastel-

01005520v1

HAL 1Id: pastel-01005520
https://pastel.hal.science/pastel-01005520v1

Submitted on 12 Jun 2014 (v1), last revised 24 Feb 2017 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://pastel.hal.science/pastel-01005520v1
https://hal.archives-ouvertes.fr

ECOLE
POLYTECHNIQUE

UNIVERSITE PARIS-SACLAY AP

Thesis submitted to obtain the title of
Doctor of Ecole Polytechnique

Specialty: APPLIED MATHEMATICS

Optimization of composite structures
A shape and topology sensitivity analysis

by
Gabriel DELGADO KEEFFE

under the supervision of

Grégoire ALLAIRE

defended publicly on 11 June 2014 in front of the jury composed of

Grégoire ALLAIRE Ecole Polytechnique Thesis advisor
Samuel AMSTUTZ Université d’Avignon Reviewer

Marc BONNET ENSTA Paritech Examiner

Eric BONNETIER Université Joseph Fourier Reviewer

Marc DAMBRINE Université de Pau et des Pays de ’Adour Examiner
Eduard OUDET Université Joseph Fourier Examiner

Olivier PANTZ Ecole Polytechnique Examiner

Vassili SRITHAMMAVANH  Airbus Group Industrial advisor

Prepared at
Centre de Mathématiques Appliquées,
Ecole Polytechnique, Palaiseau, France,
&
Airbus Group Innovations,
Suresnes, France.






Ce que nous connaissons est peu de chose, ce que nous ignorons est immense.
- Pierre Simon Laplace.






To my parents Lily and Carlos,
who have always encouraged me to go further.






In the loving memory of
my grandparents Jack and Nina,
and my great aunt Emily.






Remerciements

Le doctorat est une période de la vie riche en apprentissages, rencontres et je dirais méme en
aventures. Par le biais de ce bref paragraphe, je souhaiterais remercier tous ceux qui ont fait de
ce “voyage” une expérience inoubliable.

Je tiens tout d’abord a remercier le directeur de cette these, Grégoire Allaire, pour m’avoir
guidé, encouragé et conseillé durant ces années a travers de son savoir encyclopédique et sa
profonde intuition mathématique (qui s’avérait dans certaines circonstances presque mystique),
tout en me laissant une grande liberté d’action. Au-dela des ses qualités comme encadrant et
chercheur, Grégoire a été aussi un maitre exceptionnel, autant dans le plain technique comme
humain, montrant toujours beaucoup de respect et de patience envers ses collegues et étudiants.
Pour moi ce sera toujours un plaisir, lors d’un repas a table, de discuter avec lui en tant que
chilien autour de deux de ses passions: les montagnes et le bon vin.

Mes remerciements vont également a Marc Bonnet, qui a été comme un deuxiéme directeur
de these pour moi. Sans lui, je n’aurais jamais pu développer une partie importante de cette
these. Accompagné de son caractere décontracté et chaleureux, Marc a toujours témoigné a
mon égard un énorme intérét pour mes problématiques de dérivée topologique, acceptant avec
gentillesse et patience de partager ses extraordinaires connaissances en mécanique des solides et
méthodes asymptotiques. Je me réjouis d’avoir eu ’honneur de travailler a ses cotés en tant que
collegue dans la préparation de deux articles.

Je souhaiterais aussi manifester ma gratitude a Olivier Pantz, qui a su me transmettre avec
bienveillance ses connaissances arcanes sur Freefem+-+, ingrédient essentiel dans “la cuisine
numérique” de cette these, ainsi que des notions de dérivée de forme discrete dans un cadre
multiphasique.

FEn ce qui concerne 'encadrement industriel de ces travaux, je remercie Vasssili Srithamma-
vanh qui m’a aidé a positionner le sujet de ma these au sein d’Airbus et qui a contribué par ses
nombreuses remarques et suggestions a améliorer la qualité de cette these, toujours avec patience
et bonne humeur. Je tiens aussi & exprimer ma gratitude a Stéphane Grihon, qui a proposé le
sujet principal de ce travail: I’application de la methode de lignes de niveau a la conception des
pieces composites. Ses remarques et son apergu industriel ont été d’une grande utilité.

Je remercie Samuel Amstutz et Eric Bonnetier qui m’ont fait I’honneur d’accepter d’étre les
rapporteurs de cette thése, de méme que pour leur participation au Jury. Je suis également
reconnaissant a Marc Dambrine et Edouard Oudet pour leur participation au Jury en tant
qu’examinateurs.

Conscient d’avoir pu préparer cette theése dans un environnement de travail exceptionnel, mes
remerciements s’adressent également a Fabien Mangeant, Eric Duceau et Isabelle Terrasse, qui
m’ont permis de financer et réaliser cette these au sein d’Airbus Innovations dans des conditions
privilégiées. Je leur sais particulierement gré de leurs encouragements lors de ma procédure de
naturalisation francaise et pour la préparation d’une transition en douceur vers mon nouveau
poste de travail a 'IRT SystemX.

Ces dernieres années, mon travail de these s’est déroulé principalement entre deux bureaux,
I’'un & Suresnes et I'autre a Palaiseau.

Du coté de Suresnes, je souhaiterais exprimer mes remerciements les plus sinceres a mes
anciens collegues eadsiens Vincent, Régis, Nabil, Pierre, Lionel, Gilles, Michel F., Michel B.,

9



10

Sofiane, Anabelle, Benoit, Charles, Etienne, Amandine, Sophie et tant d’autres, qui ont su
m’intégrer a leur équipe et partager avec moi des moments mémorables, soit dans le cadre des
projets Airbus (piles & combustible et ballon stratosphérique), soit autour d’un déjeuner ou d’un
pot animé.

Du coté de Palaiseau, mon séjour au laboratoire CMAP a été une expérience privilégiée.
Ceci est en grand partie grace a la vie insufflée par ses permanents et thésards. Je remercie
Nasséra, Alex, Sandra, Wallis et Nathalie, qui en tant que personnel administratif ont rendu ma
vie de thésard beaucoup plus facile, s’occupant toujours de moi avec grand soin et gentillesse.
Je sais gré également a Frédéric Coquel pour son attention & mon égard a la fin de mon stage
et au début de ma theése, Jean-Claude Nédélec pour son profond intérét pour le Chili, Aldjia
Mazari pour ses recommandations en escalade, Sylvain Ferrand pour ses dépannages SSH et
Marc Albertelli pour ses méthodes d’optimisation dans le cadre du projet RODIN, ainsi que
Thomas, Daphné, Gwenael, Jean-Leopold, Abdul, Laetitia, Laurent, Xavier, Zheng, Camille,
Franck et Aymeric, qui ont contribué de maniere directe ou indirecte & ma these, a travers leurs
suggestions, discussions ou bonne humeur autour d’une tasse de café ou de thé.

J’adresse un remerciement particulier aux amis et collegues suivants: A Zixian et Anna pour
la découverte de la cuisine chinoise et russe, a LiMa pour ce Noél aux Alpes inoubliable, a
Mamadou pour ces bieres dans le quartier Latin ou a Bellavista, a Christophe pour ces délicieux
repas d’hiver a la Cité U, a Harsha, Matteo et Joakim pour ce mariage extraordinaire en Inde, et
a Charles et Georgios, mes camarades d’armes, pour cet article écrit & 3+1 et ces voyages de réve
autour le monde, expérimentant des inondations d’été dans un quartier baroque de Copenhague,
des conférences aupres des plus belles plages de Grece et du Brésil, et des promenades avec des
alligators aux Etats-Unis.

Malgré les années écoulées, les paysages défilés et les océans traversés, je souhaiterais ex-
primer ma gratitude et rendre hommage a deux maitres qui m’ont fait découvrir la beauté des
mathématiques dans ma jeunesse, il y a déja plus de 15 ans dans un lycée perdu dans le désert
d’Atacama. Ma plus haute estime pour Oscar Martinez et Manuel Rodriguez.

Durant ce long chemin, le soutien inconditionnel de mes parents, a qui je dédie cette these,
a été un élément indispensable dans ma formation académique, professionnelle et humaine. Je
ne serai pas la aujourd’hui sans eux.

Enfin, je n’oublie pas de remercier la plus belle femme de toutes, Elodie, dont la tendresse
et les encouragements ont été précieux dans les moments les plus difficiles de la these ou selon
Camus il fallait imaginer Sisyphe heureux.

Merci a tous et a toutes.



11

Optimization of composite structures
A shape and topology sensitivity analysis

Abstract

This thesis is devoted to the study of two main problems, namely the optimal design of multi-
layered composite laminates and the topological sensitivity analysis in anisotropic elastostatics.
Concerning the composite design, we consider minimal weight structures subjected to stiffness
and buckling constraints, where the design variables are the shape/topology of each ply and
the stacking sequence. Indeed, the composite laminate is made up of a collection of fiber rein-
forced orthotropic plies whose main axes can take four different orientations: 0°,90°,45°, —45°.
The way these orientations are arranged within the composite defines the stacking sequence.
The physical behavior of the multi-layered laminate is governed by the system of linearized von
Karman equations for plates. In order to optimize both design variables, we rely on a decom-
position technique which aggregates the constraints into one unique constraint called margin
function. Thanks to this approach, a rigorous equivalent bi-level optimization problem is es-
tablished. The latter problem is made up of a lower level represented by the combinatorial
optimization of the stacking sequence and a higher level represented by the shape/topology
optimization of each ply. We propose for the stacking sequence optimization an outer approx-
imation method which iteratively solves a set of mixed integer linear problems associated to
the evaluation of the constraint margin function. For the shape/topology optimization of each
ply, we lean on the level set method for the description of the interfaces and the Hadamard
method for boundary variations by means of the computation of the shape gradient. An aero-
nautic test case is exhibited for different constraints, namely compliance, reserve factor and first
buckling load. The second main problem of this thesis deals with the topological derivative
of cost functionals that depend on the stress and the displacement (assuming a linearly elastic
material behavior) in a general 2D and 3D anisotropic setting, where both the background and
the inhomogeneity may have arbitrary anisotropic elastic properties. A small-inhomogeneity
expansion of the cost function is mathematically justified for a wide class of displacement and
stress-based cost functionals having smooth densities and computational procedures are then
discussed. Several 2D and 3D numerical examples are presented, in particular demonstrating
the proposed formulation of the topological derivative on practical cases involving anisotropic
elasticity and non-quadratic cost functionals. Independently of the foregoing subjects, we treat
additionally two optimal design problems. First we consider the optimal distribution of several
elastic materials in a fixed working domain with either a sharp or a smooth interface. In order
to optimize both the geometry and topology of the mixture, we rely on the level set method and
the signed distance function for the description of the interfaces between the different phases.
Secondly, in the framework of efficient power complements to aircraft engines, we seek to come
up with the optimal micro-structure of micro-tubular fuel cells via an inverse homogenization
technique which maximizes the contact surface subjected to a pressure drop and a permeability
constraint. The optimal periodic design (fluid/solid) emerges from the application of a shape
gradient algorithm coupled to a level-set method for the geometrical description of the corre-
sponding cell problem.

Keywords

Shape and topology optimization, level-set method, composite materials, buckling constraint,
stacking sequence, topological derivative, multi-phase optimization, fuel cells, homogenization.
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Optimisation des structures composites
Une analyse de sensibilité géométrique et topologique

Résumé

Cette these est consacrée principalement a I’étude de deux problemes, a savoir la concep-
tion optimale des drapages composites et 'analyse de sensibilité topologique élastostatique
anisotrope. En ce qui concerne la conception des composites, nous considérons des struc-
tures de masse minimale soumises a des contraintes de raideur et flambage, ou les variables
de conception sont la forme de chaque pli et la séquence d’empilement. En effet, le drapage
composite est constitué d’une collection de plis orthotropes dont les axes principaux peuvent
prendre quatre orientations différentes: 0°,90°,45° —45°. La maniere dont ces orientations
sont disposées dans le composite définit la séquence d’empilement. Le comportement physique
du composite est modélisé par le systeme d’équations des plaques linéarisées de von Karman.
Afin d’optimiser les deux variables de conception, nous nous appuyons sur une technique de
décomposition qui regroupe les contraintes dans une seule fonction qui dépend des formes de
chaque pli uniquement. Gréce a cette approche, un probleme équivalent d’optimisation a deux
niveaux est établi de maniere rigoureuse. Le premier niveau, aussi appelé inférieur, représente
I'optimisation combinatoire de la séquence d’empilement tandis que le deuxieme niveau, ou
niveau supérieur, représente I’optimisation de la forme de chaque pli. Nous proposons ainsi pour
le niveau inférieur une méthode combinatoire convexe, alors que pour le niveau supérieur une
méthode des lignes de niveaux couplé a la notion de gradient de forme. Un cas test aéronautique
est détaillé pour diverses contraintes, a savoir la compliance, le facteur de réserve et la premiere
charge de flambement. Ensuite, nous étudions la dérivée topologique des fonctions colit qui
dépendent de la déformation et du déplacement (en supposant un comportement du matériau
élastique linéaire) dans un cadre 2D et 3D anisotrope général, c’est a dire ou & la fois le milieu et
I’inclusion peuvent avoir des propriétés élastiques arbitraires. Le développement asymptotique
de la fonction cotlit par rapport a I'inclusion est mathématiquement justifié pour une large classe
des criteres et des procédures de calcul sont plus tard discutées a la vue de plusieurs exem-
ples numériques 2D et 3D. Finalement, en dehors des sujets mentionnés précédemment, nous
traitons en outre deux problemes de conception optimale. Premierement, nous considérons la
meilleure répartition de plusieurs matériaux élastiques dans un domaine fixe, ot l'interface peut
étre nette ou lisse. Afin d’optimiser a la fois la géométrie et la topologie du mélange, nous nous
appuyons sur la méthode des lignes de niveau et la fonction distance signée pour la description
des interfaces entre les différentes phases. Deuxieémement, dans le cadre de I’étude des dispositifs
énergétiques complémentaires aux moteurs d’avions, nous cherchons a trouver la micro-structure
optimale d’une pile & combustible micro-tubulaire par une technique d’homogénéisation inverse.
Le motif périodique trouvé vise & maximiser la surface d’échange électrochimique soumis a une
contrainte de perte de charge et une contrainte de perméabilité. L’agencement optimal lig-
uide/solide découle de 'application de la méthode de lignes de niveau au probléeme de cellule
correspondant.

Mots-clés

Optimisation de forme, méthode des lignes de niveau, matériaux composites, contrainte de
flambage, séquence d’empilement, dérivée topologique, optimisation & plusieurs phases, pile a
combustible, homogénisation.
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Introduction

Structural optimization stands as a very active area in the industry of aeronautics and aerospace.
Thanks to the exponential increase of computing resources over the last 40 years, the develop-
ment of numerical tools oriented to structural optimization has been outstanding, reaching
nowadays a practical use widespread in industry. Even more, structural optimization has ac-
quired a paramount importance in the quest of faster and more efficient devices; the development
of lightweight structures responding to the overwhelming need of reducing fuel consumption for
economical and environmental reasons; and the design of innovative components made of “new
materials”, such as metal alloys and composites.

Throughout these years, the composite material technology has been continuously and pro-
gressively introduced in commercial aircraft, attaining more than 50% of the total weight in
today most popular models, such as the A350-XWB of Airbus Group and the 787 Dreamliner
of Boeing. Composite materials have become thus, an asset of major importance in the devel-
opment of the current and future aircrafts.

Despite the efforts accomplished so far to adapt classical structural optimization tools to
composites, currently aeronautical industry lacks of robust methods capable to master the op-
timal design of detailed composite coatings, such as the fuselage or the central wing box of an
airplane.

Figure 1: Classical optimization of the design of a metallic aircraft nose fuselage. (a): Traditional
configuration with horizontal and vertical stiffeners. (b): Weight optimized structure with
angled stiffeners (in red). Figure extracted from Sogeti Lab.

Indeed, a delicate point when dealing with composites stems from the necessity to guarantee
the compatibility between a “continuous medium” vision, necessary for the overall understanding
of the phenomena related to the stiffness level, and the discrete nature of laminated compos-
ites. Thereby, composite optimization techniques usually propose a two-level strategy where
a continuous representation of the composite is applied at the system level (fuselage or wing),
meanwhile the subsystem level (ply lay-up or stacking sequence of the panel) is treated with
discrete algorithms (see Figure .

The aforementioned approach has proved effective, however, it does not address all the
degrees of freedom and constraints within composite structures. In fact, the design of the in-

17
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90°

45°

Figure 2: Two-level optimization of a composite wing. On the right side the stiffness properties of the
wing (system level) meanwhile on the left side the local ply lay-up (subsystem level). Figure
extracted from Altair Engineering Ltd.

plane shape of each layer has scarcely been considered so far, despite of its importance in terms
of structural strength and manufacturability. The in-plane shape as a design variable can only
be treated satisfactorily through a continuous approach, which leads to reconsider the former
continuous/discrete framework.

In order to define the shape of each ply within a composite laminate, only a few works on
topology optimization have been carried out hitherto. Furthermore, most of these works rely
on the Solid Isotropic Material with Penalization (SIMP) method (see Figure |3). Within this
context, the shape design problem is replaced by the quest of finding the best density distribution
of material inside a reference domain. Typically the optimal distribution takes intermediate
values between 0 (void) and 1 (material), spawning fictitious microscopic composites. In order
to get rid of these intermediate values, which can be neither interpreted nor manufactured by
means of classical procedures, a penalization scheme is performed, favoring the generation of
binary 0 — 1 shapes.

In a complex mechanical framework however, where e.g. buckling or tensile failure constraints
are fundamental, the impact of such penalization schemes is not always evident and in some
cases the optimal solutions remain with large areas of intermediate density values. When those
situations occur, engineers extract a 0 — 1 shape by means of their mechanical experience and
intuition. Unfortunately most of the time this “interpretation” is not trivial and leads to non-
optimal structures.

Over the last years, the boundary variation approach of the level set method has become an
interesting alternative to the SIMP method in topology optimization of massive structures. In
a nutshell, the level set method for topology optimization implicitly describes the boundary of
a shape {2 enclosed in a “hold-all” computational domain D, via an auxiliary function v such
that (see Figure 4

Y(x)=0 ifzednD,
Y(r) <0 ifzeQ,
Y(x) >0 ifze (D\Q).

The complement of 2 in D can either represent a weak “ersatz” material, whose elastic properties
are adjusted to have a negligible mechanical contribution, or rather another arbitrary material,
thus constituting a multi-phase configuration. While keeping a “clear” 0 — 1 description of the
shape, the level-set method easily manages topological changes within a fixed grid, avoiding the
need of re-meshing.

Financed by Airbus Group, the ensuing thesis work is mainly devoted to introduce the level
set setting to the current design process of laminated composites, enabling a natural control
of the contour of each ply. In this way, both design variables, namely the shape of each ply
and the lay-up sequence, are optimally determined by means of a rigorous mixed or bi-level
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(a) Fiber orientation 0° (b) Fiber orientation 90°

(c) Fiber orientation +45° (d) Fiber orientation —45°

Figure 3: Topology optimization of a composite laminate made of 4 layers obtained from the industrial
software Optistruct (Altair). The density color red represents a density equal to 1 (material)
meanwhile the blue represents a density equal to 1072 (void). Each ply depicts the shape
of an unidirectionally reinforced orthotropic material with a particular fiber orientation. We
remark that the plies reinforced in 45° and —45° display important areas with intermediate
density values (green/yellow). For more details see Section in Chapter

strategy. Although the subject is rather exploratory, it is expected that the mathematical and
algorithmic contributions of this work will allow the development in the near future of an aid
decision tool for the design of large composite surfaces subjected to manufacturing and bending
stiffness constraints. This tool should help Airbus Group to increase the performances while
reducing the cost by cycle during the design of composite structures.
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0.136611
0.068306
)

—.068308

—.136611

—.204916

—.273222

—.341527

(a)

Figure 4: (a): Optimized shape Q (in black), enclosed in a square working domain D; (b): level-set
representation of the shape and color scale of the values of .

Along with the foregoing subject on composite materials, three other topics are developed
within this thesis, thanks to the fruitful interaction with other researchers and Airbus Group
engineers.
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The first one deals with the concept of topological derivative which measures the sensitivity
of a given shape functional with respect to an infinitesimal singular domain perturbation, such
as the insertion of holes, inclusions, source-terms or even cracks. Nowadays, the topological
derivative stands as a sprightly domain of research on topology optimization, inverse problems
and image processing. However, its treatment has been mostly limited so far to an isotropic
setting where the cost functional does not depend upon the elastic stresses. Due to the impor-
tance of some potential applications on problems involving inherent anisotropy, such as bone
tissue imaging, flaw identification in composites and topology optimization subject to the Hill-
Tsai failure criterion, the developed work is intended to mend this lack of material by giving an
extensive and general treatment of the subject.

The second topic regards the optimal distribution of several elastic materials (phases) in
a fixed working domain. This corresponds to a generalization of the multi-layered composite
case described above, without taking into account the stacking sequence of course. Considering
either a sharp or a smooth interface between phases, a shape differentiable parameterization via
a level-set function is presented. The proposed algorithm represents a robust and rigorous tool
for the optimal design of the so-called graded materials.

In view of further applications of the level-set method for topology optimization other than
elasticity, the third subject addresses the optimal design of a solide oxide fuel cell as a comple-
ment of an aircraft engine. In general fuel cells are extremely efficient energy devices that con-
verts chemical energy into electricity. Although they are very efficient compared to conventional
power machines, their large weight and volume represent a major drawback for aeronautical
applications. In view of the recent development of additive manufacturing techniques capable of
miniaturizing the fuel cell lay-out, the design of an optimized micro-tubular fuel cell is presented.
This design is obtained via an inverse homogenization procedure coupled to a level-set method
for topology optimization.

The thesis is divided in five chapters. We present a brief outline of each one separately.
Chapter 1: Background and review of the state of the art

This chapter provides the necessary background material and state of the art for the ensuing
analysis. In particular we give all necessary references to the previous literature on the topics
covered by this thesis (in contrast with the present introduction which does not contain any
reference). We start by recalling the main features of shape optimization, explaining the basic
differences between its three main categories, namely the parametric, geometric and topology
optimization. Then we focus our attention on the latter type. A general topology optimization
problem can be stated as follows

ol J(@), (1)
where @ C R? is the domain occupied by the structure, J is the objective function to be
minimized and U,q is a set of admissible shapes. The criterion J(2) is supposed to depend upon
the solution of a PDE, e.g. the elastic displacement of the linearized elastic system

—div(Ae(u)) = f inQ,

u = 0 onlp,

(Ae(w)) n = g onTy,
where A is the elastic tensor of the medium, e(u) = (Vu + Vu?)/2 is the symmetrized strain
tensor, f is the applied body force, ¢ is the surface load applied on I'y € 92 and I'p C 99 is

the clamping zone.

We furnish a brief description of the main techniques in topology optimization (homoge-
nization, SIMP, level-set, etc.) and some theoretical existence results for . Also, a short
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description of the main tools in shape sensitivity analysis, namely the shape derivative and the
topological derivative, is delivered.

Then we describe the level-set method for topology optimization. This method combines the
aforementioned shape sensitivity analysis to obtain a descent direction and a level-set method to
parameterize the shape. Thanks to this particular description, topology changes can naturally
occur during the optimization process. We consider for that purpose all shapes €2 to be included
in a hold-all computational domain D, and represented implicitly via the zero level-set of a
scalar function v, defined as:

P(x)=0 ifzednD,
Y(z) <0 ifxeq, (2)
Y(x) >0 ifze (D\Q).

If the domain Q evolves in pseudo-time ¢ (hence we rather denote the level-set function as 1 (¢, z)),
its deformation under the action of a velocity field 6(¢, z) is governed by a Hamilton-Jacobi type
equation on :

0
aif(t,x) F V(D) |Vt a)| =0, Vi Vo e D, 3)
where V(t,2) = 0 - n corresponds to the normal component of the advection field 6,
_ Vlta)
V(¢ )|

the natural extension of the normal on 92 throughout D and 6 is chosen such that 8 -n = 0
on 0D. The level set method for topology optimization thus, consists in finding the solution
of by iteratively deforming an initial shape €, using each time as advection field V' in (3)
the descent direction furnished by the shape derivative —J'(Q2). The detailed ingredients of the
optimization algorithm are explained and a couple of numerical examples are shown.

Finally we recall the definition and the main properties of composite materials, giving a par-
ticular emphasis to the laminated ones. Denoting as 2h the thickness of a laminated composite
plate with in-plane shape (), the horizontal displacements u and the deflection w of the plate
obey the von Karman equations

—div(AE(u,w)) =0 in Q,
V2 (DV*w) — AE(u,w) : V2w = P in Q,
w=0,u=0,Vw-n=0 on I'p, (@)
AE(u,w) -n = 2hg on 'y,
(DV?W)pp =0 on I'y,
[ V- (DV?w) -n+ %(szw)m =2hg-Vw only,

where the tensors A, D represent respectively the extensional and bending stiffness of the plate,
E(u,w) = e(u) + %VU}TVU), P is a pressure load, g is a surface load applied on I'y C 99
and I'p C 0N2 represents the clamped zone. The associated linearized buckling problem is also
presented, in view of the later need to invoke its first positive eigenvalue as a buckling constraint.
The chapter is closed with a short explanation of the main mathematical properties of the von
Karman model, notably those related to bifurcation theory.

Chapter 2: Multi-phase structural optimization

This chapter sets forth the problem of optimal distribution of two materials with elastic
tensor Ag and A, occupying two domains Q0 and Q! = D\QO, respectively.

First, the classical “sharp-interface” model is studied. The global elastic tensor A is assumed
discontinuous on the interface between the materials and given by

A= xqoAo + (1 — xqo)Ar,



22 CONTENTS

where xqo is the characteristic function of the domain Q°. The shape derivative for a general
criterion is computed within this framework and the inherent difficulties estimating the involved
jumps are evoked. A discretized model is introduced as an alternative to the continuous set-
ting. Thus, we propose instead to differentiate the discretized problem, providing a consistent
approximation. The shape differentiability and the directional differentiability are established
according to the lay-out of the contours of each phase. This study contributes to clarify and
enrich the existent literature on the topic, rendering the right numerical usage of the shape
derivative for multi-phase problems.

Then we consider a “smoothed-interface” model, where the material properties are interpo-
lated between the two phases in an area of width 2. The “intermediate interface” is defined
through a level-set function 1. The smooth elastic interpolation arises from the use of a regular
function he(dgo) which depends on the signed distance function to the domain Q°

—d(z,000) ifz e,
doo(x) =4 0 if v € 0QY,
d(z,0Q% ifz € D\QO,

where d(-, 0f2) is the usual Euclidean distance. In the case of the compliance

J(Q0) = /DAe(u) :e(u)dz,

where u is the unique solution of , the shape derivative of J reads
J(90)(0) = - /F () - () (fole) + fa(a)) do.

where I' is the optimizable boundary, n is the outer unit normal to Q° and fy, fi are scalar
functions defined by

d—1
Jo(z) = / h. (dgo(2)) (A1 — Ao)e(u)(2) = e(u)(2) [ | (1 + dao(2)ri(@))dz,
rayp(z)nQo =1
d—1
fi(z) = / h. (dgo(2)) (A1 — Ao)e(u)(2) = e(u)(2) [ [ (1 + dao(2)ri(@))dz,
rayp(z)nQt =1
ki(x), 1 <i < d—1, are the principal curvatures and z denotes a point in the ray emerging from
x €T, i.e. the line connecting x € I" with its corresponding point on the skeleton of the shape.
We emphasize the differences with respect to previous publications on the topic, and we
propose consistent simplified formulae. We show how the method is extended for more than
two phases, exhibiting some test cases of compliance minimization (see Fig. . The above
results settle this smooth-interface approach as a promising technique in the optimal design of
the so-called “graded materials”.

Chapter 3: Optimization of laminated composite plates

This chapter treats the main object of this thesis work, namely laminated composite opti-
mization. According to Figure[6] let O be a symmetric laminated composite structure composed
of the superposition of 2N anisotropic layers, each one of constant thickness € > 0 and variable
shape Q; C Q, where Q is a regular sub-domain of R?. By abuse of notation we denote O as

O = {Qi}ico (oy,i=—n. -

Since we suppose O symmetric (2_; = €;), we consider only N layers. The collection of
complementary shapes of each ply within the laminate (2\(2;) can be understood either: (a)
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(a) (b)

Figure 5: Medium cantilever optimization using three isotropic materials with different stiffness ratios
(1:black, 0.5: dark gray and 0.25: light gray).

filled with a different material from the one occupying €2;, rendering each ply biphasic, (b)
constituting a true “hole” so when gluing together the plies towards the plane of symmetry
IT = 0, the distal layers bend and fill the holes to keep contact with the proximal layers (See Fig.
@. The elastic material inside each ply €; is denoted as A;, and we assume it corresponds to
an unidirectionally fiber-reinforced orthotropic material with 4 possible orientations w.r.t. the
canonical axis: 0°, 90°, +45° and —45°.

Figure 6: Multi-layered setting. (a): Half-part of a multi-shape composite design with plane of symme-
try II = 0. Each ply has its own shape Q; C Q. (b),(c): The “holes” are either filled with
another material or rather inwardly flatten within the laminate.

Likewise Chapter 1, we suppose the same partition of 9Q (02 = I'p UT'y) and loading
configuration (g, P). Then the in-plane displacement u and the vertical displacement w within
O satisfy the limit two-dimensional von Karman plate model . The total extensional and
bending stiffness tensors, respectively denoted as A and D, stem from the superposition of plies
according to the classical theory of plates.
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Apart from the shape of each ply, the tensors A and D depend on the sequence of fiber
orientations constituting the laminate and the way they are distributed along the thickness.
This variable is called stacking sequence and we define it by means of the binary matrix £ € Y
with

o = 1, if the layer in position m has fiber orientation n,
mn 0, 1 if not,

and

4
n=1
The function r inside the foregoing definition represents the set of manufacturing constraints.
Henceforth, the mixed problem we contemplate to solve reads

min J(O)
O€Uyq,,€Y

S.t (5)
G(0,8) <0,

where the objective function J(O) does not depend on the stacking sequence £ and it represents
the mass of the structure meanwhile the vectorial constraint G = {G;(2, )} j=1..m represents
a sequence of regular measures of the stiffness of the plate, e.g. the compliance, the Hill-Tsai
failure criterion or the first eigenvalue of the linearized buckling problem associated to . The
admissible set U, is defined as

Usa = { {Q}1o1..x 1% C Q and P(:) <5, Vi = 1.V},

where the constraint on the perimeter of each ply P(€;) < ¢, with ¢ > 0, ensures the existence
of an optimal solution to (|5)).

In order to write the continuous optimality conditions of problem in view of the later
implementation of a descent gradient method, the following equivalent problem to (5|) is intro-
duced

Juin {J(O)IM(0) <0}, (6)

where M stands as the constraint margin function

M(0) := min max {G;(0,¢)}- (7)
Thereby, the optimality conditions of (|5) can be casted at O* € U,,4 as the existence of multipliers
A, i € R (not both zero) such that

0 € AJ'(O%) + pdM(0%),
pM(O*) =0,

M(0") <0,

A >0,

where J’ is the sequence of partial shape derivatives with respect to the shape of each ply and
OM is the sub-gradient (or equivalently generalized gradient) of M, which arises from the non-
differentiability of the constraint margin function due to non-uniqueness of the solution £ € Y’
in the definition (7).

Finally we implement a multi level set method to solve @, meanwhile the evaluation of the
constraint margin function M in is achieved thanks to an outer approximation scheme, which
stands as an exact method for convex non-linear integer programming problems. A numerical
example for a fuselage section subjected to different constraints is detailed.
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Chapter 4: The topological derivative in anisotropic elasticity

This chapter investigates the topological derivative DJ of a general cost functional J de-
pending on the stress and the displacement in a full anisotropic elastic framework. The topolog-
ical derivative DJ(z) quantifies the perturbation induced to a cost functional J by the virtual
creation of an object B,(z) (cavity, inhomogeneity, source term, etc) of vanishingly small char-
acteristic radius a at a prescribed location z inside a solid £ C R3.

Consider an inhomogeneity of elastic tensor C*, which is embedded in 2. The elastic prop-
erties within 2 without the inclusion are given by the elastic tensor C. Then we define the
topological derivative through the following asymptotic development

J(Co) = J(C) 4+ d(a)DJ(z) + o(d(a)),
where the elastic tensor C, describes the whole solid elastic properties
Ca =xB,C"+ (1 = x8,)C,
d(a) vanishes as a — 0, and the inclusion B, occupies the domain
B, =z+aB, BCR?bounded and regular.

We assume that the cost functional J has the form

J(Ca) = Ja(tia, Vug) with Ja(u,d):/Qiﬁa(ac,u(x),d(x))dx—l— 8Q¢S(x,u(x))ds. (8)

The densities 15 : @ x R? = R and 1, 9* : Q x R? x R3*3 = R, with
Yo = (1 = xB)Y + xB,YV",

are supposed to be twice differentiable in all their arguments and to satisfy adequate growth
conditions. The function u, stands for the elastic displacement field in the solid containing the
small inhomogeneity B,.

We split the boundary 92 as 92 = I'p UT'y (where I'p NI'y = 0 and |T'p| # 0) and define
the kinematically admissible spaces

W(a) == {v e H (Q;R3), v=1a on I'p}, Wy == W(0),

where @ corresponds to an arbitrary prescribed Dirichlet data. Then the displacement field
ug € W () solves the transmission problem

div(Cee(uqg)) + f=0in Q, (Ce(uy)) n=gonTyN, u,=1uonIp,

where f and g hold as the applied volume and surface loads, respectively.
We also introduce the free-space transmission problem

div(Cp:e(up[E])) =0 in R3, ug(§) — E-£=0(|¢[7?) (|| = o),

with Cg = xBC* + (1 — xp)C and E an arbitrary constant second-order tensor, and the elastic
moment tensor A:

A:E:/(C*—C):Vulgdx VE e R3S,
B

Then we prove, by virtue of an asymptotic development of u,, that the topological derivative
DJ at z of the cost functional has the following structure

DJ(z) = |BJAY(z,u(z), Vu(z)) — Vp(z): A: Vu(z)
+8d(Aw)(z,u(z),Vu(z)):/BVvlg(:c)da:

+ [ G Vos())ds + / G* (2, Vg (z))da, ()
R3\B B
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where At = 1p—* and vg(z) = ug[Vu(z)](r)—Vu(z)-z. The functions G and G*: R3xR3*3 — R
are defined, for a given background solution u, by

G(z,d) == (z,u(z), Vu(z) +d) — ¥ (z,u(2), Vu(z)) — 0q¢(z,u(2), Vu(z)):d
g*(zv d) = Q/)*(Z7 u(z)a Vu(z) +d) - W(Zv u(z)7 Vu(z)) - 3d1/1*(27 u(z)a V’LL(Z)) : d,

meanwhile the adjoint state p € Wy solves
—div(Ce(p)) = Oudo(u, Vu)—div(9qdo(u, Vu)) in Q, (Ce(p)n = 04Jo(u, Vu) on 'y, p =0 on I'p.

The computation of @D is largely discussed and a few 2D and 3D numerical examples are
exhibited.

Chapter 5: Optimal design of a micro-tubular fuel cell

In this chapter we study the problem of finding the optimal configuration for a micro-tubular
solide oxide fuel cell (see Fig. [7] (a)). Fuel cells are energy devices which can efficiently convert
chemical energy into electrical energy. Unfortunately, due to their high weight and volume, their
application to aeronautics has been limited so far. However, thanks to recent developments in
additive manufacturing techniques, capable of reducing the size of complex structures by allowing
the design of extremely small features from a CAD model, the aforementioned limitation is
becoming obsolete.

A generic fuel cell is mainly composed of two porous electrodes (anode and cathode) and a
dense electrolyte. Thus, let Q. C R¢ be the porous volume of the fuel cell where the air flows
freely, delimited by the boundaries I'p, I'y and I'¢ (see Fig. m (b)). The air is injected through
I'p, meanwhile I'y is impermeable. A periodic arrangement of anode/electrolyte/cathode tubes
constitutes the interface I'c. The air transports several species but we concentrate on the oxygen
05, which is consumed in the electrochemical reaction on the surface I'.. The adimensional pa-
rameter € corresponds to the ratio between the characteristic size of each tube and a macroscopic
characteristic length.

cathode FN
(a) (b)

Figure 7: (a): Proposed micro-tubular design with arbitrary shaped tubes. (b): Transversal section
of the porous fuel cell and boundary conditions. The air flows from the left to the right.
The fuel penetrates orthogonally through the figure inside the red tubes. I'. represents the
anode/electrolyte/cathode lumped structure.

Under some classical simplifications of the internal structure and the fluid within the fuel
cell (laminar and incompressible flow, isothermal state, etc.), the upscaled (homogenized) state
equations read
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div(u*) =0 z €

u* = —%Vp* x e 1
% +u* - VX* = Adiv(DVX™) 4+ [Ow|R(X*) x€Q (11)
X* = init tZO,ZL'GQ,

subjected to the following boundary conditions

u* = up X*=Xp t>0,x€lp,
wn=0 VX" n=0 t>0,z€'y.

The preceding homogenized equations can be identified to the classical Darcy law for the
fluid flow (air) in a porous media and a convection-diffusion-reaction equation for the transport of
the solute (Ogz). The functions u*, p* correspond to the homogenized velocity and pressure of the
air, X* the homogenized O concentration, u the viscosity of the air, A the diffusion coefficient,
|Ow| the perimeter of the micro-fuel-tube w scaled to the unit cell Y = [0, 1] x [0, 1], R(X™*) the
Butler-Volmer reaction term and (up, Xp) the velocity of the air and the concentration of Oy
at the inflow boundary I'p. The effective porous media diffusion tensor D and the permeability
tensor K are defined by means of the solutions of two cell problems.

In order to optimize the performances of a periodic micro-tubular fuel cell with variable
shaped fuel tubes, we propose the shape optimization problem

max |Ow|
wCY

s.t.
lw| > Cylowl
tr(K

e

(12)

where w stands for the shape of each tube inside the unit-cell Y, K is the aforementioned
permeability tensor in (11)), and ¢r() is the trace operator. The idea is thus to find the shape
w with the largest perimeter (so as to maximize the electro-chemical reaction within the fuel
cell) subjected to a pressure drop and a permeability constraint, parameterized through the
coefficients Cy and ky,in, respectively.

Problem is efficiently solved via the level-set method for topology optimization described
in Chapter 1, where each shape w C Y is described by means of a level-set function .

(a) (b)

Figure 8: Example of an optimal fuel cell design. (a): stands for the base cell optimized result, mean-
while (b): corresponds to the respective periodic structure.
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1.1 Structural optimization

Shape optimization attempts to find the optimal shape of a domain which minimizes or maxi-
mizes a given criterion subject to a set of constraints. This quest has inspired humanity since a
quite long time, going back at least to the Antiquity. We can cite e.g. the so-called “Problem of
Queen Dido”: Tells the Roman poet Vergil in his famous epic Aeneid, that after the Phoenician
princess Dido escaped from Tyre (now part of Lebanon), she disembarked in Africa, at the place
that later became Carthage. The local ruler (King Jarbas of Numidia), accepted the settlement
of Dido and her people under the condition that the queen would obtain only as much land as
she could enclose with the skin of an ox. Cutting the skin in very thin strips and tying them
together, Dido chose to draw her territory as a semi-circle enclosing the coast, solution that
yields the largest possible area. The mathematical translation of the latter property reads by
means of the isoperimetric inequality: If € is a plane domain with a finite area |{2| and perimeter
P(2), then

1
Ql < —P(0)?
|!_47T ()7,

with equality only if Q is a circle. We conclude thus that the circle maximizes the area for a
fixed perimeter.

Nowadays, shape optimization is a key tool in modern industrial design. Notably the industry
of aeronautics has enjoyed enormous advances e.g. on optimization of the profile of a wing

29
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[ido Purchases Land for the Foundation of Carthage. Engraving by Matthilus Merian the Eldes, in Historische Chronica,
Frankdurt a.M., 1630, Dida's people cut the hide of an ox nta thin strips and by 10 enclosa a maximal domain.

Figure 1.1: Dido’s people cut the hide of an ox into thin strips and try to enclose a maximal domain

48]

to improve the penetration into the air or the lift; construction of quieter aircraft, especially
supersonic aircraft; and research on stealth aircraft.

In general the preceding problems are highly non-trivial, since the criterion to optimize is
computed through the solution of a partial differential equation (the so-called state equation).
Let us e.g. explain more in detail the optimization problem of designing the profile of an airplane
wing [255]. Consider a wing whose shape is given by A C R3. We search to minimize the drag
coefficient ¢4 defined as

cq(A) = / [M(Vu +Vaul) - 2—Mdivu ‘N Useds — / PN - Usods
DA 3 2A
where u is the velocity of the fluid, p is the viscosity, p the pressure and wu is the speed of
the wing in the fluid. The foregoing quantities (except from u,) are computed by solving the
compressible Navier-Stokes equations in the complement of the volume A occupied by the wing.
The fact of solving the 3D Navier-Stokes equations in an unbounded domain in the presence
of a high Reynolds number makes this problem very difficult, both numerically and theoretically.

During the last decades, thanks to the exponential development in computing power, the
process of optimizing structures has rapidly evolved from experience and knowledge of engineers
to automatic tools based on more or less classical mathematical algorithms and techniques.
These advancements have enable the possibility of efficiently treat complicated problems where
e.g. the mechanical intuition is very limited (dynamics, non-linear problems, etc...) and reduce
the cost of long periods of design through trial and error.

Due to the increasing interest in the subject, many methods have been studied and developed
in structural optimization during the last years. Among the vast literature available on the field,
we refer the reader e.g. to [4, 45] 144, 285] 255] and references therein.

Depending on the choice of geometric representation of the shape, a subdivision of shape op-
timization problems can be established. Thus, three main categories are recognized: parametric
(or size), geometric (or shape) and topology optimization. We give a short description of each
one of them, emphasizing the last one though.

1) Parametric (or Size) optimization. The shape is described a priori using a limited
number of parameters. Such control variables can be for example the thickness distribution of
the structure, the size of structural members or the size of bars in a truss. Many approaches have
also been presented, in which the boundary of the structure is parametrized using polynomials,



1.1. STRUCTURAL OPTIMIZATION 31

such as Bézier curves, splines or NURBS. This type of optimization is widely used in industrial
applications, but offers a limited possibility of shape variations [411 [5, [86, 44].

2) Geometric (or Shape) optimization. The optimization variable is the boundary of the
structure itself. This boundary is not a priori limited to a certain family of curves (splines,
NURBS, etc...), but rather completely free [14] [5, 255, 224]. It can be numerically represented
using e.g. a non-structured mesh which is deformed. Even though the domain has the freedom
to vary according to the boundary, no topology changes can take place.

3) Topology optimization. We search to find the best shape without imposing any previous
restriction. Unless it exists some reason to use a parametrization of the shape or to keep
a specific topology, this category of shape optimization is the most interesting and allows to
explore a larger set of shapes, increasing the possibility to obtain “better optimal” solutions.
Currently several methods for topology optimization exist in literature. The mainly differ in the
way topological changes occur. We give a rapid glance to each one of them.

The first efforts to create optimal topologies in structural optimization employed the homog-
enization method introduced by Murat and Tartar [232], B01],302]. Also important contributions
are due to Cherkaev, Gibianski and Lurie [85, 126, 206], together with Kohn and Strang [182].
The article of Bendsoe and Kikuchi [43] popularized this method and had an enormous impact
among engineers applying shape optimization. We also refer the reader to [4]. Within this
method, the shapes are described by a distribution of intermediates densities going from zero
to one. In the case of linear elasticity, the relaxed physical properties of the medium belong to
the space of homogenized elasticity tensors Gy, representing the set of “composite” materials
made from the mixture of one material and void in a certain proportion 6. A typical solution
of an homogenized problem results in an optimal shape like the one on the left of Figure
In general the notion of “shape” with clear boundaries is lost, giving way to a “composite”, in
the sense of graded structure. Unfortunately for engineering applications, this is a cumbersome
drawback which does not allow to construct structures by classical manufacturing procedures
such as machining or molding. However, the recent outstanding development in additive manu-
facturing techniques such as 3D printing, enables to consider the fabrication of graded materials
in a near future (see Figure .

Figure 1.2: Left: density distribution of a composite optimal shape; right: penalized optimal shape
(figure extracted from [4]).

In order to obtain a classical shape from the homogenized optimum, usually one penalizes
intermediate densities through fictitious interpolation schemes for the material properties, which
has the tendency to produce 0 — 1 shapes (see Figure on the right).

A part from problems involving the compliance and eigenfrequency optimization in elasticity,
the homogenization method is not fully operative due to the lack of knowledge of the set of
homogenized elasticity tensors Gy [4]. One must thus conform with approximations of the
foregoing set where the global optimality cannot be necessarily guaranteed. The most well-
known approximation is the one that entails the SIMP method (Solid Isotropic Material with
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Penalization) [45], 44].Indeed, Gy is approximated by the set of elasticity tensors of the form
Aijr1(0) = 6P Ayjpg, where Ayjp represents the elasticity tensor of the full material ( = 1) and p is
the penalization power, used to enforce shapes with approximative 0 — 1 designs (usually p = 3).
We can also cite e.g. other schemes, such as RAMP [291] and combinations of penalization
techniques with Heaviside projection functions [I31].

Due to its robustness and simplicity, the SIMP method has been applied to several engineer-
ing problems with excellent results [44]. Furthermore, most of commercial softwares dedicated
to topology optimization, such as GENESIS (Vanderplaats), NASTRAN (MSC Software), OP-
TISTRUCT (Altair) and TOPOL (Samtech), are based on the SIMP method. Nevertheless,
despite of all these good features, in many cases where the position of the interface is a critical
matter, such as those involving manufacturing [220] or pointwise constraints, the use of the
SIMP method seems not to be the most suitable due to the remaining intermediate density
zones. For the interested reader, we recommend [262].

(a) Homogenized structure and mapping of
density to micro-structure

.

» & 4@ . -

,0‘0‘0.‘.0’0.

AR .
. - .- & 4 »

(b) Combined solid and lattice structure

(¢) Concrete samples made by hand to illustrate the con-
cept of density gradient in concrete. MIT Media Lab

Figure 1.3: Applications of additive manufacturing to graded materials for topology optimization [58].

Another way of doing topology optimization without invoking intermediate densities is
through the boundary variations methods. These methods combine classical shape sensitiv-
ity analysis tools with geometric representation methods that allow topological changes to occur
in a natural way. Therefore the position of the interface is known at every iteration. We can cite
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e.g. the level-set method for topology optimization [11] [BT19], explicit mesh representations of
the domain [87), [97], the phase-field method [320], [329] 322} 300] and topological derivative-based
methods [245] 283], 123| 25]. The level-set method will be presented in detail in Section

Finally among the so-called non-gradient based methods, we can cite genetic algorithms
[0, 172), [142], integer programming [297], cellular automata [179] and evolutionary algorithms
[159]. One of the most well-known method in the last category is the Soft Kill Option (SKO)
[211] [34]. This heuristic, inspired by nature, removes the less efficient elements of the structure
in order to obtain an iso-stressed configuration.

Generally speaking, the aforementioned methods are very easy to implement since they do
not require any gradient and the shape description is simpler. However, they have been largely
criticized, e.g. in [276], due to their restricted application to academic test cases and their
excessive numerical cost.

1.1.1 Do optimal shapes exist?

We give a brief review of some fundamental ideas on the existence of optimal shapes, which is
of course not exhaustive. In general a shape optimization problem can formally be written as
inf J(Q 1.1
it (), (11)
where () is the domain occupied by the structure, J is the objective function to be minimized
and U,q is a set of admissible shapes. Suppose additionally that J depends on the set U,q via a
second order elliptic PDE.
The main method for proving the existence of a solution to (1.1]) is to endow U4 with a certain
topology T which ensures that U,q is compact and J is a lower semi-continuous function. This
method is called Direct method in the calculus of variations [94] and can be stated as follows

Proposition 1.1.1. Suppose U,; compact and J bounded from below and sequentially lower
semi-continuous w.r.t. the topology T. Then there exists a certain 0 C Uyg such that the min-
imizing sequence (Qy)n C Uagq admits a sub-sequence (Qy, )n, — 2 and Q* is solution of (L.1)).

One of the most typical difficulties in shape optimization is the generic non-existence of
well-defined solutions (i.e. domains in the admissible space). In the light of Proposition m
this fact is generally justified by either the lack of compactness of U,q, or the absence of lower
semi-continuity of J. This seems to be just a theoretical problem for mathematicians, but it has
a dramatic consequence for practical and numerical applications. Indeed, most algorithms are
not convergent under mesh refinement or highly sensitive to initial guesses, which implies that
the result of a computation is never guaranteed to be optimal, even approximately.

Counter-examples to the existence of optimal designs have been quite detailed in literature
[228), 30}, 84]. In order to fix the ideas, let us cite an example from [5]

An example of non-existence

Consider a membrane occupying the domain D = [0, 1] x [0, 1], on which two horizontal uniform
loads (denoted as ej) are respectively applied on its left and right sides (see Figure [1.4)). The
membrane is filled with two isotropic elastic materials, respectively characterized by the coeffi-
cients « and . The coefficient 3 is set to a very small value representing void (thus o >> f3).
Assuming that the strong phase o occupies the domain 2 C D, the elastic coefficient «, for the
whole domain D is written as

oy = ax + A1 - X),

where characteristic function y reads

wn={} gt w
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Then the displacement u, solves the state equation

—div(oy,Vuy) = 0 in D, (13)
ayVuy,-n = e -n ondD. ’
Problem (|I.1)) can be written in this case as
inf J(x), (1.4)

Xeuad

where we look for the shape of the membrane that maximizes its rigidity (or rather minimizes

Figure 1.4: Membrane having the same volume, but different number of holes. The shape on the right
is more rigid than that on the left (figure extracted from [5]).

the potential elastic energy/compliance) for a certain specific volume V, of the rigid material.
Mathematically the optimization problem reads

inf J(X):/ (e1 - n)u,ds, (1.5)
XE€Uqq oD

where the admissible set U, is defined as

1
Upg = {X € L>(D;{0,1}) such that D xdr = Va} .
D

Then one can prove
Proposition 1.1.2. There exists no optimal solution for problem i the set Uyq.

An intuitive explanation of the above result is that the rigidity of the structure could be al-
ways further improved by creating smaller and smaller inclusions of weak phase aligned with the
direction of the force. Since the admissible set U, imposes no constraint on the size or smooth-
ness of the holes, this process could be continued without any limit. In fact, the sequence of
such shapes does not converge to a classical shape described by a characteristic function, but

instead to a composite material, a mixture of materials o and 8 with densities # = % and 1—6.

In order to palliate the inconvenient of non-existence of an optimal solution, two method-
ologies arise to ensure the compactness of U,y (while assuming the lower semi-continuity of J).
The first one is to restrict the class of admissible designs by adding further constraints which
ensure the existence of an optimum. On the contrary, the second one searches to enlarge the
class of admissible designs by allowing for generalized designs for which there are optimal solu-
tions. We proceed to give a rapid glance to each one of the above solutions for different classical
PDE’s (not exactly the aforementioned membrane model even though the results can usually
be generalized). For the interested reader we recommend [4] [5, [144] O, 64] and the references
within.
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Restriction of the admissible set

In general these constraints are intended to prevent shapes to oscillate too much or to change of
topology. Some of them have a geometrical interpretation meanwhile others are a consequence
of purely technical arguments introduced in the optimization model.

1) UNIFORM REGULARITY CONSTRAINT OF THE BOUNDARY.

A first natural idea to prevent oscillations of the minimizing sequences consists in working
with domains which have some uniform regularity. This regularity can be expressed either in
terms of uniform Lipschitz regularity of the boundary or in term of uniform cone condition. Let
us choose the latter one which is more geometric.

Definition 1.1.3. Let y be a point in R, £ a unit vector and ¢ > 0. We denote by C(y, &, ¢)
the cone defined by:

C(y,&,¢) = {z e RY(z —y,€&) > cos(e)|z —y| and 0 < |z — 2| < e} .
Furthermore we say that an open set £ has the e—cone property if:

Yz € 0Q, 3¢, unit vector such that Yy € QN B(x,€),C(y, &, €) C Q,

where B(x,¢€) is the ball centered at x with radius €.

It can be proved [83], that the previous property is equivalent to uniform Lipschitz property
of the boundary of €.
For a fixed € > 0, we now introduce the following class of admissible domains:

Uug = {2 C B open set and 2 has the e — cone property}, (1.6)

where B is a fixed ball. Then the following statement enables us to prove the existence of an
optimal shape in U,q4

Theorem 1.1.4 (Chenais [83]). Let f € L?(B) and for allw C B, let u,, and v,, be the solutions
of the following Dirichlet and Neumann problems:

—Au, =f inw, and —Avy,+v,=f inw,
U, =0 on Ow. %L; =0 on Ow.

Define the cost functions
le/j(x,uw,Vuw)d:L‘ and ng/j(x,vw,O)dx—l—a/|va\2dx, (1.7)

with o > 0 and Yz € B,r € R,p € R? |j(x,r,p)| < C(1+ 72+ |p|?). We assume moreover that
J1, JJa can be estimated from below. Then for a fized €, there exists at least one solution of (|L.1))
with J = Jy or J = Ja and Uyq given by (1.6)).

The proof relies on the use of the Hausdorff convergence for open sets (see Remark |1.1.10)).
2) LIMITED NUMBER OF CONNECTED COMPONENTS

In two dimensions, we can state a constraint of topological nature that assumes that the
number of connected components of the complementary must stay bounded. Indeed, let B an
arbitrary bounded set and [ > 1 integer. For every open set w C B we denote by #w® the number
of connected components of the complementary of w. Then the following existence result due
to Sverak follows
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Theorem 1.1.5 (Sverak [298]). Consider the same framework than Theorem but this time
with the definition of Uuq as
Upg = {w C Blfw < 1}.

Then there exists at least one solution of (1.1) with J = J;.

From a mechanical point of view, the aforementioned result can be interpreted as the exis-
tence of an optimal shape for an isotropic and homogeneous membrane, where u corresponds to
the vertical displacement [5]. The generalization to linearized 2D elasticity (where the displace-
ment v is now a vector) is due to Chambolle in [81].

3) PERIMETER CONSTRAINT.

There are several cases where imposing constraints on the perimeter of the admissible do-
mains appear very natural. This is the case, in particular, when the perimeter appears directly
in the functional we want to minimize as a surface tension term. It can also be a good measure
of the cost of the design we want to construct.

For a shape Q C D, with D an open subset of R? we recall the definition generalized
perimeter P introduced by De Georgi as

P(Q2) = sup {/D xadiv(¢)dz; ¢ € CF(D;RY), [l (D) < 1}

In other words, P(f2) represents the total variation of the gradient of the characteristic function
considered as a Radon measure. We will denote by M;(D) the set of Radon measures in D with
finite total mass. Then the compact embedding

BV(D) = {f € L"(D)|Vf € My(D;R%)} — LY(D)
yields the following result due to Ambrosio and Buttazzo [16 [144]

Theorem 1.1.6. Let (,,),, be a sequence of measurable sets in an open set D C RY. We assume
that there exists an uniform constant C' such that

Q| + P(Qy,) < C,Vn.
Then there exists ¥ C D measurable and a subsequence (Qp, ), satisfying:

XQ,, — Xq+ strongly in L} (RY) and  Vxq,, — Vxor weakly-* in My(D; RY),
|| < liminf |, | and P(Q") <liminf P(Q,,).
k—o0 k—o0

Moreover, if D has finite measure, the convergence of X, towards xqo- takes place in L'(D)

and || = lim |, |.

Theorem 1.1.7. Consider two materials with constant conductivities «, 3, respectively (0 <
a < B). Let f € L3(D) be a charge density source and uq the electrostatic potential, solution of
the problem
{ —div((axa + (1 — xa))Vu,) = f  in D,
ug =0 on 0D.

For C > 0, introduce also the set of admissible shapes
Uga = {Q C D, ’Q‘_'_P(Q) < C}

Then there exists an unique solution to problem (L1)) with J = [, j(x, xq,uq, Vua)dz, where j
s lower semi-continuous and satisfies adequate growth conditions.
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The aforementioned elements will play a key role in the existence results of Section for
composite optimization.

4) REGULARITY OF THE LEVEL-SET FUNCTIONS.

Consider the weak formulation of the conductivity problem
/ <(G1XQ + az2(1 = xa))Vua - Vo + (bixa + ba(1 — XQ))UQU>dUC = / fvdz, Y € V. C H'(D),
D D

where a;, b; > 0, i = 1,2 represent two materials, D C R? is a fixed domain and f € L?*(D). We
search thus to optimize the position of the interface between both materials. The idea in [240]
is to take xo = H(pq), with H the maximal monotone extension of the heaviside function

1, p>0
H(p)=1q [0,1], p=0
0, p<O0

and the level set function po € W (D) representing 2, with

W(D)= { pe HD)|3rk, Mg,v > 0 such that |p| + |Vp| > v > 0 and Pl s 1y < MK
,VK C D compact},

where the constants rx and Mg depend of the compact K at issue. Then

Proposition 1.1.8. Define the admissible set
Upg = {Q C D|Fpq € W(D) such that xq = H(pq)}.

Then any sequence (2y)n C Uaq admits a subsequence (S, )n, such that there exists Q* € Uyq
and XQ,, — Xo+ a.e. in D. Moreover there exists an unique solution to problem with
J = ij(a:,XQ,uQ,VuQ)d:r, where j is lower semi-continuous and satisfies adequate growth
conditions.

5) REGULAR PERTURBATIONS OF THE IDENTITY

The following condition is due mainly to Murat and Simon [231], 230], but the approach
is quite similar to the one of Micheletti [221], [T04] through the Courant metric. Let Qg C RY
be a smooth reference domain and the space of diffeomorphism (differentiable bijections with
differentiable inverses)

D = {T such that (T — Id) € WH*°(R%:RY), (T — Id) € WHe(R%RY)}. (1.8)
We introduce the space of admissible shapes obtained by deformation of €1y as
C(Q)={Q 3T eD,Q2=T(Q)}. (1.9)

We remark that since T € D is a homeomorphism (continuous bijection with a continuous
inverse), all Q = T'(£2y) preserve the same topology than €. We also define the pseudo-distance

D _ . _ -1
PO, 0) = it (||T Ty + | T = 1d]] 10 0 ).

Then the following existence result follows
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Theorem 1.1.9 (Murat and Simon [230]). Let Vp, R > 0 be two constants. Define the admissible
set

ta = {2 € CIP(@. ) < R, [ do=Va. (1.10)
Q

Then any sequence (y)n C Ugq admits a subsequence (S, )n, such that there exists Q* € Uyq
and

sup (At (s ), iy (9, 00°), dpy (R Qe RNQY) ) = 0,
where dp is the Hausdorff metric (see Remark .

Thanks to the definition of U4, any admissible element €2 can be obtained by applying a
regular diffeomorphism to the reference domain €, restricting in this way the possible topology
changes of the shapes. This vector space representation of every admissible shape will allow us
to introduce the right framework to perform some calculus of variations through the notion of
the shape derivative (Subsection .

Several of the preceding conditions rely on the compactness induced by the Hausdorff metric
to the set of subdomains of a compact.

Definition 1.1.10. Let K, Ko C B and B a fized compact set of R:. Define the Hausdorff
metric dy as

dg (K1, K :max<su inf ||z —y|, sup inf ||z — ),
(Ko, Ko) sup inf o=yl sup inf x|

We say that a sequence (), converges to Q in the Hausdorff sense if
dp(B\Qy,, B\Q2) - 0 when n — oo.
Theorem 1.1.11 ([144]). The set {2 C B} is compact for the Hausdorff metric dg.

In the context of this thesis, the constraints 3) and 5) will be used to prove the existence of
optimal shapes.

Relaxation or homogenization of the admissible set

As it was seen in the counter-example of Proposition when the existence of a classic solution
fails, frequently a relaxation process occurs. This is the situation in which a minimizing sequence
of shapes leads to a “mixture” between material and void. Thus, the non-existence problem is
avoided by enlarging the set of admissible shapes by including “homogenized” structures in U,q
[4, 302], 232]. In this way the characteristic function y is replaced by a density field # which
varies continuously in the interval [0, 1]. The elastic properties of each phase are replaced by the
homogenized properties of the composite material created by their mixture. Once the properties
of the homogenized elasticity tensor A* have been optimized, problem is replaced by the
relazed or homogenized problem

inf 1.11
ot J0); (1.11)

where

= {0 € L*(D;|0,1]) such that / fdx = Va} :
D

This problem admits a solution that can be proved to correspond to the limit of a sequence of
shapes of problem (|1.4)).

Despite the foregoing methodologies to guarantee the existence of an optimal solution, the
fact of just being aware of the existence of an optimal solution does not necessarily imply the
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knowledge to construct it. Thereby, optimality conditions expressed through the shape or topo-
logical derivatives will play an important role to numerically compute “optimal” (or rather local
optimal) solutions. We remark however that the family of open subsets or shapes of R? has not
a normed vector space structure, hence the classical optimization theory (differential calculus)
does not apply [144].

In the sequel we give a short review on the shape and the topological derivatives.

1.1.2 Shape sensitivity analysis

The boundary variations of a shape ) are studied through the notion of a “shape” gradient,
which leans on a particular parameterization of the admissible set of shapes, allowing to endow
the problem with a normed vectorial space structure. Shape differentiation is a classical topic
that goes back at least to Hadamard in 1908 [138]. We present here the approach of Murat and
Simon [279]. For more details see e.g. [285] [144].

Introduction

Consider ) € R? a smooth open reference domain, we will suppose that all admissible shapes
) are obtained by applying a smooth vector (or advection) field 6 such that

Q={z+60(z),ze€Q}.
In other words, every admissible shape Q will be represented by a vector field 6 : R — R? and

(]d + Q)Qo

Figure 1.5: Variations of a shape using Hadamard’s method.

we will write Q = (Id + 6)(Q0) (see Figure [L5]). The space of admissible shapes obtained by
such a deformation coincides with C in ([1.9)) by taking 7' = Id + 6, at least for § small. Indeed,
one can prove that if HQHWLOO(Rd) < 1, then T = Id + 6 is a bijection of R? that belongs to ) in

L)

Remark 1.1.12. We could have also defined 0 belonging to C} (R4 RY), the space of continuously
differentiable functions and uniformly bounded so as their gradients. We recall that the functions
belonging to W1 (R4 RY) are continuous.

We are now ready to define a notion of differentiability with respect to the domain.

Definition 1.1.13. The functional J : Q@ — R is said to be shape differentiable at Qg if the
application
0 — J((Id+0)(20))
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is Fréchet differentiable at 0 in the Banach space W1 (R4 RY). Then, the following asymptotic
expansion holds in the vicinity of 0:

J((Id+6)()) = J(Q) + 7' ()(B) +0(6) with lim ‘OHfH” =0, (1.12)

where J'(Qq) is a continuous linear form on W1 (R4 RY).

It is also convenient for our purposes, to define a weaker notion of differentiability, namely
a directional derivative J'(€2)(6), which is defined as the limit in R (if it exists)

t—0+ t

Definition 1.1.14. Let U,, a set of admissible shapes and suppose the functional J : U,y — R
directionally shape differentiable at Qo € Uyq. We say that Qg satisfies the necessary optimality
condition w.r.t. the shape derivative if

J'(Q0)(0) > 0,¥0 € WH*(RL RY). (1.13)

Remark 1.1.15. In order for the above definition to have a full meaning, (Id + t0)Qy € Uyq
for small t. I.e. the set U,q must be stable for vector fields deformations.

The classical Hadamard’s structure theorem states that under certain regularity hypothesis,
the shape derivative depends only on the normal component of # on the boundary 012, i.e. the
tangential component can be omitted.

Proposition 1.1.16. Let Qg be a smooth bounded open set of R® and J a differentiable function
at Qo. If 01,09 € WH(R%:R?) are such that 63 — 01 € CHRN:RY) and 61 -n = 03 -n on 00y,
then the derivative J'(Qq) verifies

J'(Q0)(61) = J'(Q0)(62)-

In order to fix the ideas, we expose some classical examples of shape derivatives of integrals,
whose integrand does not depend on the domain 2.

Proposition 1.1.17. Let Qg be a smooth bounded open set of RY. If f € WHH(RY) and J :
C(Q9) — R is defined by

J(Q) = /Q f(x) d,

then J is shape differentiable at Qg and

7'(90)(6) = /Q div (0(z) f (x)) dz = / 6(z) - n(x) f(x)ds,

Qo

for all § € WL (RN, RV).

Proof. We apply a change of variables in order to bring back the integral defining J to the
reference domain 2y, namely

J<ﬂ>:J<<Id+e><Qo>>:/

f(z)dx = fo(Id+0)|det (I +V0)|dx,
(1d+6)(Q0) Qo

where I = VId is the constant identity matrix. Substituting to the above expression the
identities

0(0)]| 7 oo
det (I +V0) =1+divd + o(f) with lim Moz @) —0

6—0 ||9||W1!°°(Rd;Rd)
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and
. o) oo vy
fo(ld+0)(x) = f(x)+ Vf(z) 0(z)+0(f) with lim =0,
0—0 ”HHWLOO(RN;RN)
yields the desired result. The last identity stems from the regularity W11 (R?) of f. O

Proposition 1.1.18. Let Qg be a smooth bounded open set of RY. If f € W2L(RY) and J :
C(Qp) — R is defined by

JQ) = [ [fl(z)ds,
oN
then J is differentiable at Qo and V0 € C1(R%;R?) we have

of

J/(Qo)(e):/ (Vf-@—i—f(divH—VHn-n))ds:/8909-71(8”—i—nf) ds,

Qo

where k = divn is the mean curvature of 0€).

Proof. Using a change of variables as previously, we get

T
J(Q)=J((Id+0) ()) = fo(Id+6)|det (I + V6)| ‘((I+ V@)fl) n| ds.
0Qo R4
Substituting the expansions around 6 = 0
T 0(0) |l oo (902
((1 + ve)‘l) n=n— (V0 n+o(0) with lim 1ol @iz _
6—0 HHHCl(Rd;Rd)
and
T 0(0)]] 1.0 (52..-
H ((I + V9)71> nl| =1—(V®) ' n-n+o() with lim lotO)ll. (DR _ 0,
R4 6—0 H0||C’1(Rd;Rd)
it follows

J'(Q0)(0) = /8Q (Vf-0+ f(divd — VO -n-n))ds.

Finally an integration by parts at the boundary 02 (see Lemma 6.25 in [5]) entails the result

J/(Q0)(0) = /m 0-n (gi + /@f) ds.

Shape derivative of the solution of an equation depending of the domain

We are interested in the shape derivative of the general cost functional J(€2,u(S2)), where
u() € H'(Q) is the solution of a partial differential equation that depends on . A rigor-
ous computation of the shape derivative of J(€2,u(2)) hence implies estimating the derivatives
of u((Id+60)Q) w.r.t. 6. For that purpose, two kinds of derivatives of u({2) stand: the Lagrangian
derivative Y (Q)(#) and the Eulerian derivative u'(2)(6).

Definition 1.1.19. The function u : Q@ — u(Q) admits a Lagrangian (or material) derivative
Y (Q0)(0) at a given domain Q, provided that the application

6 € WHo(R%GRY) — dig(Qo) = u((Id + 6)Q) o (Id +6) € H' ().

is Fréchet differentiable at 6 = 0. Then Y (£0)(0) = ty(£0).
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On the other side, applying the chain rule, the derivative of u((Id + 0)Qp)(x) at a fixed
z € (Id + 0)Q2y would formally read

Lu(1d+ 000 @+ 0oz = u((Td+0)2)()loo + ~eu(©0) @)oo

Y(Q)(0)(x) = '(20)(0)(x)+ Vu(Qo)(z) - ().

Definition 1.1.20. The function u : Q — u(Q)) admits a Eulerian derivative u'(0)(0) at a
given domain Qo, if w admits a Lagrangian derivative Y (Q0)(0) at Qo in the direction 6 and
Vu(Qo) -0 € HY(Qo). In that case

@/ (Q0)(0) = Y(Q0)(8) — Vu(Qp) - 6.

As it will be seen through this thesis, notably for transmission problems, the function u(£2)
is not always regular enough to ensure the existence of an Eulerian derivative. Thereby when
needed, we will rather prefer to use the Lagrangian derivative of u(£2).

Unfortunately in most of the cases, calculating either Y (€)(0) or «/(€2)(#) is not an easy task
and often implies long and tedious calculations [5]. Happily there exists a much simpler alter-
native which does not involve the explicit calculation of the derivatives of u(£2): the Lagrangian
derivation method of Céa [74]. Thanks to this method, the shape gradient of J(€2,u(2)) can
easily be calculated by establishing the stationarity conditions of a Lagrangian function. Within
this function, the partial differential equation that solves u(2) is introduced by means of a La-
grange multiplier. However, this method remains formal, since the smoothness of the shape
and the shape differentiability of all the concerned functions must be assumed a priori. Let us
explain the method with the following example

Application of Céa’s method to linear elasticity

Consider a regular elastic body Q C R? whose boundary is decomposed into two parts as
0Q = I'p UTy. The structure is fixed on I'p and a surface load g € H'(;RY) is applied
on I'y. Additionally  is subjected to a volume force f € L?(Q;R?) and characterized by
the elastic tensor A = {A;j}, with 4,4, k,1 = 1,...,d. Then the displacement of the structure
u € H'(Q;R?) is the unique solution of the linearized elasticity system

—div(Ae(u)) = f inQ,
u 0 onTIp, (1.14)
(Ae(u))-n = g onTy,

where e(u) = (Vul + Vu)/2 denotes the symmetrized gradient of u and

Ae(u) =A: e(u) = ZAijkle(u)kl (115)
15kl

denotes the twice contracted product between the tensors A and e(u). Now, suppose that we
want to compute the shape gradient for a functional of the type

J(Q,u(Q)) = /

j(x,u(Q,x))dm—i—/ Iz, u(,z))ds, (1.16)
Q

'y

where j,[ are regular densities such that (1.16|) is well defined [10]. Then
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Proposition 1.1.21. Assuming the functions w,p smooth, the shape derivative of in the

direction 6 reads
J'(Q,u(2))(0) = /1“ 6 - n(j(x,u) + Ae(u) -e(p) — f ~p>ds +/ 0-n (818(;;) + /ﬁl(u)) ds

)
[ o (M v wig-n)

where K is the mean curvature, w is the solution of and p is the adjoint state, solution

of
div(Aep) = —fw) O,
p =0 on I'p, (1.17)
(Ae(p)) -mn = —U'(u) onTy.

Proof. Instead of deriving directly the functional J(£2, u(2)) and compute either the Eulerian or
Lagrangian derivative of () (which is most of the time a long and tedious task), we introduce

the Lagrangian function
L(Qv,q,p) = /j(x,v)dx +/ l(xz,v)ds +/ (—div (4e(v)) — f) - qdz
@ r @ (1.18)

+ (Ae(v)-n—g)-qu—l—/ v - pds,
I'n I'p

N

where the test functions v, ¢, u € H'(R? R?) do not depend on the domain Q. As we will see in
the sequel, the shape derivative of the objective functional J at 2 will be derived by fixing the
domain 2 and taking the optimality conditions for the Lagrangian function L.

Setting the partial derivative of £ with respect to ¢ in the direction of a test function
¢ € H'(R% R?) at the optimal point (Q,u,p, u*) equal to zero, we get

OL (0, u,p, 1) (6) = /Q (~div (Ae(u)) - f) - ddz + / (Ae(u) -n — g) - ds = 0.

dq In
Taking ¢ with compact support in (¢ = 0 on 09) gives
—div (Ae(u)) = f inQ. (1.19)
Varying the trace of ¢ on I'y gives
Ae(u) - n=g onTy (1.20)

In the same way, setting the partial derivative of £ with respect to p in the direction ¢ equal to
Zero

oL . B B
G ><¢>—/FDu-¢ds—o

results in
u=0 onIp. (1.21)

Equations 11.19: ,(1.20) and ([1.21)) show that the function u is in fact the unique solution of the

state equation ([1.14}).
We write again the function £, after an integration by parts, in the form

L(Qv,q,pn) = /Qj(m,v)dw—i—/r l(az,v)ds—i—/Q(Ae(v)-e(q)—f-q) dx

—/ g~qu—/ Ae(v)‘n-qu—k/ v - pds.
'y I'p I'p
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The partial derivative of £ with respect to v, at the optimal point, in the direction ¢ €
HY(R%RY) gives

oL ¥ = / - ¢pdx "(z,u) - ¢pds e(p) - e x
Be@uwr )@= [ F@u)-odes [V w-odst [ Acr)-clod

—/FDAe((;S)‘n‘pdS—F/FDgé-u*ds

where j'(z,u) and I'(x, u) represent the partial derivatives of j and [ w.r.t. their second argument.
Setting this derivative equal to zero and taking ¢ with compact support in €2 yields

—div (4e(p)) = —j'(z,u) in Q. (1.22)
Varying the trace of ¢ on I'y yields
Ae(p) -n = —l'(z,u) onTly. (1.23)
Varying the trace of ¢ on I'p with Ae(¢) - n = 0 yields
p*=—Ae(p)-n onlp. (1.24)
Varying the normal stress Ae(¢)-n on I'p with ¢ =0 on I'p yields
p=0 onlp. (1.25)

Therefore, p is the unique solution in € of the adjoint equation (1.17)).
Finally, the shape derivative of the functional J at €2 will be equal to the shape derivative of
the Lagrangian function £ at the optimal point (2, u,p, u*), i.e.

oL oL
9]

To prove this, take first any ¢ € H'(R?) and remark that

Qu,p, 1) (0) = J(2)(0). (1.26)

L(2,u(),q) = J (),

where u is the solution of the state equation. Then, taking the shape derivative of both members
and using the chain rule yields

oL oL
T@)6) = SO u,0.00) + ( Go@ U0 @O ). 02D
Supposing the existence of the Eulerian derivative u/(2)(0), taking ¢ = p(2) (the solution of the
adjoint state), u = p* and ' (Q)(0) € H'(R?), the last term in (1.27) disappears and relation
(1.26)) is revealed.

Applying the results of Propositions [I.1.17] and [I.1.18] we obtain the desired result

gémup,u)(e):/ n(; )+Ae()e(p)—f-p)der/FN@-n(ag(s) f(u)) ds

(2,
[ oo (252 sty

+/pD -n(j(w, u) = Ae(u) : e(p)) ds,

where we have used the relation
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A classical application of the above result is the minimization of the compliance, where
ju) = f-wuand l(u) = ¢g-u. In such a case, we can easily check that p = —u, so the problem
is self-adjoint. Denote as 'y C I'y the traction-free part of the Neumann boundary condition
(9 = 0). Then if we assume 6 = 0 on I'p UT'x\I'g, then the shape derivative of J reads

J/(©)(0) = /F (27 -0~ Ac(u) : o(w)) (6 - m)ds.

1.1.3 Topology sensitivity analysis

The topological derivative measures the sensitivity of a given shape functional with respect to
an infinitesimal singular domain perturbation, such as the insertion of holes, inclusions, source-
terms or even cracks. The topological derivative was rigorously introduced by Sokolowski and
Zochowski in [284] and Masmoudi in [208]. In particular, it can be seen as a mathematical
justification for the topological optimization algorithm proposed by Céa et al. [76, [77], based
on the combination of the shape gradient and a fixed point method, and the bubble method of
Schumacher et al. [I13] 268]. Since then, this concept has proved to be extremely useful in the
treatment of a wide range of problems, namely topology optimization [75l 8 [12], 27, 28] 52| 67,
127, 245], (180, 246, 243], 244), [310], inverse analysis |26}, [7T], 116}, 135, 39} 150} 152} 169, 170l 209
18, 21, 78, 23] and image processing [32} 168, 149, 1511 [I88]. For a general presentation see e.g.
the book [245].

The topological derivative is obtained by the combined asymptotic analysis of shape function-
als and classical solutions to elliptic boundary value problems in singularly perturbed domains
with respect to the small parameter which measures the size of the perturbation.

In the present work we will focus on the topological derivative for linear elastostatics. So
as to fix the ideas, consider 2 C R? (d = 2 or 3) with characteristic elastic properties C and a
point z € Q). Furthermore let

Bu(z) =z+aB, BC R?, B regular and bounded,

be an inclusion in €2 with a vanishingly small characteristic radius a at a prescribed location
z inside the solid. We denote by C* the elastic tensor inside B,. The topological derivative
DJ(z) quantifies the perturbation induced to a cost functional J(£2) by the virtual creation of
the inhomogeneity or cavity B, such that the new elastic law C, in Q reads

Co=xB,C"+(1—x5,)C. (1.28)
More precisely,

Definition 1.1.22 (Topological derivative). Define Q, := Q\B, and assume that J(€,) can be
expanded in the form
J(Qq) = J(Q) + 0(a)DJ(2) + o(6(a)) (1.29)

where 6(a) is assumed to vanish as a — 0 and characterizes the small-inhomogeneity asymptotic
behavior of J(2,). Then, the coefficient DJ(z) is called the topological derivative of J at z € Q.

Remark 1.1.23. Terminology for the concept of topological derivative varies, with “gradient”
or “sensitivity” sometimes used instead of “derivative”.

Remark 1.1.24. Typically the notation Q, := Q\ B, is used to define the topological derivative
for cavities. Nevertheless, the foregoing notation also stands for inclusions, as it is illustrated
in Proposition [1.1.27.  Within Chapter [{| however, a notation rather oriented to inclusions
(inhomogeneities) will be used.

Remark 1.1.25. One can show that the expression for the topological derivative induced by a
cavity coincides with the one induced by an inhomogeneity with vanishing elastic tensor C*. See
e.g. [257,245]
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The topological derivative in an anisotropic framework will be extensively developed in Chap-
ter [4, We close this section with two examples to illustrate the computation of the topological
derivative in an isotropic setting (see the proofs in [12]).

Lemma 1.1.26. The topological derivative of J(Qq) = [ dx simply reads
Qq

DJ(z) = —|B].

Proposition 1.1.27. Consider the linear elastic problem in dimension 2, and denote
its solution as u, when A = C, in and u when A = C. Moreover take B to be the
unit disk in R? and set the constants (X, p), (N, u*) to be the Lamé coefficients of C and C*,
respectively. Suppose the loads f,g are reqular. Then for any z € Q the topological derivative of
the compliance

J(Qq) = Ce(uq) : e(ug)dz —l—/ C*e(uq) : e(uq)dz
Qa 2N\Qq
reads
DJ(z) = dp— PAEAE2) ey ew)(e)

g+ p*) + o+ 3p%)
. (_ A+20)AA+p) o pAuA+2p)
A+ Ap* + ) + p(pe + 3p*)

where AN =X — X" and Ap = p— p*.

) tr(e(u)) ()tr(e(u)) (=),

1.2 The level set-method for topology optimization
1.2.1 The level-set method

Introduced in the seminal work of S. Osher and J. Sethian [252] in the framework of a flame prop-
agation model, the level-set method is a technique for capturing interfaces which are implicitly
defined via the zero level-set of an auxiliary function. Since its appearance, it has been applied in
a great variety of fields such as two-phase flow, solid-fluid coupling, liquid-gas interactions, image
processing, computer graphics, meshing, topology optimization, etc [271} 250, 2511 296, 313, [T08].
Beyond the simplicity of the geometric description of an interface, the level-set method allow us
to easily manage topology changes on a fixed Cartesian grid. Let us give an example to better
explain this point.

Suppose we are given two circles that evolve in time and finally merge at some point. If we
choose to track this movement by parameterizing their boundaries (Lagrangian approach), we
need to update this parameterization at each time step, identify the exact moment at which the
topological change occurs. The precedent procedure is easy to understand but both theoretically
and numerically difficult.

Instead of this, we can choose to use an one-dimension higher function, a so-called level-set
function, and reveal the boundaries of the shapes as its zero level-set (Eulerian approach).

At the upper part of Figure we see a three-dimensional function, and several level-sets
depicted in black color. The zero level-set corresponds to the lines separating the blue from the
red region and represents two circles. At the lower part of the figure, we see that the function has
changed and the zero level-set has evolved so now represents a domain with a different topology,
i.e. the circles have merged. This topological change has occurred in a very natural way, by
simply modifying the level-set function.

Define as working domain D C R? bounded and as admissible shape Q C D (see Figure .
Then, the boundary of €2 is defined by means of a level set function 1 such that

P(x)=0 ifzedQNnD,
Y(x) <0 ifz e, (1.30)
Y(z) >0 ifze (D\Q).
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Figure 1.6: Level-set representation of two circles that finally merge.

D
=0

S

oS

Y >0

Figure 1.7: Level-set representation of a structure (in grey).

If the domain 2 is regular enough, for any point = € 9 at which Vi(z) # 0, the unit
normal vector to 952, pointing outward of 2, and the mean curvature k(z) can be expressed as

V@) (Vi)
@) = gy @ =4 <|w<x>|>‘ (131)

Since the level-set function 1 is defined everywhere in D, (|1.31)) yields natural extensions of n(x)
and k(x) throughout D.

For a domain §(t) that evolves in the time interval ¢ = [0,T], according to an externally
generated velocity field 6 (¢, x), we define a time-depended level-set function v (¢, z(t)), such that
the boundary of the domain, 9€(¢), is given by the set of points x(t) satisfying

v (t,z(t) =0, Vtel0,T].
A simple derivation in time yields
oy
ot
which is a PDE that describes the advection of the boundary under a velocity field #(¢). Since

the shape moves accordingly to the advection field 0(¢,z), each point z(t) € 9€Q(t) satisfies a
Lagrangian type ODE

(t,x) + &(t) - Vab(t,z) =0, ¥t e [0,T], Vo € dQ(t), (1.32)

#(t) = 0(t, 2(t)). (1.33)
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Substituting ([1.33)) in (1.32]), we get
o
ot

The above equation can be extended to every z(t) in the whole computational domain D, since

the same reasoning is valid for any value ¢ of the level-set ¥ (¢, x(t)) = c. Now, decompose the
vectorial velocity field € in orthogonal components as

(t,z) +0(t, z(t)) - Vo(t,z) =0, Vi, Va(t) € QL) (1.34)

O(t,x) =V (t,z)n(t,x) + 0°(t, x),

with V(t,2) = 0 - n a scalar field, n(t, z) the extension of the unit normal as (|1.31)) and 6°(¢, x)
defined as:

0°=6—(0-n)n.
Then, equation (1.34)) takes the form of the Hamilton-Jacobi equation
0
af (t,2) + V(£ 2)|Vo(t,z)| =0, Wt ¥z e D, (1.35)

since by definition the vector V1) is collinear w.r.t. n (and thus orthogonal w.r.t. 6°).
Regarding the boundary conditions, we are free the values of ¥ on dD. For geometrical
reasons, we will select one among the ensuing Neumann type boundary conditions

0 0?
9% =0 or —w =0.

on on?
In fact, the first condition implies that the iso-contours of the zero level-set function are orthog-
onal to 0D, meanwhile the second one enforces the smoothness of the interface by letting it cut
0D in an arbitrary angle.

As it is classically known, equation have to be understood in a weaker sense, which
involves additional information about the physics of the evolution process. Indeed, among the
multiple solutions of , one has to select the “good solutions” having a physical meaning.
This is done thanks to the theory of viscosity solutions initiated by P.-L. Lions and M.G. Crandall
in the 80’s.

From a numerical point of view, equation can be solved in a structured mesh via
adapted upwind finite differences schemes. These methods consist in choosing an approximation
of the spacial derivatives according to the sign of the velocity V. In our case we employ the
explicit second-order upwind scheme developed by S. Osher and J. Sethian in [252] to solve
. In one space dimension, the scheme reads

R AT ) ) )
e min(V,0)g™ (DY, Do) + max(V),0)g " (DFYL, D) = 0
with D = S Doy~ 0 g

gt (d",d”) = +/min(d+,0)2 + max(d—,0)?,
g (dT,d”) = y/max(d+,0)2 + min(d—,0)2.

Since the scheme is explicit, the stability of the scheme is enforced using a CFL (Courant-
Friedrichs-Lewy) condition
Ax . . .
At =a————, 0< a <1 (atypical conservative choice is o = 0.5 [250])
max |V|

When the underlying mesh is unstructured, the numerical implementation is much more complex
and, for example, rely on the method of characteristics [292},[97]. We address the interested reader
to [98] and to the references therein for more information.
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Signed-distance function

For each shape €2, there is an infinity of level-set functions that can be used to describe it. The
only criterion that they must fulfill is to be enough regular so as make sense.

It is well-known [251], 271] that, during evolution, the level-set function can become too steep
or flat, even if it starts from a smooth initialization. A way to guarantee its smoothness is to
reinitialize it periodically as the signed distance function to the domain ).

Definition 1.2.1. The signed distance function to Q is the function do(z) : € R? — R defined
by :
—d(z,00) ifz e,
do(z)=4¢ 0 if x € 09,
d(z,0Q) ifr € D\Q,
where d(-,00) is the usual Euclidean distance.

Several methods have been proposed for the numerical construction of the signed distance
function [251, 271, O8], such as Fast-Marching method, Fast-Sweeping method, etc. In the
present work we perform the reinitialization by solving a PDE in a structured mesh, as proposed
in [251]. As a matter of fact, since dg satisfies the Eikonal equation

[Vdg| =1 ae. inD, (1.36)

starting from an initial level-set function tg(z) parameterizing €2, dg can be obtained as the
stationary solution of the following initial value problem

0
{ 00 sgn(o)(VU] 1) =0 i >0z € R, .
Y(t=0,2) = vo(x) Vr € RY,

where sgn(z) is the sign function. In other words 1) = dg. The equation (|1.37)) is solved using
—00

the same numerical scheme as for the advection equation (1.35)).

1.2.2 Coupling the level-set method and the shape derivative

In the subsection we have calculated a shape derivative of a cost functional J(£2), which
in general reads

T@®) = [ 0)-n(e) i@ (1.39)

for some density function j(x) € H'(D). In the case of linear elasticity, the function j depends
upon the functions uw and p, solutions of the state equation and the adjoint problem
, respectively. Thereby, if one intends to minimize J(£2), a descent direction is revealed by
selecting

0*(z) = —j(x)n(z). (1.39)

Indeed, substituting 0*(z) in the definition of the shape derivative in (1.12]), we can formally
write for J(Q;) = J ((Id 4 t0*)(Q2)):

J(0) = J(Q) —t / J(2)2ds + oft) < J(Q), t>0, (1.40)
o0
which guarantees a descent direction for ¢ small enough.
The level set method for topology optimization [10] [319], links together the above descent
direction furnished by the shape derivative and the level-set method for the shape description.
Indeed, although formula (1.39) makes sense only on the boundary 0f2, it can be extended to
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the entire domain D by means of the level-set representation ((1.31)), so one can chose as scalar
advection field in ([1.35]) the descent direction

Viz) = —j(z). (1.41)

Within a shape optimization setting, the aforementioned procedure enjoys the capabilities of
the level-set method to easily track the interface of €2 when topology changes take place and,
at the same time, modify €2 according to the steepest descent direction provided by the shape
derivative. Thereby, the shape and the topology of the structure are simultaneously optimized.

The careful reader might have identified a conflict between coupling the shape sensitivity
analysis and the level-set method. In fact, Hadamard’s method for shape variations supposes
that the topology of the shape remains the same, while the level-set method let such changes
to occur in a natural way. This apparent incompatibility does not however cause any numerical
problems in numerical practice.

Numerical experience shows that if a feature of a structure tends to disappear or merge
following the descent direction provided by the shape derivative, then in general this adjustment
improves the final structure. Of course, this sort of temporary violation in the definition of
descent direction by virtue of the shape derivative might provoke a local increase of the value
of the objective function. Nevertheless, the method seems to be always capable of finding
afterwards a better shape. Otherwise we could have also chosen to move at a step t so small
such no topology changes happen and the objective function is always decreased. However, we
are not interested to do so, since we want to find the best possible topology!

Thus, from a numerical point of view, when a topological change occurs and the method
cannot further decrease the objective function, we allow a small increase of the cost function at
the iteration n under the condition

J(Qn+1) < (1 + ntol)‘](Qn)y

where Q11 = (Id + t,0)Q, and 14 is a small tolerance value (= 0.05).

Calculus toolbox and ersatz material

According to , the level-set method represents a powerful implicit representation of {2 C D,
allowing us to easily determine geometric properties as , but also perform volume and
surface integrals, as it will be needed for the evaluation of the associated FE method and shapes
derivatives as . We first remark that by virtue of , one can establish the characteristic
function xqo by means of the Heaviside function as

if
X“:H(w:{ ? Hp)ig

Thus, a volume integral defined on €2 can be expressed as

| r@ax = [ m)sas.

Similarly, a surface integral can be stated in the sense of distributions as [250]

f(x)ds = / 5() || fd, (1.42)
o0 D

where § is Dirac delta function § = H'.
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For numerical purposes however, since §(¢) is zero everywhere except on 0f2, one must
introduce an approximation of the aforementioned quantities. Thus, we define the smeared-out
Heaviside function

0 if Y < —€p,
Xe~H@) =1{ 301+ 2+ Lsin(T2)) if —ey <o <en, (1.43)
1 if v > €p,

where € is a tunable parameter that determines the size of the bandwidth of numerical smearing.
Typically we will take e = 1.5 max(Ax,Ay). In the meantime, the Dirac delta function is
approximated by [12]

5 Ve ()] (1.44)

where the function s.; corresponds to the following approximation of the sign function

Y

and €5 > 0 is a small parameter chosen in order to spread the integration over a few cells around
the interface. Typically ¢5 = max(Ax, Ay).

Ses(V) =

In elasticity, in order to give a sense to the material properties in D\Q when this is void,
we use the so-called “ersatz material” approach. For this purpose, the complement of €2 in D
is filled up with a weak phase that mimics the void. In this way the associated stiffness matrix
remains positive definite (hence invertible).

More precisely, we define an elasticity tensor A*(x), which is a mixture of A in © and of the
weak material mimicking holes in D \ €2, as

A*(z) = H(y)A + £(1 — H(1)) A, (1.45)

where ¢ ~ 1072 and H according to (1.43). Thus, consider problem (1.14) and decompose the
boundary 9D of the working domain in three parts

0D =90DpUODyn U aDo,

where 0Dp corresponds to the Dirichlet boundary condition, Dy the non-homogeneous Neu-
mann boundary condition and 0Dy the homogeneous Neumann boundary condition (traction
free). Admissible shapes 2 are further constrained to satisfy

I'pcdDp and I'y =9dDyUTy,
where I’y supports an homogeneous Neumann boundary condition (traction-free). Consequently,

the only optimized part of the shape boundary with the level set method is I'g. Then the solution
of (1.14]) is fairly approximated by the solution of

—div(A*e(w)) = f in D,
u = 0 on 0Dp,
(A*e(u))n = g on 9Dy, (1.46)
(A*e(u))n 0 on 0Dy.

For more details see [4], 95].
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Optimization algorithm

The information given from the shape gradient is local, i.e. it refers to a neighborhood around
the current shape €. Therefore, an iterative algorithm needs to be constructed so as to minimize
progressively the cost functional. Using a simple steepest descent algorithm, which guarantees
the decrease of the objective function at each time step, the optimization algorithm proposed in
[10] has the following structure:

e Start with an initial guess shape €2y, described by a level-set function .

e [terate until convergence, for k > 0:

1. Solve the state and adjoint equations for the domain €2 to obtain uy and pj (see
(1.17))).

2. Compute the shape gradient for the current domain {2, which has the form

T(@)O) = [ 6 mieds,

O

where ji depends upon ug and py (see Proposition [1.1.21)).
3. Choose 0, = —jin as an advection velocity and solve the Hamilton-Jacobi equation

a;ik(t, x) — Ji(@)|Vi(t,z)| =0, vVt € [0,T}], Vo € D,

in order to get a new level-set function ¥p11 = ¥ (1), x), representing the domain
Qk+1. The total advection time Ty is chosen so that J(Qxy1) < J(Qk). In order to
chose this advection time, one could apply a linear search method. However, due
to the cost of evaluating the finite element model, we prefer to keep dividing the
advection time by two (starting from a reference value T), until J(Qx41) < J(Q) is
fulfilled.

e From time to time, for stability reasons, reinitialize the level-set function by solving ((1.37)).

Several convergence criteria can be adopted. They usually test the decrease in the objective
function and the total advection time, i.e. the algorithm terminates when |J(Qx41)—J(Q)| < ek
and Ty < Tjym, where ¢, and Tj;, are scalar parameters defined by the user. The aforemen-
tioned criterion stands as an approximation of the optimality condition , since at each
iteration the shape is deformed according to the steepest descent direction given by the shape
derivative. Nevertheless, the choice of ¢, and T}, is not a priori obvious, so it is a common
practice to rather set the computational stop criterion in terms of the total number of iterations.

Two examples of the presented algorithm for the minimization of the compliance are detailed
in Figures and Both applications were performed in Freefem++ [118].

Extension and regularization of the velocity field

In some cases, notably when there are jumps of the elastic properties through 02, the function
j(x) in (1.38)) is not properly defined outside of 9f2. Hence the trivial extension within
D makes no sense. One way to settle this issue is to consider V.= 0 Vz € D\ 9Q. Such a
choice would slow down the proposed algorithm. Indeed, for each finite element computation
(which is the most costly part of the algorithm), we want to perform several transport steps for
the advection equation . If the velocity is extended by 0 at a small distance away from
the boundary, the shape will stop there and the total movement will be too small, probably
resulting in a huge number of iterations before convergence.
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So as to avoid this difficulty, we rather compute V' by means of the dual identification of J'(£2)
and the scalar product in H!(D) (also called Hilbertian method [100, 66]). Indeed, supposing
the density j in (|1.38) regular, the evaluation of J(€2)(Vn) (according to (1.38) and (1.39)) is
well defined for any V € H'(D). Hence the functional J'(£2), when applied to a vector field
collinear to the extension n, belongs to the dual of H*(2). We can thus define the normal
descent direction V € H'(D) as the unique solution of

(V,v) i = =T () (vn),Yv € H (D). (1.47)

From a numerical point of view, for the sake of limiting the regularization and the spreading of
the velocity around the interface, we rather use as scalar product in ([1.47))

(V) = /D (VZ/+ avy . VV)dac, (1.48)

where a > 0 is proportional to squared size of the mesh.
The evaluation of J'(2) in (1.47)) is performed following the approximation of the surface

integral ([1.38)) as

J(Q) (Vi) = /6 RETEE /D 5(2)V (2)j(x)de,

where 0 is the Dirac mass function ((1.44) and the term |V (z)| in ((1.42) is equal to 1 since we
assume 1 to be the signed distance function ({1.36]).

Remark 1.2.2. Relation (1.47) yields
J(Q(Vn) = —(V.V) <0,
and V stands as a descent direction by virtue of the development (|1.40)).

Remark 1.2.3. Even if the regularity V. € H'(Q) is enough from a numerical point of view,
strictly speaking the vector @ = Vn does not necessarily belong to WH>°(D;R?). To achieve the
required regularity, one needs to assume §) regular enough (through its normal n) and employ
the space H*(D), with s > 2, instead of H'(D) in .

1.3 Multi-layered composite plates
1.3.1 Composite materials

The term composite material (or just composite) refers to those materials formed by combining
two or more constituent materials in a macroscopic scale such that the outcome has better
engineering properties than each one of the constituent materials. The idea of manufacturing
this kind of materials is not new in human history. We can cite for example the traditional
Japanese swords or sabers that have their blades made of stratified steel into which the soft iron
is placed. The sword has in this way a good resistance for flexure and impact.

In general composite are made of two materials: a reinforcement material and a base and
weaker material, also called matriz material. The latter one serves to distribute and transmit
the loads to the reinforcement. According to this dual configuration, composite materials are
commonly classified in three different types: (1) fibrous composites, which consists of fibers of
one material embedded in the matrix of another; (2) particulate composites, which are composed
of macro size particles of one material in the matrix of another; and (3) laminated composites,
which are made of layers of different materials.

The principal fiber materials in industrial applications are Glass, Aramid or Kevlar (very
light), Carbon (high modulus or high strength), Boron (high modulus or high strength) and
Silicon carbide (high temperature resistant). On the other side, the matrix materials are typically
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Figure 1.8: Application of the level-set method on a structured mesh. (a) Classical stiffness maximiza-
tion of a long-cantilever whose left boundary is clamped and on its right boundary a vertical
load is applied. The cantilever is meshed with 51 x 110 elements. (b) initialization of the
structure, (c) iteration 5, (d) iteration 15 and (e) iteration 30.

polymers, either thermoplastic resins or thermoset resins (silicones, epoxy, etc.), but it can also
be mineral (silicon carbide, carbon) or metal (aluminium or titanium alloys).

The bonding between fibers and matrix is created during the manufacturing phase of the
composite material. Thus, the mixture of reinforcement/resin does not really become a com-
posite material until the last phase of the fabrication, i.e. when the matrix is hardened. After
this step, it would be impossible to modify the material, as in the way one would like to modify
the structure of a metal alloy using heat treatment, for example. In the case of polymer matrix
composites, the hardening process takes place by polymerization of the resin through the action
of a chemical accelerator or heat. Among the main procedures to manufacture composite mate-
rials, we can cite e.g. different types of molding (autoclave, resin injection, pultrusion), filament
winding, centrifugal casting, etc. In general the chosen manufacturing procedure will have a
fundamental influence on the mechanical properties of the resultant composite material.

The modern range of applications of composite materials is extremely large, encompassing
day-to-day electronic devices, sport items, furniture, orthopedic implants, car wheels, transmis-
sion shafts and aeronautical/aerospace components, such as wing leading edges, ailerons, heli-
copter blades, propellers, rocket boosters, reservoirs, nozzles, shields for atmosphere re-entry,
etc.
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Figure 1.9: Application of the level-set method on an unstructured mesh (5000 elements). The stiffness
of the airfoil is maximized subjected to a constraint on the volume occupied by the fuel
(white). (a,b) Outer mesh and pressure distribution generated from a potential flow around
the airfoil (low values in red/orange and higher values in blue/violet). The airfoil is clamped
to circular interior point so as to remain static. (c) initialization of the structure, (d)
iteration 5, (e) iteration 30 and (f) iteration 45.

The characteristics that make composite materials appealing for various industries include
outstanding strength to weight ratio, lightweight, good fatigue resistance and good corrosion/fire
resistance. Moreover when one compares the cost of the composite solution against the conven-
tional one, composites remain competitive. Nevertheless, composite materials own also some
drawbacks, such as medium to low level impact resistance compared to metallic materials and
aging when subject to humidity and heat. Additionally from a mechanical point of view, com-
posite materials behave as brittle materials which do not yield, i.e. their elastic limits correspond
to the rupture limit. This feature eventually generates incompatibilities with metal alloys or the
inability to dissipate stress concentrations.

The main failure modes leading to damage in laminated composites are fiber rupture, matrix
rupture and delamination. The last phenomenon is due to weak resistance to shear stresses pro-
duced between the layers. Due to the anisotropic nature of each ply, it is important to remark
that one cannot rely on classical failure criteria for isotropic materials. An adapted criterion
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Figure 1.10: Composite elements in current fighter aircraft. Figures extracted from [125].

must take into account the evolution of the rupture resistance w.r.t. the loading direction. A
standard criterion for this purpose is the so-called Hill-Tsai failure criterion. This criterion as-
sociates to each direction a critical tensile strength. For the study for compression loads, one
must rather rely on the buckling study of the structure.

For a more detailed explanation of composite materials, see e.g. [157, [I71], 125].

1.3.2 Laminated composite plates

Composite laminates are formed by stacking multiple reinforced laminae or plies, in order to
achieve the desired stiffness and thickness. Each of these plies consists in a sheet where many
fibers are embedded in a matrix material, which can be a metal or a polymer. The layers are
usually bonded together with the same matrix material as that in a lamina. We will consider
unidirectional fiber-reinforced laminae, so the composite laminate corresponds to a collection
of laminae which are orientated in different directions. This sequence of various orientations is
termed the lamination scheme or stacking sequence. The stacking sequence and material prop-
erties of individual lamina provide an added flexibility to designers to tailor the stiffness and
strength of the laminate.

In order to describe the mechanical behavior of a typical composite laminate, we lean on the
classical laminated plate theory [257], which assumes the so-called Kirchhoff hypothesis:
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1. Straight lines perpendicular to the mid-surface (i.e. transverse normals) before deformation
remain straight after deformation.

2. The transverse normals do not experience elongation.

3. The transverse normals rotate such that they remain perpendicular to the mid-surface
after deformation.

These hypothesis imply that the elastic displacement field U inside the laminate has the form

ow
Ui(z1,22,23) = u1($1,1‘2)—$387($1,$2)7
1
ow
Us(z1,22,23) = u2(331,332)—517387($1,962),
T2
Us(xz1,x2,23) = w(x1,x2), (1.49)

where (u1,uz,w) are the in-plane and vertical displacements along the mid-plane, respectively.
The strains associated to this displacement can be computed by means of the Green-Lagrange
strain tensor

e(U) = é(VU +vUT 4+ VU - vUT). (1.50)
4=
'%E 9=90°

Figure 1.11: A laminate made up of plies with different fiber orientations. Figure extracted from [257].

Assuming small strains and moderate rotations [257], introducing (1.49)) into (1.50]), the
strain-displacement relation within the laminate can be approximated as

o Ou LowN | Pw o  du L(owN o ow o
= 8:131 2 aibl 3 ax% ’ 2= 61’2 2 81‘2 3 aI% ’ ’
1 (0uy  Ouy  Ow dw 0w
=y <ax2 Tt axla@> " D10y (1.52)
1 ow ow 1 ow ow
— — —_— RN g = — —_——_— —_— = = . 1.
€13 2 ( o0x1 + 8:51) 0, ez 2 < 0xo + 8x2> 0, es=0 (1.53)

The above strains are called the von Kdrmadn strains, and the associated plate theory is termed
the von Kdrmdn plate theory.
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The von Karman plate model

Let O be a symmetric laminated composite structure composed of the superposition of 2N
anisotropic layers, each one of constant thickness € > 0 and shape €2, where Q) a regular sub-
domain of R?. We denote as h = Ne << 1 half of the total thickness of the laminate. Each ply is
considered as an orthotropic material, i.e. an anisotropic material where there are two mutually
perpendicular planes of symmetry in material properties. So as to ease the exposition, we do
not explicit the material properties in the vertical direction (which are most of the time equal
to one of the in-plain main direction). In the case of an unidirectional reinforced composite,
the material properties can be thus described by the angle of rotation of the fibers with respect
to the canonical axis. Indeed, let A; = (A;)kimn with k,[;m,n = 1,2, be the elastic tensor
associated to the ply ¢ and denote as C = (4;); the underlying piecewise constant elastic tensor
through the whole laminate. Furthermore introduce the elastic tensor Aj of a fixed orthotropic
material whose principal directions coincide with the canonical axis. The 2D components of Ag
can thus be expressed via a matrix notation as

1 E, Vya By 0
A= —— | vyE, E, 0 (1.54)
L=vabe \ 70 7 0 26y,

where F;, E, are the Young modulus in the orthotropy directions, v, is the Poisson’s ratio,
Gy is the shear modulus and v, E; = vy E,. Then from now on, we will admit that for each
layer i, the tensor A; can be characterized through a rotation of the tensor Ag according to an
angle «; as follows

s%(a) 2s(a)c(a)
s2(ar) () —v2s(a)c(a)
—V2s(a)c(a) V2s(a)c(a) A(a) — s%(a)

(1.55)

Ai = QT (i) Ay Q(ai)  where Q(a) =

is the rotation tensor with ¢ = cos(«a), s = sin(«) [261].

O

x +h
o/ :
xr3 ; 0

—h

'y

)

Figure 1.12: Applied forces and boundary conditions of the composite laminate O.

Assume that the boundary of Q can be split into two different disjoints subsets 9Q = T'y U
ILp, TyNTp = 0, such that on 'y x [—h, h] a surface load (g, 0), with g € L?(T'; R?) is applied
and on I'p x [—h, h] the structure is clamped. A vertical load (pressure) P € L?(Q) is applied
over ) x {h}. See Figure Define the kinematically admissible spaces

Hp(R?) = {ve H'(Q;R*)jv=00onTp}, (1.56)
Hp(Q) ={ne H*Q)n=Vn-n=00onTp}. (1.57)
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Then the averaged force and momentum equilibrium equations inside €2 according to the von
Kéarmén strains (1.51)), (1.53)), (1.52)) read

ON1p  ONi2 0
61’1 81'2 -
ONi2  ONg
=0
(91’1 + (91’2
9% My, 0*Mys 0% Mao
2 =P
8:}5% (9:61%2 61’% +N(w) ’

where the in-plane force resultants Ny, and the moment resultants M,y,, according to Einstein’s
summation convention are defined as

h N
1
Non =/ Crunkier drs = 25(Z(Ai)mnkl)E(u’w)k‘l7 with: E(u,w) = e(u) + 5 V! Vuw,
_h = 2
(1.58)
h 3, N
Mn 2/ Crnnki€r T3 dx3 = 2§<Z(i3 —(i— 1)3)(Ai)mnkl>(vzw)kla (1.59)
—h i=1
0 ow ow 0 ow ow
SN 5 N N A NN AN A
N(w) 83:1( "om T 126x2>+3x2< 25m T 228952)

The differential operators V?2(-) and e(u) = V“%Tv“ are the Hessian matrix and the classical
linearized strain tensor, respectively.

Definition 1.3.1. We say that in-plane and vertical displacements u € H%)(Q;RQ) and w €
H2/(Q) satisfy the limit two-dimensional von Kdrmdn plate model [88, [257] if

—div(AE(u,w)) =0 in Q,
V2 : (DV*w) — AE(u,w) : V2w = P in 2,
w=0u=0,Vw-n=0 on I'p,
AE(u,w) -n = 2hg on Ty, (1.60)
(DVZM)nn =0 on FN)
[ V- (DV?w) -n+ a%(DV%U)nT =2hg-Vw onIy,
where A is the extensional stiffness tensor
N
Artmn = 26> (Adkimn,  kyl,m,n=1,2 (1.61)
i=1
and D the bending stiffness tensor
2¢3 al
Ditmn = —5~ (i3 — (i — 1)3> (A kimn, k,l,m,n=1,2 (1.62)
i=1

We remark that the factor “2” in the definition of (1.61)) and (1.62) is due to the symmetry
of the laminate. The last boundary condition in , also called Kirchhoff free-edge condition
[257], stands for the free vertical displacement on I'y and represents the equilibrium between
the bending moments and the shear forces [285, [51]. The orthonormal couple (n, ) corresponds
to the local basis of normal and tangent vectors on 0€2. We recall that the twice contracted

products in ([1.60|) read
AE(u,w) = A: E(u,w) = Ajji E(u, w), V2. (DV?w) = V*: (D : Viw) = 8%Dijk18,%lw,

according to Einstein’s summation convention.
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Remark 1.3.2. Typically in classical laminated plate theory, the constitutive relation between
the strain and the averaged stresses within the plate presents an additional stiffness tensor apart
from A and D. This tensor yields the influence of the coupling curvature/in-plane tractions and
extensional strain/bending moments. In real applications this effect is usually undesirable, so by
making the laminate symmetric about the mid-plane (as we did), this tensor cancels. In some
cases however, this extension-curvature coupling can be used as an interesting design feature.
For instance, it is possible to design a composite propeller blade whose angle of attack changes
automatically with its rotational speed: increased speed increases the in-plane centripetal loading,
which induces a twist into the blade [261)].

The linearized buckling problem

Definition 1.3.3. We introduce the linearized buckling problem of as the following eigen-
value problem: Find A € R and w # 0 such that

V2 (DV2w) = MAe(u)) : Vw in €,
w=0,Vw-n=0 on I'p,
(DV2w)pp =0 on 'y, (1.63)

V- (DVZw) -n + %(’DVQU))W— = A2hg-Vw onTy,

where u solves
—div(Ae(u)) =0  in Q,
u=0 on I'p, (1.64)
Ae(u) -n =2hg, onTy.

Equivalently, the variational formulation of the linearized buckling problem (1.63)),(1.64))
reads

/ Dijkl 8klw 81']'77 dr = —)\/ -Aijkl e(u)kl 6iw 8j17 dl’,vn c H%)(Q),
Q Q

/ Aiji e(w)g e(v)ij do = 2h/ g-vds,Yv € Hp(Q;R?), (1.65)
Q DY

where we have used Einstein’s tensorial summation convention. We denote by A1 the smallest

positive eigenvalue of . This value is usually called “buckling load factor” or “buckling
critical reserve factor” and it is an indicator of the degree of safety against buckling [139, 49].
The computed vertical displacement eigenvector w is referred here as the “buckling mode”. The
existence of \j is guaranteed by the compactness of the buckling operator (Lemma 2.2-7 [90]).
Furthermore this operator is self-adjoint so A\; can be express through the Rayleigh quotient

-Vw - Vwd
1 ax _fQAe(u) w - Vwdx

Al weH2(Q)\{0} fﬂ DV2w : V2wdx

(1.66)

The foregoing properties will be rigorously recalled in the next subsection.

1.3.3 A few mathematical properties of the von Karman plate model

Better known as the father of supersonic flight, Théodore von Karman proposed in [315] an
equivalent form of the precedent set of equations describing a two-dimensional non-linear elastic
plate. This plate theory plays an almost mythical role in applied mathematics and has been
extensively studied from a mathematical point of view, notably treating various questions of exis-
tence, regularity and bifurcation of their solutions. We briefly recall some of these mathematical
properties, especially those concerning bifurcation theory.
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A rigorous justification in a nutshell

The full physical justification of the von Kdrman equations has been longtime criticized [309]
(notably the pertinence of (1.51)),(1.53), (1.52))), but “recently” achieved from the exact three
dimensional equations of non-linear elasticity. This justification can be found e.g. in [88], by
means of the leading term of a formal asymptotic expansion regarding the thickness of the plate,
or in [120] through I"'—convergence. Here we present a rapid glance of the main result in [120].

Let € > 0 and consider a 3D non-linear hyperelastic model [89] (for ease of exposition a St
Venant-Kirchhoff material) written in the reference configuration ¢

—div(Te(I + VU®)) = F* in Q°,
Us=0 on I'f), (1.67)
T5(I+VU®) -n=G* on ', Uleur=,

where Q¢ = Q x [~¢/2,¢/2], 15, =Tp x [-¢/2,¢/2], % =Ty x [~£/2,¢/2], ¢ = Q x {£e/2},
T* is the first Piola-Kirchhoff stress tensor and U¢ := Q° — R? is the elastic displacement. The
volume forces F* and the surface loads G® are suppose to be dead loads, i.e. independent of
the displacement U€. Since the material is supposed to be hyperelastic, the first Piola-Kirchhoff
stress tensor T° derives from the elastic energy function

owse(Fs) .
8 = ———2~ 4,57€{1,2,3
) 8‘Fl] %) { }
where F¢ = I + VU® denotes the deformation gradient and the (constant) elasticity tensor C is
defined by
62W€ (f'e)

_—, 1.
(9]'—7;]'3.7'—M (1.68)

Cijrl =
The variational formulation of (1.67)) is

/ TE(I+VU5)-VVd:r—/ Fe. de—/ G=-Vds, YV e HY )V =0onTs,.
5 & F?VUF+5UF7€

(1.69)
Now, it is convenient to introduce the fixed domain w = Q x [-1/2,1/2] and the change of
variables
V(z) =V(z), U (x)=U(z%),

where 2° = (x1,x2,ex3), * = (z1,%2,23) € w. Then (1.69) is formally equivalent (under some
regularity and convexity conditions on W¢ [33]) to the energy minimization problem

inf rov)= [ wea+vyde— [ Feovde— / GE-Vds. (1.70)
VEH! (w;R?) Qe Qe TS, Ur+eur-«
V=0 on I'px[-1/2,1/2]

Assuming and setting different scalings for the applied forces F¢, G¢, the elastic energy W¢
and the displacements U® w.r.t. the thickness of the plate €, one can prove that a hierarchy
of plate models arises from via [-convergence [120] [I91]. In particular the von Kérmén
model, as it was also remarked in [88], stems from the choice

=€
5 5(1‘5),0) = 52(91(1'),92 x),O on F?\[a
G=(2°) = (0,0,95° (x)) = (0,0, g5 (x)) on I'*<,

where the functions f3, 9 = (91, g2), g3i are independent of €.
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Proposition 1.3.4. Let U be a minimizing sequence for (1.70) when e — 0 in the sense

i € €Y _ : €
- (1 U) T (V)) -0
V=0 on T'px[—1/2,1/2]

Then there exists constants R € SO(3) (the group of 3D rotations) and ¢ € R® such that the
function

U° = R°U° — &£
and the averaged in-plane and out-of-plane displacements

1/2 _ 1 1/2 -
== Z/ll,l/l2 dxs, w® = — Usdzxs,
-1/2 €J-1/2

satisfy (for a subsequence)
VU — Id in L?(w; R3*3)

and u¢ — u in HY(;R?) and w® — v in HY(Q). Moreover (u,v) minimizes the limit scaled von
Kdrmdn elastic energy

1 1
j(u,w) = 6 /QCijklf)klw(‘)ijwd:c—FQ/QCijklE(u,w)ijE(u,w)klda:—/

Pwdw—/ guds, (1.71)
Q I'n

where
1/2

P = f3dx+g;+gg_.
—1/2

Remark 1.3.5. The commonly used ansatz (Kirchhoff-love displacement)
U = (v + z3Vw, w)
is consistent with the above result [120)].
Remark 1.3.6. The variational formulation of the von Kdrmdn model for one ply with

elastic properties C, can be deduced from the stationarity conditions (euler-lagrange equations)
of the de-scaled version of J(u,w) (1.71). Indeed, setting 4° = c*u and 0 = cw,

€

0= <8J (as, ﬁ)e),v> = /aCijklE(ﬁg,wE)kle(v)kldm — 5/ guds,Yv € H}(Q;R?*(1.72)

ou Q 'y

NS ~E AE 53 ~E ~E AE ~E
0= p) (u , W ),77 = —Cijklaklw 8Z'j77dl'+ ECijklE(u , W )kla{w 8j77d$

w o3 Q
- /stnda:,Vn € H3(Q).
Where
€/2
P = fidx + g3+ g3°.

—&/2
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Bifurcation theory and linearized buckling load

Bifurcation theory attempts to explain various phenomena that have been discovered and de-
scribed in the natural sciences over the centuries. The buckling of the Euler rod, the appearance
of Taylor vortices, and the onset of oscillations in an electric circuit, for instance, all have a
common cause: A specific physical parameter crosses a threshold, and that event forces the
system to the organization of a new state that differs considerably from that observed before
[178]. In our case we are interested in the phenomenon of buckling, which can be characterized
by a sudden failure of a structural member subjected to high compressive or torsional stress. It
is particularly useful in engineering to describe the ultimate load g (with P = 0) such that a
plate is capable of withstand before bending (i.e. w # 0).

But first, in order to facilitate the ensuing analysis, we give the canonical or reduced form
of the von Karman equations [90]

Let us introduce the Airy stress function ¢ : 2 — R such that
axx¢ = Nyya 8yy(ﬁ = Nxzy 8:vy¢ = _ny = _Nyaca

with the force resultant tensor N defined in (|1.58]). The existence of such functions stems from
the equation div(N) = 0 in (1.60). Let P € H% () be solution of

V2(DV?P) = P in €,
(DV2P) =0 on I'y,
V- (DV2P)-n+ L (DV?P),, =2hg-VP onTy,
with P introduced in (T.60) and define the tensor A

B a2 a12 —as2
A= a1 ail —a3] s where A_l = (aij).
—az3 —aiz  as3

Let 0y € H% () be the solution of

V2(AV?6y) =0 , in Q,
0o = ¢, 0,80 = O on I'y.

Furthermore, define the following operators [88]:

(a) B,B:= (n1,m2) € H}H(Q) x H(Q) — B(n1,m2), B(n1,m2) € H3(Q), solutions of

V2(DV2B) = [n1,m2) in 0, V2(AV2B) = [, m2]  in
(DV2B) =0 on I'y, B=0 on I'y,
V- (DV?B) -n+ Z(DV2B),, = 2hg- VB onTly. OB =0 on I'y.
where [, ] is the Monge-Ampere form defined as

(1, m2) = 01111 022m2 + O22m1011M2 — 201211 0127)2.

(b) G:=n€ H}(Q) = G(n) = B(38(n,n),n) € Hp(Q).

(c) L:=n€ H3(Q) — L(n) =B(bo,n) € H() (linear).
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Proposition 1.3.7. Let v : [0,1] — R2 be a regular parametrization of I'y. Then functions
(u,w) € (HH(QR?), H(Q)) are solution of if and only if w € H%(SY) satisfies the
equation

(Id - L)w + G(w) = P, (1.73)
where ¢ € H*(Q) is given by
¢ =00 — %Z”S’(wvw)- (1.74)

Moreover the values of ¢ and On¢ on 'y read

o(z(t)) = —x1 / gods + 3 grds + / (192 — x2g1)ds
v(s),5€[0,] s€[0,1] (5),5€[0,t]

gids.
),s€[0,t]

L
Ono(x(t)) = —nl/ ggds—i—ng/
v(s),5€[0,t] v(s

Proof. We give a sketch of the proof based on similar arguments for the isotropic and orthotropic
case [90,, [51]. Typically in literature the von Kérman equations ((1.60)) are expressed through the
simpler equivalent system

V2(DV*w) = [¢,w] + P
{ V2(¢4{V2¢) = —%[w,w]. (1.75)

Indeed, the first equation of (1.75]) follows immediately from the definition of the Airy function
¢, meanwhile the second relation is less clear. Remarking that E(u,w) = A~!N and invoking
the definition of the Airy function plus the identity

a:l?11‘1 (8332 'LLQ) + 8232:):2 (81'1 Ul) 81112 (8332u1 + a-7’31u2) 0

the following cascade of equations (after some tedious computations) stem the desired equation

) = LB, + L Baw), -2 (Bu,w))
glonwl = g (Bl W)y, + 5 (Bl w))y = 25 o W)
o2 82 _ 0?2 _
= &C% (“4 1N) 3 2(“4 1N)11_28x18x2(A 1N)12

= V*(AV?9)

Once established the equivalence between (|1.75)) and (1.60)), one can easily prove that (w,¢)
is the solution of the system (1.75]) if and only if w satisfies (1.73) and ¢ is given by relation
(1.74). In fact, if (w, ) satisfy the latter conditions, the formal application of the operators

VZ(DV?) and V2(AV?) to and ([1.74) respectively, entails the system as Well as
the boundary conditions. On the contrary, if (w, ¢) solves , then and stem

from the uniqueness of the solutions of the problems deﬁnlng the operators B, B. Flnally the
boundary values of ¢ and 0,¢ on I'y are obtained by integration by parts from

(glagl) = (angS’ _a§y¢)
For more details see Lemma 1.5-1 in [90]. O

Thanks to the canonical form of the von Karman equation, taking P =0 we can comfortably
formulate the buckling problem in terms of a bifurcation point of ((1.73])

Definition 1.3.8. Consider the eigenvalue problem

SO\ w) = (Id — \)w + G(w) = 0. (1.76)
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We say that the point (A(€g),w(€g)) is a bifurcation point of equation with respect to the
solution curve (\(€),w(e€)) if for every neighborhood around this point there exist another solu-
tion of (1.76)(i.e. a solution which does not belong to (A(e), w(e))).

In a buckling problem we are concerned by the bifurcation points from the trivial branch
w = 0. With the purpose of calculating the smallest A such that the plate buckles (i.e. it deviate
from the trivial branch), we recast the following result [90]

Proposition 1.3.9. (Ao,0) is a bifurcation point of the trivial branch {(A,0),\ € R} for S in
11.76)) only if \g is a characteristic value of L:

Jw € HH(Q)\{0} : (Id — XoL)w = 0. (1.77)

Reciprocally, if the eigenvalue Ao has odd-numbered algebraic multiplicity, then it is effectively a
bifurcation point.

Problem ([1.77)) corresponds to the linearized buckling problem introduced in ([1.63)),(1.64)),
where )\; stands for the first positive eigenvalue. Indeed, applying the operator V2(DV?) on

both sides of (1.77)), one obtains
V3(DV2w) = \gV*(DV?Lw) = o[, w].

Furthermore, for every A € R which is not a characteristic value of £, the Airy function ¢q
corresponding to the plane strain stress with deflection w =0 (i.e. Ae(u) = AFE(u,w)) satisfies

according to the relation ([1.74))
Ado = Ao,

hence ¢y = 6y and
Xolfo, w] = XoAe(u) : Vw.

For more details see [51].

Remark 1.3.10. [t can be proven [90, 7] that if g is a purely compressive load, then the oper-
ator L is positive definite and all eigenvalues are positive. Furthermore if P = 0 then for A < A\
the plate does not buckle (according to Deﬁmtion meanwhile for A > A\ the plate buckles
and has at least three solutions (0,w,—w). Otherwise if P # 0, there exist X*(|P|) < A1 such
that for every A < X\* the plate does not buckle (i.e. has an unique solution).

Once established the equivalence between the linearized eigenvalue problem ([1.77)) and ((1.63]),
(1.64)), we proceed to expose some spectral properties

Proposition 1.3.11. Let the tensor D in (1.62) be elliptic with constant §. Then:

1) The set of eigenvalues A of Problem is discrete, infinite, with only limit point at
zero and

1 Al g2y [MAe(wll2(q)

A ) ’ )

2) A\ can be expressed through the Rayleigh quotient

— Jo Ae(u)VnVndz
JoDV2n: Vindz

A7 = max (1.78)
n

Remark 1.3.12. The definition of )\1_1 makes only sense if this biggest eigenvalue is positive
(thus we avoid non-physical negative eigenvalues from the definition as a min). If not, the plate
does not buckle and A1 is set to infinity.
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Proof. Define the linear operator
T(z) := 2z € HH(Q) — w € HH (),

where w is the unique solution of the variational formulation of the linearized buckling problem
/(DVQw) : Vinde = /(.Ae(u) . V22)ndr = —/ Ae(u)V2Vndr, ¥ne Hp(Q).  (1.79)
Q Q Q

The last equality stems from the fact that div(Ae(u)) = 0. We are going to prove that T is
continuous, compact and self-adjoint.

1) First, the existence and uniqueness of w follows from the Lax-Milgram theorem. Indeed,
thanks to the Sobolev embedding of H?(Q2) — W14(€), the integral on the right side of

is continuous w.r.t. n

< Ae(w)l 1200 [2lwra@nlwraq) < [Ae()ll 2y [2lwra@) 171 g2q) -

/ Ae(u)VzVndx
Q

Additionally, the continuity and coercitivity of the left term in (1.79)) arises from the ellipticity
of D and the Poincaré’s inequality (since |I'p| # 0). Thus, the Lax-Milgram theorem yields the
classical estimate

1
1T 20 = 5 Me(wll 2y l2lwraq), (1.80)

A
50 [Tl g2y < % and the operator T is continuous. Now we show that this operator

is compact. Since H?(Q) is a reflexive space, the unit ball is weakly sequentially compact,
so we just need to prove that if (z,) is a weakly convergent sequence to z*, then w, — w*
strongly. Indeed, let be (z,) a weakly convergent sequence to z* in H2(Q). Since the injection

H?(Q) — WH4(Q) is compact, (1.80) yields:
zn — 2" strongly in Wh4(Q) = T(z,) — T(z*) strongly in H?(Q),
hence T is compact. Thanks to this feature, the set of eigenvalues of the problem

pw = T(w),

which is equivalent to (1.77)) with 4 = 1/), belongs to the interval [— ], is
discrete, has only a limit point at zero and the algebraic multiplicity of each eigenvalue is finite
[60].

The only element that remains to prove is that T is self-adjoint. Let w,w’ € H%(Q), where
thanks to the Poincaré inequality and the ellipticity of D we endow H3%(Q) with the inner
product

el 200y 1@l 200
) ’ )

<w,w’>H%(Q) = /QDV2w : V2 d. (1.81)

Then

<’]I‘(w),w’>H%(Q) = /QDVQ’]I‘(w) : V2w/de = /Q(.Ae(u) : Viw)w'de = — /Q(Ae(u)vw) - Vu'dz

= /(Ae(u) : V2 Ywdz = / DVT(w') : Viwdzr = (w, T(w')) o @
Q Q b
Henceforth the set of eigenvalues must be infinite since H?(2) is a separable space and T is a
compact and self-adjoint operator (so H?(£2) admits a Hilbert basis composed of the eigenvectors
of T).
2) Finally the fact that A\; can be written by means of the Rayleigh quotient stems from the

min-max theorem for compact and self-adjoint operators.
O
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Remark 1.3.13. When g is not a compressive force (i.e g = —gn,g > 0 and n the normal
to 92), T is not necessarily positive-definite since the stress tensor o = Ae(u) is not a priori
positive-definite. Thus all eigenvalues may not be positive and typical eigenvalue solvers as the
package ARPACK [192], which uses the Implicitly Restarted Arnoldi Method, can not be applied
straightforward. Hence a prior modification must be done first by introducing the following
auziliary problem

Corollary 1.3.14. Let 8 be a positive constant and let w € H%(Q) be the solution of the
following modified version of the eigenvalue problem ((1.77))

/ DV2w : Vndx = u( - / Ae(u)VwVndx + ﬁ/ DV3w : Vgndx),Vn € HA(Q). (1.82)
) ) )

Then for 8 large enough the set of eigenvalues p is strictly positive and
K1
A= )
1—up
where p1 the smallest eigenvalue of .

Proof. Let S(z) :=z € H5(2) — w € H%(Q), where w is the solution of

/Q(DVQw) : Vnde = — /Q Ae(u)VzVndzx + B/Q(Dv2z) :V2ndz, Yne HH(Q).

We remark that the operator S is not compact since S(z) = T(z) + 81d(z) (the identity operator
is not compact). However S is positive definite. Indeed, thanks to the Poincaré inequality
and the Sobolev embedding H?(Q) — W14(Q), there exist C' > 0 such that for V3 > * =

§ A2y
| Actw)VnVnds < el Il e < €l Aetlizy Il < 8 [ (P90) : Vnda,
and S is elliptic (so in particular positive definite)
<S(w),w>H12)(Q) = /QDV2S(U)) Viwdr = /QAe(u)VwVwcierﬁ/Q(DVQn) : V2ndx
> (B8 lwllr,q) -

Hence all eigenvalues 1 are be positive. Now let \ be defined as

3 H1
A= .
1—mp
We easily remark that 1/ \is an eigenvalue of the resolvent T, introduced in the proot of Propo-

sition |1.3.11] In order to prove A = A1, we proceed by contradiction. Supposing that the plate
buckles, i.e. oo > A1 > 0, let us say first that A > A;. Since A; is positive, then 1 — 16 > 0 and

P At
L —mp 1+ BN
which contradicts the fact that pp is the smallest positive eigenvalue of (1.82). Otherwise if

A < Aq, since A; is the smallest positive eigenvalue of ([1.77]), then A < 0. Nevertheless, in that
case

> A1 is equivalent to  pu1 >

1 . . 1
< A1 isequivalent to 3 > ——F—,
1—mp 1+ 58M
resulting to be the same precedent contradiction. Hence
K1
A= .
1—mp
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Chapter 2

Multi-phase structural optimization
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We consider the optimal distribution of several elastic materials in a fixed working domain.
In order to optimize both the geometry and topology of the mixture we rely on the level set
method for the description of the interfaces between the different phases. We discuss various ap-
proaches, based on Hadamard method of boundary variations, for computing shape derivatives
which are the key ingredients for a steepest descent algorithm. The shape gradient obtained for
a sharp interface involves jump of discontinuous quantities at the interface which are difficult to
numerically evaluate. Therefore we suggest an alternative smoothed interface approach which
yields more convenient shape derivatives. We rely on the signed distance function and we enforce
a fixed width of the transition layer around the interface (a crucial property in order to avoid
increasing “grey” regions of fictitious materials). It turns out that the optimization of a diffuse
interface has its own interest in material science, for example to optimize functionally graded
materials. Several 2-d examples of compliance minimization are numerically tested which allow
us to compare the shape derivatives obtained in the sharp or smoothed interface cases.

This chapter is based on a joint work with G. Allaire, C. Dapogny and G. Michailidis which
has been accepted for publication as

69
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e G. ALLAIRE, C. DAPOGNY, G. DELGADO AND G. MICHAILIDIS, Multi-phase structural
optimization via a level-set method, in ESAIM: Control, Optimisation and Calculus of
Variations (2013)

2.1 Introduction

Many industrial applications and problems in material science are concerned with finding the
optimal distribution of several materials in a fixed working domain, in order to minimize a
criterion related to the overall mechanical behavior or cost of the phases mixture. Intuition is
usually very limited in such problems and shape and topology optimization can provide valuable
help to the designers and researchers.

A crucial issue in the modeling of this problem is the parametrization of the phases mixture.
While the exact formulation requires the material properties, or the global Hooke’s tensor, to
be discontinuous at the interfaces between two materials, it is often convenient, for numerical
purposes, to devise an appropriate interpolation scheme to smoothen the coefficients or equiv-
alently to replace sharp interfaces by diffuse ones using some monotonic interpolation scheme.
This diffuse or smeared interface approach has its own interest when one is interested in the
optimization of functionally graded materials, where more general interpolation functions can
be used [68], [199], [295], [306], [312].

There is already a vast literature about multiphase optimization with constant material
properties and various methods have been proposed to address this problem. The Hadamard
method of geometric shape optimization, as described in [104], [144], [279], [285] was used, for
example, in [I143] for optimal composite design. The homogenization method [4], [85], [302]
was the main tool in the multiphase problem studied in [7] for the optimal reloading of nuclear
reactors (sequential laminates were shown to be optimal composite materials). In the framework
of the SIMP (Solid Isotropic Material with Penalization) method, several interpolation schemes
have been proposed for the mathematical formulation of the Hooke’s tensor of the mixture [44],
[299], [324]. In general, material interpolation schemes can be quite involved [324] and one may
design such a model in order to favor certain phases [299]. Applications range from the design of
materials with extreme or unusual thermal expansion behavior [277] to multi-material actuators
[275], through conductivity optimization for multi-phase microstructural materials [329]. In the
framework of the phase-field method, a generalized Cahn-Hilliard model of multiphase transition
was implemented in [328] to perform multimaterial structural optimization.

The first publications on multiphase optimization, using the level set method, are these
of Mei et al. [217] and Wang et al. [317] (see also [216], [316], [3I8]). Following an idea of
Vese and Chan [313], the authors in [217], [317] used m level set functions to represent up to
n = 2™ materials: we shall adhere to this setting (see section [2.5). The level set functions are
advected through eikonal Hamilton-Jacobi equations in which the normal velocity is given by the
shape derivative of the objective function. Unfortunately, the shape derivatives, derived in [217]
and [317], are not correct in full mathematical rigor as we explain in section Fortunately,
these shape derivatives are approximations of the correct formula upon various assumptions. A
first goal of the present chapter is to clarify the issue of shape differentiability of a multiphase
optimization problem. In section[2.2)we give the correct shape derivative in the setting of a sharp
interface between phases (see Proposition [2.2.1). It was first obtained in [I2] for a problem of
damage and fracture propagation but, in a scalar setting, previous contributions can be found
in [147], [48], [254]. Because the phase properties are discontinuous through the interfaces,
the transmission conditions imply that only the elastic displacement and the normal stress are
continuous at the interfaces, leaving the tangential stress and the normal strain discontinuous.
These discontinuities yield obvious difficulties which must be handled carefully. The exact or
continuous shape derivative turns out to be somehow inadequate for numerical purposes since
it involves jumps of strains and stresses through the interfaces, quantities which are notably
hard to evaluate with continuous finite elements. Therefore, Proposition gives a discrete
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variant of this shape derivative which does not involve any jumps and is similar to the result of
[217] and [317]. The idea is to consider a finite element approximation of the elasticity system,
the solution of which has no derivative jumps through the interface, implying that the shape
derivative is much easier to compute.

Another delicate issue in multiphase optimization using the level set method is that the
interface is inevitably diffuse and its thickness may increase, thus deteriorating the performance
of the analysis and eventually of the optimization. Note that, for most objective functions,
it is always advantageous to introduce intermediate values of the material properties, so that
the interface spreading is produced by the optimization process itself and not merely by the
numerical diffusion. In [217] the authors introduced a penalization term to control the width of
the interpolation zone between the materials. In [317] the level set functions are re-initialized
to become signed distance functions, which permits a more explicit control of the interpolation
width. A second goal of the present chapter is to propose a smoothed interface setting which
guarantees a fixed thickness of the interface without any increase in its width (as it is already
the case in the standard single material level set method for shape and topology optimization).
In section we describe a regularization of the interface which relies on the signed distance
function to the interface. Note that the signed distance function has nothing to do with the
level set function which is used in numerical simulations. Indeed, the solution of the advection
Hamilton-Jacobi equation (with a velocity given by the shape derivative) is usually not the
signed distance function (which explains why reinitialization is often used in practice). In such
a smoothed interface setting our main result is Theorem which gives the shape derivative
of the objective function. It requires several intermediate technical results, notably finding the
shape derivative of the distance function (first obtained in [I03]) and using a coarea formula to
reduce a volume integral to a product integral on the interface and along normal rays. Once
again, we show in section that, when a regularized Heaviside function is used as interpo-
lation function for the material properties and the regularization parameter (or the thickness of
the diffuse interface) is vanishingly small, the exact shape derivative can be approximated by
the formula already obtained in Proposition which corresponds to the result of [217] and
[317] too.

Section [2:3.6] explains how the smoothed interface model converges to the sharp interface
problem as the regularization parameter goes to zero. Next, Section is devoted to a compar-
ison with [217] and [317]. Since, for simplicity, all the previous theoretical results were stated
in the case of a single interface between two phases, we explain how to generalize our smoothed
interface setting to more materials in section [2.5] In section [2.6] we show several 2-d results and
make comparisons between the different settings and formulae for the shape derivatives. Some
optimal designs obtained by our approach are compared to those previously computed in [317]
and [318]: ours are more symmetric and sometimes slightly different. We believe it is due to our
use of a correct shape derivative instead of an approximate one.

2.2 Sharp-interface formulation in a fixed mesh framework

To simplify the exposition in the first sections we limit ourselves to the case of two materials. Of
course, the proposed approach extends to more phases and the corresponding details are given
in section

2.2.1 Description of the problem

The general purpose in multi-phase optimization is to find the best position of the interface I'
between two linear elastic materials, hereafter labeled as 0 and 1, with respective Hooke’s laws
Ag, A1. These materials fill two respective subdomains QY, Q' of a (bounded) working domain
D of RY, (d = 2 or 3) which accounts for the resulting structure of the optimal distribution of
materials, i.e. D = Q°UT UQ'. To avoid mathematical technicalities, we assume that I' is a
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smooth surface without boundary and strictly included in D, that is, I' N 0D = (). We refer to
Q0! as the exterior subdomain, so that 9Q° = T (see Figure. Thus, the shape of the interface
I' is altogether conditioned by that of Q°, and conversely. In the sequel, the variable of shape
optimization is denoted either by I" or ¥, without distinction.

Of D

Figure 2.1: Fixed working domain D occupied by two distinct materials Q° and Q' separated by a
smooth interface T'.

The structure D is clamped on a part I'p C 9D of its boundary, and is submitted to body
forces and surface loads (the latter one applied on a part I'y C dD), which are given as two
vector-valued functions defined on D, respectively denoted as f € L?(D)? and g € H'(D)“.

Perhaps the most natural and physical way to model such a distribution of two materials
among a fixed working domain is the so-called sharp-interface formulation. More specifically, the
total Hooke’s law on D is defined as A, := Agxo + A1x1, where x; stands for the characteristic
function of the phase Q. In this context, the displacement field u is the unique solution in
H'(D)? to the linearized elasticity system

—div(Aye(w)) = f inD
u = 0 onlp (2.1)
(Are(u))-n = g onTy,

_ Vul4vVu
- 2

where e(u) is the strain tensor, and n stands for the outer unit normal vector to dD.

Our purpose is to minimize an objective function of the interface I', which is rather expressed
as a function J(Q°) of the interior subdomain,

J(QO):/Dj(m,u) dx—{—/r k(z,u)ds, (2.2)

where j(z,u) and k(x,u) are smooth functions satisfying adequate growth conditions. A typical
example is the compliance of the structure D, which reads

J(QD):/Df-uda:—i—/FNg-uds. (2.3)

2.2.2 Shape-sensitivity analysis of the sharp-interface problem

There exists a vast literature on the Hadamard method for computing derivatives with respect
to the exterior boundary (see e.g. [5], [103], [144], [279] and references therein) but relatively few
works on the derivation with respect to an interface between two regions. In the conductivity
context (i.e. replacing by a scalar equation), derivatives with respect to an interface have
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been obtained in [147], [48], [254]. These results were extended to the elasticity setting in [12].
Let us also mention the works [I73], [248] where similar results are obtained for a stratified
media (where the interfaces are flat and parametrized by a single scalar parameter).

As noticed in [12] and [254], the essential ingredients that must be considered in the calcu-
lation of the shape derivative of a problem such as are the transmission conditions and the
differentiability of the solution u with respect to the interface I'. Furthermore, when a numerical
implementation is sought, an additional element must be taken into account: the way in which
the transmission conditions (continuity of the displacement and continuity of the normal stress
across the interface) are interpreted by finite element methods in a fixed mesh framework. In
general these methods either partially preserve the transmission conditions (e.g. classical La-
grange finite elements method) or exactly preserve the transmission conditions (e.g. extended
finite elements XFEM [293], adapted interface meshing [97], etc.).

It is known [12], [254] that the solution u € H'(D) of is not shape differentiable with
respect to the interface I'. The reason is that some spatial derivatives of u are discontinuous
across the interface because of the jump of the material elastic properties. Note however that
the transported (or pull-back) function wy := w o (Id + ) is indeed differentiable with respect
to 6 (this is the difference introduced in Definitions |1.1.19 and [1.1.20] between the material
derivative, in the latter case, and the shape derivative in the former case). As it was remarked
in Section [I.1] it is not necessary to use the concept of material derivative for computing the
shape derivative of the objective function. One can stay in a Fulerian framework and use Céa’s
formal Lagrangian method [74] to find the correct formula for the shape derivative J'(Q°)(9).
In order to circumvent the non-differentiability of u, the idea is to introduce the restrictions of
u on Q° and Q!, denoted by u° := u|qo and u! := u|q:.

We recall the result of [I2] for the shape derivation of the objective function (2.2). We need
to introduce some notations about jumps through the interface I'. For any quantity s which is
discontinuous across T', taking values s (resp. s!) on Q° (resp. !), denote as [s] = s! — s° the
jump of s. We also introduce at each point of I" the local basis obtained by gathering the unit
normal vector n (pointing outward Q°) and a collection of of unit tangential vectors, denoted
by 7, such that (7,7n) is an orthonormal frame. For a symmetric d x d matrix M, written in
this basis, we introduce the notation

MTT MTTL
M= <Mm Mm>

where M, stands for the (d — 1) x (d — 1) minor of M, M, is the vector of the (d — 1) first
components of the d-th column of M, M., is the row vector of the (d — 1) first components of
the d-th row of M, and M,,, the (d,d) entry of M. Finally, we define the adjoint problem

—div (Aye(p)) = —j'(z,u) in D,
p = 0 on I'p, (2.4)
(Are(p)) - n = —kK(x,u) onTy,

where the symbol 7 denotes differentiation with respect to w.

Proposition 2.2.1. The shape derivative of the cost function J, defined in , reads
7(@°)0) =~ [ Dlw.p)6-nds,
r

D(u,p) = =0 (p)nn : [e(W)nn] = 20(P)nr - [e(Wnr] + [0(w)rr] - e(p)rr (2.5)

where [-] = -1 — -0 denotes the jump through T, n = n°

(2.4) and o(v) = Ay e(v).

= —nl', p is the adjoint state solution of
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Remark 2.2.2. To better appreciate the expression where some terms have jumps and
others not, we recall that the tangential strain tensors e(u);r and e(p).r are continuous through
the interface I' while the normal components e(u)nn, €(U)nr, €(P)nn and e(p)nr are discontinuous.
On the contrary, the normal components of the stress tensors o(u)nn, 0(UW)nr, 0(P)nn and o(p)nr
are continuous through I' while their tangential parts o(u)-r and o(p),;r are discontinuous.

Proof. We merely sketch the proof that can be found in [I2]. In order to apply Céa’s Lagrangian
method [74], we first introduce the restrictions of u on Q¥ and Q! denoted by u® := u|qo and

u! := u|g1, which satisfy the transmission problem:
—div (Are(u!)) = f Q!
ut = 0 on I'p N ot
(Are(wh)) n = g onTyno (2.6)
uwl = ¥ onT
(Age(u?)) - n® + (Aje(ul))-nt = 0  onT,
and
—div (4pe(w”)) = f inQ°
uw' = u’ onTl (2.7)
(Age(u?)) -n° + (Aje(u!))-nt = 0 onT.

Of course, (2.1) and (2.6))-(2.7) are equivalent. Note that, by standard regularity theory [213],
u is smooth on each subdomain, namely u® € H?(Q") and u' € H?(Q'). Then, we define the
Lagrangian

L(0,v"% ¢ ") = > (/ j(x,vi)df“r/ k(w,vi)d8> (2.8)
(Id+0)Q

i=0,1 I'n
+ Z (/ Aje(v?) : e(¢')dx —/ f-q'dz —/ g- qids>
o \Jua+e)o (Id+0)Q I'y
O R R GO U
2 Jaavor
b5 @) (0 - s
2 Jaavor

where the last two surface integrals account for the transmission conditions. Differentiating £
with respect to ¢', ¢° yields the state equations —, while differentiating with respect to
v!, 0¥ leads to the adjoint equation . Then a standard, albeit nasty, computation (see [12]
for full details) shows that

oL
T(90)(0) = 520,000, 51, °)(0),
which yields the result. O

Remark 2.2.3. Proposition|2.2.1| can be extended in several ways. For example, if the integrand
j depends on x, namely if the objective function is

J(Q0) = /Djx(x,u)dx—i— /FN E(x,u)ds := Z /iji(aﬁ,u)dx—i—/ k(x,u)dz,

i=0,1 Iy

we obtain a shape derivative which is
7(@06) = = [ (Iivte, 0+ D)o nds,

with the same expression for D(u,p).
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Although formula for the shape derivative makes perfect sense in a continuous setting,
its numerical discretization is not obvious. Indeed, involves jumps through the interface
which are difficult to evaluate from a numerical point of view if the interface is not exactly
meshed. Let us explain the difficulty by making some specific discretization choices, keeping in
mind that any other numerical method will feature similar drawbacks. Suppose D is equipped
with a conformal simplicial mesh D), = Ufil K; with N elements K; of maximal size h. Let
II;(Dy,) and Io(Dy) be the finite-dimensional spaces of Lagrange P!, respectively PC, finite
element functions. Define up,pp € I11(Dy,) the internal approximations of u and p (we recall

weak solutions of (2.1) and (2.4) respectively), i.e.,

/ Aye(up) @ e(vy) de = / f-opde +/ g-vpds, Yo, € II1(Dy), (2.9)
D D I'n
and
/ Aye(py) : e(vp) dz = —/ 7' (x,up) - vy dx —/ K (z,up)-vpds, Yo, € I1(Dy). (2.10)
D D I'n

Since the discrete strain tensors e(vy) are constant in each cell K;, we can replace A, in the
above internal approximate variational formulation by its PV interpolate A* defined by

A*g = pA + (1 — p) AL, withpz/xda:.
K

Within this discretized framework the naive evaluation of the jumps in has no meaning.
Indeed, consider the generic case of an element K cut in its interior by the interface I' (see Figure
. For P! Lagrange finite elements the strain tensors e(vy), for v, = uy,pp, are constant in
K, thus yielding a zero jump. Similarly, if the stress tensors are evaluated as o5, = A*e(vy,), they
are constant in K and their jump is again zero, leading to a vanishing shape derivative ! There
is an alternative formula for the stress tensor which is o, = Aye(vy): it yields a non-vanishing
jump [A]e(vy) and the discretization of would be

(D(u,p)p, = ([Ale(w) 7 = €(p)rrs (2.11)

which is different from the discrete formula (3.23)) by lack of any normal components. On the
same token, note that the “exact” continuity of the normal stress through I' does not hold for
op, = Aye(vy) with v, = up, pp, since

[on - n] = ([A]e(vn)) - n # 0.

Therefore some special care is required for the numerical approximation of (2.5). A com-
plicated process was proposed in [12] for computing the jump of a discontinuous quantity sz,
based on the diffuse interface approximation

[sn] ~ ((1 — X)Sh — xsh)- (2.12)

Although this approximation seems to work well when the contrast between the two elastic
phases is very large (as is the case in damage or fracture models, see [12]), more general numer-
ical experiences for comparable elastic moduli indicate a much worse behavior of this approx-
imation, up to the point that does not any longer provide a proper descent direction to
minimize (2.2)) (see section .

One way to overcome the difficulty of computing the jumps involved in the shape derivative,
consists in expressing J'(Q2°) not as a surface integral but rather as a volume integral. Indeed,
applying a sort of “divergence theorem”, one can formulate as a volume integral on (),
where no jumps are actually needed.
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A* = pAV 4 (1 - p)Al

Figure 2.2: Transmission condition in a fixed mesh framework.

Proposition 2.2.4. Suppose f =0 and 0 = 0 on I'y. Then the shape derivative of the cost
function J defined in (2.2)) reads

7206 = [

(Axe(p) €0, u) + Aye(u) : E(Q,p))da: +/ Aye(u) : e(p)div(f)dz, (2.13)
D D

where p is the same adjoint state of (2.4) and the tensor £ is given by

1
&ij(0,9) = 5 > (3kqg'3i9k + 3qu‘<9j9k)- (2.14)
k

Equations (2.5) and (2.13) are thus equivalent.

Proof. Denote as u(Id+6) the solution of for the deformed configuration xy = yo(Id+6)~!
(we recall that the domain D does not change since # -n = 0 on 0D). As it was quoted in
[254], even though the function u(I/d + #)is not shape differentiable (i.e. we can not take an
Eulerian derivative), we can introduce however the notion of Lagrangian derivative through the
transported of u(Id + 6) [5]

up = u(Id+0) o (Id+6). (2.15)

Setting as test function ¥ = vo (Id+ )™, then Vv € H*(D)? such that vr, = 0 the variational
formulation of (2.1)) in the deformed configuration yields

/DAXOG(’LL(ICZ—F@)) :e(v)dx:/Df-vd:E—l—/F g - vds.

N

So applying the change of coordinates x = (Id + 0)x
/D (Ave(u(Id +0)) o (1d+0) : e(5) o (1d +0)) |det(V(1d + )|z
_ /D fo(Id+6) - v|det(V(Id + 0))|dz
+ /F go (Id+6) - v]det(V(Id + 9));‘ ((V(Id v 9))*1)Tn‘d§. (2.16)
N
Furthermore by the very definition of the strain of u(Id + )

e(u(Id + 0));; %(&-uj(ld +0) + 0l (1d + 0)),
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so invoking ([2.15)) entails
0; (' (Id+0)) = Opuho;(Id +0), .
k

Hence
elu(Id+0)) o (1d+0) = = (Sy; (Id + 0);" + O (Id + 0);) o (Id + 0
=5 kugdj(Id +0)" + Opuydi(Id +0)," ) o (Id +0).
k
Deriving thus with respect to 6 around 0

Sge(ulld+0))o(Id+0) = 5 (9;(up) +0i(up) ) =3 Zk: (Owubs00-+0puhi61 ) = e(up) —E (6, uo),

where up € H'(D), with uj = 0 onI'p, denotes the Lagrangian derivative of u. Moreover
introducing

det(V(Id + 0))] = 1+ divé + o(6),
NT
‘((V(Id+9)) ) n‘zl—(V@)Tn-n—i—o(Q),

in (2.16]), one finds the variational problem that satisfies the Lagrangian derivative of uy at 0
following the direction 6 (Theorem 3.10 [285]),

/D (Axe(ug) : e(v))dac = /D (Axe(u) 1 E(0,v) + Aye(v) : 5(6,u)>d:c —/ Aye(u) : e(v)div(0)dx

D

+ /D(Vf-0+div(0)f)-vdm
+ /F (((@ivd — (V6)™n - m)g v+ Vg -0-v)ds

Similarly, if we apply the same development to the cost function J((Id 4 6)Q°) using the hy-
pothesis f =0and 6 =0 on 'y

/j(m,u(;o(Id—i-G)l)dx—i—/ E(x,ug o (Id+6)"')ds
D I'n

= /j((Id+H)x,ug)|det(V(Id+0))|dﬂz+/
D

(e, ug) des(V (1 + 0)| ((V(7d + 6’))_1)Tn‘ds
INY;

= J(QO)—I—/ j@-nds—l—/ 7 updz + k' - upds + o(6)
oD D Tn

= J(°) - /D (Axe(p) : e(ué))dm + 0(0), (2.17)

where the functions j(,-), k(,-) are C'(D). Finally inserting the weak formulation of uj, into
(2.17)) the desired result follows. O]

From a pragmatic point of view, the volume form of the shape derivative of J allows
us to easily find a descent direction 8* without the need of estimating the jumps involving the
stresses and strains of u and p. The vector 8* can be e.g. estimated by a dual identification
method with a Hilbert subspace W C W1>(Q)? by solving

(0%,0)y, = —J'(2°)(0),V0 € W.

Unfortunately, (2.13) is not quite suited for numerical purposes. Indeed, in a typical dis-
crete framework, the values of #* for both formulae (2.5) and (2.13) are not exactly equal.
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This fact is illustrated in Figure for the compliance of a cantilever composed of two
anisotropic materials (in black and red), where the values of #* are plotted for both formulae
taking W = II;(Dy)? and the scalar product of L?(D},). This choice of FE (classically used in
linear elasticity) is not a subspace of W1°°(D)? and moreover does not fulfill the normal stress
continuity conditions, hence not allowing an “integration by parts” between and to
reach the equivalence. This feature restricts the use of to some particular families of FE,
see e.g. [28]].

I AL L L L L L L L L]l

0.11

0.08

0.02

0.0

Figure 2.3: Zoom around the circular domain ° (in black) surrounded by Q! (in red). The interface
I is perfectly meshed. The descent direction fields #* for the “surface” and “volume”
formulae of J/(Q°)(0) are plotted at the left and the right sides, respectively. We
remark that the values of both formulae do not match perfectly due to the choice of finite
elements.

All these difficulties in the numerical evaluation of the shape derivatives and are
summarized just as another example of the well-known paradigm “should we differentiate first
and then discretize or vice versa 77 as already studied in [249]. In order to get around this
issue it is tempting, and we do so now, to investigate the case when we first discretize and then
differentiate. In other words we consider the objective function

Jh(QO):/Dj(x,uh)da:—i-/F k(z,up)ds,

where uj, € II1(D),) is the discrete solution of (3.21)).

Proposition 2.2.5. Assume that the interface I' generically cuts the mesh Dy, namely that it
1s never aligned with part of a face of any cell K;. Then, the solution up of s shape
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differentiable and the shape derivative of the cost function Jp is given by

J(Q%(0) = — /F[[Ax]]e(“h) ce(pn) 0 - nds, (2.18)

where [-] denotes the jump through T' and py, is the solution of .

Remark 2.2.6. Note that Proposition holds true for most finite elements discretization
and not merely P! Lagrange finite elements. The assumption on the interface I' is necessary in
the sense that, if a face of an element K of the mesh is embedded in I', then neither up nor Jy
are shape differentiable. However, if instead of Lagrange finite elements, we use Hermite finite
elements which ensure that e(uyp) is continuous on D, then the results of Pmpositz’on hold
true without any assumption on T.

Proof. Let us denote by ¢;(x) the basis functions of the finite element space II1(Dy). The
solution wuy, € II3(Dy,) is decomposed as

) = Z Ulgi(x)

and the vector U" of components Uih is the solution of the linear system
Khyh — ph

where the stiffness matrix K" and the right hand side F" are defined as

K = /D Ave(s) s e(¢y) du, and F' = [ f o d“/ g ouds:

Dy, 'y

The basis functions ¢; are independent of I so the shape differentiability of the function wuy
reduces to that of the vector U” and thus of the rigidity matrix K. Fix an arbitrary element
K € Dy. We first prove the shape differentiability of

Lf = /K Aye(9i) : e(p)dx. (2.19)

An important difference when calculating the shape derivative of w.r.t. classical boundary
variations of domain integrals, is that the interface I' intersects the boundary of 0K, which is
fixed, constraining the possible movements of I" on its extremal points to those given by 6 such
that #-n =0 on OK (see Fig. 2.4). Thus, in order to get rid of this constraint on the boundary
variations of I', we take any # € W1°°(D)? and we rely on a product rule formula which reads

C;Z(/}{Axee(@):e(%)dx) :—dd€</K Axel@i) : e(@y)da) + dd9</ Apge(63) : €(6)dx)

(2.20)
where the expression at the left represents the derivative we are looking for (yy = xo (Id+6)71),
the first term at the right the boundary variation of the domain K when A, is fixed (K =
(Id+0)K) and the second expression and the right the derivative when the interface I' and the
boundary 0K move simultaneously. Thus assuming that e(¢;) is regular inside K (in our case
it is actually constant) and that I" does not overlap any face of K,

;t;(/K Aye(g;) - e(¢j)dx) = /8[( Aye(9i) - e(p)(0 - n)ds
and

([ Avetodselois) - / Aoe(91)  e(6;)dr ) / Are() s (0;)dz)

= / Ape(pi) - e(¢j)(0 - n)ds +/ Ave(¢i) - e(¢5)(0-n)ds
OK?O

oK1
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K

Figure 2.4: Boundary variation of the interface I' in the fixed element K. The extremal points of I" are
constrained to move following the tangential directions (in blue) of OK.

where K = Ko N Q0 K} = Kp\K" (see Fig. . Adding the foregoing equations, the desired
term in ([2.20)) reads (as expected)

/ [AJe(¢i) : e(¢p;) 0 - nds. (2.21)
I'NK

The shape derivative of (K");; = Lffj, steams from ([2.21]) by linearity
KED}L

(1%) @)0) = [ 1Adelon) s ()0 - m s,
since e(¢;) : e(¢;) is integrable on I'. Hence

a,(00)(0) = 3 (UF) (9)(0)5, where (U) (00)(60) = —() 1 (K (@) (0)U".

)

Once uy, is shape differentiable, it is not necessary anymore to consider a complicated Lagrangian
like (2.8]), taking into account the transmission conditions through I" (which, by the way, do not
hold true for uy). Therefore we define a discrete Lagrangian as

Lr(0,vn,qn) = /j(a:,vh)dx+/ k(:(:,vh)ds—i—/ Ayo(raro)-re(vn) : e(qn) dz
D Ty D

- /f‘Qh,dl’—/ g qpds,
D I'n

to which it is easy to apply Céa’s method. Note that the adjoint problem obtained by differ-
entiating £ with respect to vy, is exactly (3.22)) which was a discretization of the continuous
adjoint. Therefore we deduce

TQ0)(8) = 20, ) 0)

which yields the desired result. O

There is a clear difference between the discrete derivative and the continuous one
(2.5)). Even if the continuous derivative is further discretized as suggested in , there is still
a difference between ([3.23)) and (2.11)) which is that the latter one is restricted to the tangential
components of the stress and strain tensors.
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There is however one case where both formulae coincide which is when one of the phases is
void. Indeed, assume that Ag = 0 (and similarly that f = 0 and j = 0 in 0 so that no loads
are applied to the void region). Then, in the domain Q0 we have

o(D)n =0, 0(P)nr =0, 0(w)ny =0 and o(u),r = 0.

Thus, we deduce that the continuous derivative (2.5)) becomes

TO6) =~ [ o) s (e 8-,

which, upon discretization, coincides with the discrete derivative (3.23)
TAQ©) = [ Aleun) s e(pn) 0 s,
r
since o(u!)py, = o(ul)yr =0 on T.

The above study shows that the numerical discretization of the sharp-interface problem
should be handled carefully when a standard finite element method is used for solving the state
and adjoint systems and in a fixed mesh setting. The main reason of this difficulty
lies in the difference of regularity of the exact and approximated solutions through the interface.

We finish this section with a complement of Proposition [2.2.5] when a face of an element K
is aligned with the interface I'. In this case Jj, is directionally shape differentiable.

Proposition 2.2.7. Let O C D be a regular open subset. Define the piece-wise functions
h=xh"+ (1 —x)h' and c=¢ta+(1-£6)3

where R, b, o, B € CY(D)? and &, x are the characteristic functions of Q° and O, respectively.
Suppose that T' and 0O are piece-wise aligned.

Then the shape functional
J(Q0) = / he dx
D

is directionally shape differentiable and J'(Q°)(0) reads

720 - |

[h] <co(9 )T+ (0 - n)*)ds, (2.22)
r

where ® = ¢(x)|qo and ¢! = c(x)|gn and (:)T,(-)~ are the positive and negative part opera-
tors.

Remark 2.2.8. Since an integral on I' has no sense if the integrated quantities are discontinuous
(otherwise from which side would we take the trace), formula (2.22)) must be conceived in the
following way: If ¢(x) is discontinuous through T, takes the value of one side («) or the
other (B) according to the sign of (0 -n). On the contrary, if c(x) is continuous, then there is

no issue and stmply reads
J(Q0)(6) = / [ (<(0 - ) ) ds. (2.23)
r

given that (6 -n)* +(6-n)~ = (6-n).
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Proof. Notice that in the context of Proposition (formally speaking h = A, and ¢ =
e(¢;i)e(@;)), if c(z) is continuous across the interface I' (or the set of points where it is discon-
tinuous is negligible), then we recover .

Now we concentrate in the case where the surfaces I' and 0O are piece-wise aligned. The
Gateaux derivative (directional derivative) of J(QV) is defined as

Denote for ¢ > 0 small, QY = (Id + t0)Q°. Then
J(Qp) = J(Q°) = AJ,

where

AJ = / (h° — hYe® + da — / (h° — hY)clde,
AQy AQ_

and AQy = Q%\Q0 and AQ_ = QN\QY,.

D D

Ql r

AQ,

Figure 2.5: Variation of I' in a discontinuous framework.

Now introduce the change of coordinates
2(p,v) = (Id+ ph) o y(v), p € [0,4],v € [0, 1),

where v(v) is a regular parametrization of I'. We remark that the jacobian of this transformation

reads
i () - oo (252 00,

where n is the unit normal vector on I'. Thus

AT = |00 = 1) @l )|t 2D,

/W1(@)61“#9(“7)'71(7)>0 0 (1)

- t 0_pt T 14 Cl.’L"U,’U e M 1%
L i o (0= W) o) e G . (2.25)

Since t << 1, the functions h°, hl, c?, ¢! are C! in (2.25)), so the Taylor expansion of each function
around p = 0 reads

Ri(z)(p,v) = hi(x)(0,v) 4+ uVh (x)(0,v) - 0(x)(0,v) + o(u),i = 0,1
@)(0,0) + pVe(2)(0, ¥) - 0(z) (0, 0) + o{n)
@) = A@)0,0) +pVE (@)(0,v) - 0()(0,v) + ols).

@)
[==)
—~
8
T
X
I
8

8
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So integrating between 0 and ¢ in ([2.25))

ov(v)
A= [Y—l(V)€F79(’Y)~n('Y)>0 t(ho - hl)(a:)(O, V)co(x)(o’ v)in()- 9\‘det< gy )‘dy
- /_ #(h° — hY(2)(0, )L (2)(0, v)|n(v) - ] ‘det(ag(:)> ‘du +o(t).
Y= Hv)€T,0(v)-n(v)<0

The application of the following identities
_ 0y(v
0-n) = (0-n)" —(@-n)", /F(m)ds:/ F(fy(y))‘det( il ))‘du,
r v~ L(v)er ov

yields

AJ = t/F[[h]} (20 - n)* + (0 -n) " )ds +o(t)

Finally the desired result stems from definition (2.24)).

2.3 Shape derivative in the smoothed-interface context
2.3.1 Description of the problem

We now present an alternative approach to that of section which can be coined as smoothed
or diffuse interface approach. It can be seen as a mathematically convenient approximation of
the sharp-interface problem but, as explained in the introduction, it has its own merits for some
problems in material science which feature physically thick transition zones [68], [295], [306],
[312]. More precisely, either for a mathematical approximation or for physical reasons, it may
be desirable to model the interface I' between Q20 and Q' as a thin layer of (small) width 2¢ > 0
rather than as a sharp interface. In this context, we rely on the notion of the signed distance
function (see Definition

The material properties in D are defined as a smooth interpolation between Ag and A; in
the layer of width 2e around T', so that the resulting Hooke’s tensor Agqo . reads

Aqo c(x) = Ao + he(dgo(x)) (A1 — Ag), VzeD, (2.26)
where he : R — R is a smooth approximation of the Heaviside function, that is, a smooth

monotone function enjoying the properties : h.(t) = 0 for t < —¢, he(t) = 1 for t > €. In the
sequel, we chose the C? function

0 if t<—¢
VtER, he(t) =4 $(1+L+1sin()) if —e<t<e (2.27)
1 if ¢t>e.

Remark 2.3.1. Formula expresses a simple choice for the interpolation of the material
properties between the two materials, and of course, one could think of different interpolation
rules. Moreover, the interpolation function could also contain parameters that are themselves
subject to optimization (e.g. the layer width €) and both a geometric and parametric optimiza-
tion could be combined using a method of alternating directions. Therefore, this method could be
generalized to the shape and topology optimization of functionally graded materials in a straight-
forward way (see [312] for the use of non-monotone interpolation functions).

We modify (2.1]) so that the elastic displacement now solves
—div (Ago.e(u)) = f inD
u = 0 onlp (2.28)
(Aje(u))n = g only.

The objective function does not change and we still minimize (2.2)) which depends on dqo through
(12.26)).
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2.3.2 Shape differentiability of the signed distance function

The purpose of this section is to recall some results on the signed distance function and to
explore its shape differentiability which holds in a non-classical and subtle sense (see below for
details). For simplicity we drop the index 0 of Q° in the sequel.

Let us start by collecting some definitions (see Figure for a geometric illustration).
Definition 2.3.2. Let Q C R? be a Lipschitz bounded open set.

o For any x € RY, Tlyo(z) := {yo € ON such that |z — yo| = infyeaq |x — y|} is the set of
projections of x on 0. It is a closed subset of Q). When Ilyq(x) reduces to a single
point, it is called the projection pao(x) of x onto ON.

o ¥ := {x € R? such that (do)?* is not differentiable at x} is the skeleton of 9Q (or Q by a
small abuse in terminology).

e For any x € 0Q, rayyq(z) := {y € RY such that dq is differentiable at y and paq(y) = =}
is the ray emerging from x. Equivalently, raysq(x) = pgé(m)

We now recall some classical results (see [104], chapter 7, theorems 3.1, 3.3 and [15]).
Lemma 2.3.3. Let Q C R? be a Lipschitz bounded open set.

o A point x ¢ O has a unique projection paq(x) on O if and only if x ¢ X. In such a
case, it satisfies d (x,00) = |v — paa(x)| and the gradient of dg at x reads

Vdg (z) = x;é’?g)(‘”).

o As a consequence of Rademacher’s theorem ([115], section 3.1.2), ¥ has zero Lebesgue
measure in R, Furthermore, when ) is C2, ¥ has zero Lebesgue measure too [207).

e For any x € RY, p € lpa(x), a € [0,1], denoting x4, := p + a(x — p) the points of the ray
of x lying between p and x, we have dg(x,) = adqo(z) and Uy (zs) C Hya(z).

o IfQ is of class CF, for k > 2, then dg is C* too in a tubular neighborhood of ). In that
case, dq is differentiable at every point x € 0%, and Vdq(z) = n(x), the unit normal
vector to ().

Unfortunately, the signed distance function is not, strictly speaking, shape differentiable in
the sense of Definition [I.I.13] One reason is the lack of smoothness of the gradient of dq at the
skeleton X. However, its pointwise values dq(x) are shape differentiable for x € D\ ¥. This is
the purpose of the next result which can be found in [103] (without much details however ; see
[97] for a detailed and pedagogical proof).

Proposition 2.3.4. Assume Q C D is an open set of class C', and fix a point x ¢ X. Then
0 = d(rayeya() is Gateaur-differentiable at 0 = 0, as an application from Wheo(D,R%) into R,
and its derivative is

doy(9)(x) = —0(poa(x)) - n(poa(z))-

Remark 2.3.5. Actually, a more general result than that of Proposition holds. Indeed,
retaining the hypothesis that Q is of class C', for any point x € R, and denoting, for a real
parameter t > 0,

Do = (I +10)Q,

the application t — dg,,(x) is right-differentiable at t = 0%, and
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o ifz€Q, 4 (doy(x))|imor = — inf 0(y) n(y).
y€llpa(z)

o ifx€°Q, 4 (doy(x))limor = — sup  0(y) - n(y).
y€llpg (x)

Of course, these formulae agree with the previous result since laq(z) = {paa(z)} if x ¢ X.
Note also that a similar analysis could be performed when € is only assumed to be Lipschitz.

Howewver, the results are then more tedious to write, since the normal vector field n is not defined

everywhere on 92 (which is an indicator of specific geometric phenomena, see [97]).

Remark 2.3.6. The signed distance function can also be seen as a solution of the following
Hamilton-Jacobi equation
|Vdq (z)| =1 in D,
{ do(x) =0 on 0.

The behavior of the variations of dg with respect to the domain can be retrieved by a formal
computation. Indeed, assuming that do is shape differentiable, a formal computation yields that
the directional shape derivative dg,(0) satisfies

{ Vdo(z) - Vdg(0)(z) =0 in D,
do(0)(x) = —0(x) - n(z)  on ON.

n(p,m(:r,))/
poa(x)
ray o () './/iﬂ ()]

R

Moa(y) > 2 R 21 € Maq(y)

Figure 2.6: For a point z lying outside the skeleton ¥ of €, unique projection point psq(z) and line
segment rayyg(z). For a point y € X, at least two points z1, 22 belong to the set of
projections Ipa(y).

Corollary 2.3.7. Let Q be a bounded domain of class C* and m(z,s) : R x Ry — R a function
of class C'. Define the functional J(2) as

J(Q):/Dm(ac,dg(x))dx. (2.29)

The application 0 — J((Id+0)Q), from W1 (D, RY) into R, is Gateauz-differentiable at § = 0
and its derivative reads

om

7)) == [ T2 (w.da@) 0(pon(@) - n(pon(x)) dr (2:30)
The shape derivative (2.30]) satisfies the Hadamard structure theorem since it depends only

on the values of 6 - n on the boundary of 2. However (2.30) is not a surface integral on 0f2 as
usual. Therefore the task of the next subsection is to transform (2.30)) into a surface integral by
using the notion of rays (see Definition [2.3.2)), along which dq and pyq take very simple forms,

altogether with the coarea formula.
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2.3.3 An application of the coarea formula to integral functions of the signed
distance function

The purpose of this section is to derive a Fubini-like formula for integrals of the form ([2.30) and
transform them in surface integrals. To this end, we use the following coarea formula [82].

Proposition 2.3.8. Let X,Y be two smooth Riemannian manifolds of respective dimension
m >n, and f : X — Y a surjective map of class C*, whose differential V f(z) : T,X — Tr)Y
1s surjective for almost every x € X. Let ¢ an integrable function over X. Then:

/X pla)de = /Y </zef1(y) #l2) Jac(;)(z)dz> 4

where Jac(f)(z) is the the Jacobian of the function f.

Remark 2.3.9. If m > n, and f : R™ — R" is a differentiable function at a point x € R™, the
Jacobian Jac(f)(x) of f at x is defined as

Jac(f)(@) = \/det(V (@) Vf(2)").

The definition of the Jacobian is similar when f is a map between two Riemannian manifolds X
and Y, once the tangent planes T X, Tt)Y have been identified to R™ and R™ respectively (see
[82], exercise II1.11). In any case, the Jacobian is positive Jac(f)(x) > 0 if and only if V f(x)
is of mazximum rank, or equivalently V f(x) is surjective from R™ to R™.

We apply this formula in our context to X = €, Y = 99 and f = psq. To apply Proposition
2.3.8| we need the differentiability of psn which will be deduced from the following classical result
on the second-order differentiability of the signed distance function [72].

Lemma 2.3.10. Assume § is of class C*>. For i = 1,...,d — 1, denote by k; the principal
curvatures of ) and e; its associated directions (see Figure . For every x € D, and every
y € lpq(z), we have

—ki(y)da(z) <1, 1<i<d-1. (2.31)

Define T' the singular set of 0, namely the set of points x ¢ ¥ such that, for some i, one of the
inequality is actually an equality. Then, > = X UL and ¥ has zero Lebesgue measure.
If © ¢ %, then all inequalities are strict and dq is twice differentiable at x. Its Hessian

reads
d—1

Rj paﬂ :E))
ol zz; 1+ ri(poa(x ))dﬂ(w)ei(pm(x)) ® eilpon(w)).

Lemma 2.3.11. Let # € D\ X. The projection map paoq is differentiable at x and, in the
orthonormal basis {e1, ...,eq_1,n} (paa(x)) of R? (see Figure , its gradient is a d x d diagonal

matric dan@)
o(z)k1
= maowm 0 0

Vpoa(r) = 0 h h 1, (2.32)
: <. 1— do(%)kd—1
I+da(z)ka—1

0 0

where the the principal curvatures k; are evaluated at pago(x).

Proof. The proof starts from the characterization of the projection map when x € D\ ¥ (see
Lemma |2.3.3))

poa(x) = x — do(x)Vdgo(x).
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This last equality can then be differentiated once more for z € D\ ¥
Vpoa(z) = Id — Vdg(z) Vdo(x)T — do(z)Hdo(z). (2.33)

Since Vdq(z) = n(psqa(z)), a simple calculation ends the proof. O

nlpgalz))
pag(x)

£1 €2

Figure 2.7: Principal directions, normal vector at the projection point of z € R.

Corollary 2.3.12. Let Q C D be a C? bounded domain, and let ¢ an integrable function over

D. Then,
d—1
/D o(x)dr = /a ) ( / D I (5 dQ(Z)Hi(y))dZ> dy, (2.34)

where z denotes a point in the ray emerging from y € 0 and dz is the line integration along
that ray.

Proof. Since ¥ is of zero Lebesgue measure, we have

/Dgo(x)da::/D\Ego(x)dx.

Applying Lemmas [2.3.10| and [2.3.11], psq is a surjective and differentiable map from D \ ¥ into
99, with a positive finite Jacobian for any z € D\ &

1

Jac (paq) (x) = -

H (1 + dg(m)m(paﬂ(x)))

i=1

Proposition then yields the desired result. O

2.3.4 Shape derivative in the multi-materials setting

We now differentiate the cost function with respect to the domain. We keep the geometrical
assumptions of section namely for a given bounded open set D C R? which is partitioned
in two subdomains Q°, Q' ¢ D, QU is a strict subset of D in the sense that its boundary I, as
well as its thick approximation, does not touch 9D (see Figure and I is smooth.

We define the adjoint problem

—div (Aqo.e(p)) = —j'(z,u) inD,
p = 0 on I'p, (2.35)
(Are(p))-n = —K(x,u) onTy,

where the symbol 7 denotes differentiation with respect to w.
We now come to the main result of this section.
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Theorem 2.3.13. The objective function is shape differentiable in the sense of Gateau,
namely 0 — J((Id + 0)Q°) admits a Gateauz derivative at 6 = 0, which is

720 =~ [

[ 0(2) () ( folz) + fl(z:)>dm, Vo € Wh(D,RY), (2.36)

where n is the outer unit normal to Q° and fo, fi are scalar functions defined by

d—1

folz) = / h. (dgo(2)) (A1 = Ao)e(u)(2) : e(p)(2) [ [ (1 + dao (2)ri(x))dz,
rayn(z)nQo i=1
d—1

hi(z) = / h. (doo(2)) (A1 = Ao)e(u)(2) : e(p)(2) | | (1 + dao(2)ri(x))dz,
rayp(z)nQ! i=1

where z denotes a point in the ray emerging from x € I.

Proof. The rigorous proof of existence of the shape derivative stems from classical arguments
(typically the implicit function theorem) similar to those invoked in [279] or chapter 5 in [144].
We rather focus on the actual computation of the shape derivative and use once again the formal
Lagrangian method of Céa [74]. As the computation unfolds very similarly to that in the proof
of Theorem 3.6 in [12], we limit ourselves to the main arguments.

Define first the functional space V := {v € H'(D)? such that v = 0 on I'p}, in which are
sought the solution of the state equation and of the adjoint equation . We introduce
the Lagrangian £ : Wh™ (D, ]Rd) x V xV — R, defined by

L(0,v,q) :/j(:c,v) dx + k(x,v) d5+/ A(ra+o)00.€(v) : e(q) d,a:—/ f-qu—/ g-qds.
D D D 'y

(2.37)
Here, ¢ is intended as the Lagrange multiplier associated to the enforcement of the state equation.
As usual, stationarity of the Lagrangian provides the optimality conditions for the minimization
problem. At 6 = 0, canceling the partial derivative of £ with respect to ¢ yields the variational
formulation of the state u. In the same way, the nullity of the partial derivative of £ with respect
to v leads to the variational formulation of the adjoint p.
Eventually, the shape derivative of the objective function is the partial derivative of £ with
respect to 0, evaluated at v and p

'y

7(00)(8) = 52(0,u,9)(0).

Some elementary algebra, using the shape differentiability of dqo(z) for almost every = € D,

yields

J(Q0)(0) = /D (Aararn.)' (0) e(u) - e(p) dx

(2.38)
= /Dhé(dm(fv))@(pr(w))-n(pr(x)))(AlAo)e(U):e(p) dz,

where (A(]d+9)9075)/ (0) is the directional shape derivative of A(;q4g)00 . While A is the standard
derivative of the real function h.. It remains to transform this expression by the coarea formula
in order to deduce a boundary integral. Using formula ([2.34)) for (2.38]), we get

J'(Q%)(9)
d—1
= — /1“ 0(x) - n(x) </rayr(x)mD h.(dqo(2)) (A1 — Ag)e(u)(2) : e(p)(2) E (1+ on(z)m(x))dz> dx.

Now decomposing the above integral over Q° and Q! readily yields the desired result. O
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Remark 2.3.14. Theorem provides a simple way of choosing a descent direction for a
shape gradient based algorithm. Indeed it is enough to perturb the interface I' by choosing the
vector field

0(2) = (fo(@) + fi(x) )n(x).

which ensures that the directional derivative is negative and thus yields a decrease of the
objective function . This is in sharp contrast with Corollary which provided formula
for the shape derivative. However it was impossible to extract directly from an

explicit value of 0 which was a guaranteed descent direction.

Remark 2.3.15. In the case of compliance minimization, namely for the objective function
, we have 7' = f, k' = g and thus p = —u. If we assume that material 1 is stronger than
material 0, in the sense that A* > A as positive definite tensors, we deduce from the formulae
of Theorem that both fo and f1 are non-positive because 1 + k;(x)dqo(z) > 0 by virtue of
Lemmal2.3.10, Thus, a descent direction is obtained by choosing 6 such that 6(z) - n(z) < 0 on
I', namely we expand Q'. This is in accordance with the mechanical intuition that a more robust
mizture of the two materials is achieved when A' prevails over A°. Of course, for the problem
to be reasonable, a volume constraint is imposed on the phases.

2.3.5 Approximate formulae for the shape derivative

Although formula is satisfying from a mathematical point of view, its numerical evaluation
is not completely straightforward. There are two delicate issues. First, one has to compute the
principal curvatures k;(x) for any point z € I" on the interface. Second, one has to perform a 1-d
integration along the rays of the energy-like quantity [AJe(u) : e(p). This is a classical task in
the level-set framework [271] but, still, it is of interest to devise a simpler approximate formula
for the shape derivative.

A first approximate formula is to assume that the interface is roughly plane, namely to
assume that the principal curvatures x; vanish. In such a case we obtain a “Jacobian-free”
approximate shape derivative

T(@)0) =~ [ 6(a) @) (fole) + i(a)) o

r

(2.39)
filz) = / ~hZ(dao(2)) (A1 — Ao)e(u)(2) : e(p)(2)dz.
rayp(z)n

A second approximate formula is obtained when the smoothing parameter ¢ is small. Note that,
since the support of the function A is of size 2¢, the integral in formula is confined to
a tubular neighborhood of I' of width 2. Therefore, if € is small, one may assume that the
functions depending on z are constant along each ray, equal to their value at x € I". In other
words, for small £ we assume

e(u)(2) = e(u)(x), e(p)(2) = e(p)(x) and dgo(2) = dgo(z) = 0,

which yields the approximate formulae, for z € T,

fo(z) = (A1 — Ap)e(u)(z) : e(p)(m)/ hL (dgo(2)) dz,

rayr (z)NO

fi(2) ~ (A1 — Ag)elu)(@) : e(p)(x) / . (do (2)) d.

rayr (z)NQL

Furthermore, most rays have a length larger than 2e so that

/ e h. (dgo(z)) dz+/ . h. (do(2)) dz = he(e) — he(—¢) = 1.
rayr(x rayp(z



90 CHAPTER 2. MULTI-PHASE STRUCTURAL OPTIMIZATION

In turn we obtain the following approximate formula for (2.36))

J(Q9)(8) ~ — /(A1 — Ap)e(u) : e(p) - ndx, (2.40)
r

which is nothing but the discrete shape derivative that we obtained in the sharp-interface
case. This computation seems a bit miraculous but makes sense as a kind of commutation
property between interface regularization and optimization.

Our numerical results show that the latter simplification , which we shall refer to
as the approximate shape derivative, works very well in practice for problems of compliance
minimization. Formula is also used by other authors in their numerical simulations [317].

2.3.6 Convergence of the smoothed-interface to the sharp-interface

When the smoothed-interface setting is used as an approximation of the sharp-interface case, it
is a natural task to prove that this approximation is mathematically consistent. In this section,
we present a result in this direction. More specifically, for a given regular interface I', we prove
that the shape gradient obtained in Theorem for a smoothed transition layer of width 2¢
converges, as € goes to 0, to the corresponding shape gradient in the sharp-interface context,
recalled in Proposition |2.2.1

To set ideas, let us limit ourselves to the case of compliance minimization, the case of a
general objective function such as being no different in principle. In order to make explicit
the dependence on the half-thickness € of the smoothed transmission area, the solution of the
state system is denoted w. in this section. Similarly the stress tensor is o (u:) = Ago . e(u.)
and the compliance is

J.(Q%) = /Da(ua) s e(ue) dx.

The solution of the state system in the sharp-interface case is still denoted as w, and the
associated compliance as J(Q°).

To find the limit of J.(€y), as € — 0, requires some knowledge of the asymptotic behavior
of e(ugs) and o(u.) in the vicinity of the interface I'. Unfortunately, one cannot expect all the
components of e(u.;) and o(u:) to converge toward their counterpart in e(u) and o(u) in any
space of smooth enough functions. Indeed, for fixed e, e(u.) is smooth over D (because so is
the associated Hooke’s tensor), whereas we recalled in Remark that e(u)rn, and e(u)nn
are discontinuous across I', as imposed by the transmission conditions. However, some of the
components of e(u:) and o(u.) do behave well as ¢ — 0. This is the purpose of the following
lemma, which is a consequence of rather classical results in elliptic regularity theory (see [97]
for a proof).

Lemma 2.3.16. Assuming I' is a C? interface, there exists a tubular neighborhood V.CC D of
I' such that one can define a smooth extension in V of the normal n and of a set of tangentials
and orthonormal vectors 7. Then, the following strong convergences hold true

i
(=)

e(ue)rr — e(u)rr in Hl(V)(d_1)2 strong,
o (ue)rn = o(u)r, in HY(V)47L strong,
o (te)nn = o(W)pn in HY(V) strong.

Remark 2.3.17. The components of the strain and stress tensors which converge in Lemma
correspond exactly to those which are continuous through the interface I' as explained in
Remark[2.2.2.

We are now in a position to state the main result of the present section which implies that
the shape derivative of the smoothed-interface objective function is a consistent approximation
of the corresponding shape derivative in the sharp-interface case.
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Theorem 2.3.18. Under the above assumptions, we have

lim J2(Q°%)(0) = J'(Q°)(8) VO € WHe(D,RY).

e—0

Sketch of the proof. As the proof involves rather classical arguments, but tedious computations,
we limit ourselves with an outline of the main steps, referring to [97] for details. The goal is
to pass to the limit ¢ — 0 in formula , for a fixed # € Wh°(D,R%). To achieve this, the
rays rayp(z) N QY and rayp(z) N Q! are expressed as integrals over the segment (0,1). Therefore,

becomes
TUR)0) = = [ 60 n(w)(F5 ) + fi (@) da

where f5, f € LY(T') are defined as

0
f5(z) = /_1 h.(se)(A; — Ag)e(us)(z + sen(z)) : e(us)(z + sen(z)) k-(z, s) ds, (2.41)
1
filz) = /0 hL(se)(A1 — Ap)e(us)(z + sen(z)) : e(ue)(z + sen(z)) ko(x, s) ds, (2.42)
with
d—1
ke(w,s) = [ [ (1+ seri(x)).
=1

Since h(se) does not depend on &, to pass to the limit in (2.41)) and (2.42)) requires merely the
following simple technical convergence result (see [97] for a proof)

/01 v(s) fe(z + sen(x))ge(z + sen(x)) ds S (/01 o(s) ds) F@)g(x) in LX) (2.43)

for a smooth function v(s) and any sequences fe,9- € HY(D), which converge strongly in H'(D)

to f, g respectively. In order to apply (2.43) we rewrite expressions and (| in terms
of the components e(ug)rr and o(ue)rn, a(ug)nn of the strain and stress tensors, Wthh have a

fine behavior at the limit ¢ — 0 as guaranteed by Lemma [2.3.16] After some algebra, we obtain
the following rearrangement for the integrand in f§ and f7:

hl(se)(A1 — Ap)e(ue) : e(us)(z + sen(x))

5;23)2 (Ua(us)rn : Ua(“e)Tﬂ) (x + sen(x))

tr(e(ue)rr)?(z + sen(z))

= 1(s) (e(uc)rr : e(us)rr) (x + sen(z)) +
)A
2

4 ()N (s) + 21 (s)A*(s)
(2u(s) + A(s)

)

. 2/ (s) + N(s) o (us)2, (x4 sen(z))
)
2

(2u(s) + A(s ))
Ap(s)N'(s) — 4p' (s)A(s)
(2u(s) + A(s))

(0% (ue)nn tr(e(ue)rr)) (z + sen(z))
with
A(s) = Ao + he(se) (A1 — Xo),  p(s) = po + he(se) (1 — o),

where Ag, po and A1, p1 are the Lamé coefficients of materials 0, 1 respectively. Note that all the
functions of s involving A(s) and p(s) appearing in the above expression arise as exact derivatives
of functions of A(s) and p(s). Passing to the limit in the above expression using (2.43|) leads to

(f5 + fi) = D(u,u)  in LY(I),
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where D(u, u) is defined as

Dlw,u)(@) = 2ule(u)rr(@) : e(u)rr(@) — [Lo()rn(®) - 0(u)ra(a)
2 Jer(e(w) e (0) — [l () (@)2, ,
g2 510 (w)nn (@) tr(e(u)rr ()

which after some algebra rewrites as (2.5)). This completes the proof. ]

2.4 Some comments about previous results in literature

To our knowledge, the first works on multi-phase optimization using a level-set method are [217]
and [317]. Further references include [216], [316], [318]. In all these works the computation of
the shape derivative is not mathematically rigorous and the obtained formulae are not strictly
correct. Indeed, either the shape differentiation is performed in the sharp-interface case and then
the non-differentiable character of the solution of is ignored (as explained in section ,
or the shape derivative is evaluated in the smoothed-interface case and then the derivative of the
signed distance function is not taken into account. Fortunately, the shape derivative formulae
in [2I7] and [317] coincide with what we called our approximate shape derivatives obtained
in Proposition for a discretization of the sharp-interface case and in for a very
thin smoothed interface. A third possibility for interpreting these works is to consider that the
regularization of the interface is made with the help of the level set function ¢ (used in numerical
practice for representing and advecting the shape, see section below) rather than with the
signed distance function dg. Then the differentiation is performed with respect to v rather than
with respect to the shape €. It alleviates all the technical details of section but it has one
major flaw that we now describe.

ry T

" N N
. E \75

o x
interpolation width = 2¢ “H{) intefpolation width > 2¢
T
W) =g wix)=¢ et
T
s
» X * X
Material 1 Material 0 Material 1 " | Material 0
wix) =& Wix)=-£ S

T
=g
T
.

X =-£ X=E X = O<- X =B

Figure 2.8: Intermediate zone for regularization with the signed distance function (left) or with a level
set function (right).

Indeed, in the context of section on the smoothed interface approach, one may replace
the regularization formula (2.26)) by a similar one

Ago (x) = Ao + he(¥(2)) (A1 — Ag), V€D, (2.44)

where the signed distance function dg has simply been replaced by the level set function .
Then, as is done in [217] and [216], one may differentiate the objective function with respect
to ¥. A serious problem that rises directly from this choice, is that the interpolation zone,
where Aqo . takes intermediate values between Ay and A, can thicken during the optimization
process, especially if the level set function 1 is not frequently reinitialized towards the signed
distance function to the boundary (see Figure . The reason is that the interpolation zone
corresponds to some kind of homogenized material made of Ay and Ay, which is known to be
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more advantageous than pure phases in most problems [5]. The optimization process therefore
does not only move the interface location but also flatten the level set function ¥ so that the
interpolation zone gets thicker. Even when the level set function is reinitialized, there remains
a difficulty in the sense that the value of the objective function may change before and after
reinitialization. A partial remedy to this inconvenient, as suggested in [217], is to add to the
objective function a penalization term to control the enlargement.

The computation of the shape derivative is slightly different in [317]: the authors carry out
the derivation with the level set function v but in the resulting formula they assume that 1
coincides with the signed distance function to the interface dg. More precisely, following the
notations of Corollary they consider a functional

1@ = [ mie.v(e) da, (2.45)
D
where v is a solution of the Hamilton-Jacobi equation

oy

T +6-n|Vy|=0.

Then, the authors claim that the shape derivative is

om

p O

Note the difference with our formula (2.30), which involves the projection pr(x) of x on the
boundary I' = 0€2, and that we recall as

J(2)(0) = (z,9(x)) O(x) - n(zx) dz. (2.46)

om

p O
Unfortunately, there is no a priori guarantee that the transported signed distance function to
the boundary 0f2 remains the signed distance function to the transported boundary (Id+ 6)0S2.
Therefore, the shape derivative dg,(0)(z) cannot be replaced by the expression %—t =—0-n |V
coming from the Hamilton-Jacobi equation, as it is done in [217] and [317], without making any
further assumptions. For example, in [128] it is shown that the transported level set function
remains the signed distance function (at least for a small time) if the advection velocity remains
constant along the normal, namely (6 - n)(z) = (0 - n)(pr(z)).

A difficulty with is that it does not satisfy the Hadamard structure theorem (see e.g.
[5], [104], [144], [279] and references therein) since it does not depend solely on the normal trace
0 - n on the interface I' = 9. In fact, assuming that the support of %Z is concentrated around
I', formula would be similar to what we called earlier approximate shape derivative,
obtained in Proposition for a discretization of the sharp-interface case and in for the
smoothed-interface case when the regularization parameter € is small. In any case, does
not guarantee a descent direction in general, unless % keeps a constant sign along the normal,
at least for the width of the intermediate zone.

J'(Q)(0) = (z, do(x)) 0(pr(z)) - n(pr(z)) de.

2.5 Extension to more than 2 materials

The methods presented in sections 2.2] and [2.3] for two phases can be extended to the case
of several materials to be optimally placed in the domain D, following a classical idea in the
level-set framework [313], [317].

Hitherto, we considered a single subdomain Q° C D, which allows to account for two sep-
arate phases within D, occupying respectively the domains Q0 and Q! := <Q0 (where ¢ de-
notes the complementary part in D). To consider more phases, we introduce m subdomains
O, ...,0™=! C D which are not subject to any geometrical constraints (they can intersect, or
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D

°00

Q3

Figure 2.9: Two subdomains of D (top) and the four phase domains derived by combining them together
(down).

not, and they don’t need to cover D). These m subdomains allows us to treat up to 2™ distinct
phases, filling respectively the phase domains Q°, ..., Q2" ~! ¢ D, defined as (see Figure [2.9)

0o = (’ﬁm@lm...mom—l,
Ol = OONO'n..noO™ 1,

, (2.47)
Q"1 = c0neOln...ncOm1,

Note that Q°, ..., Q2" 1 is a partition of D. To simplify the exposition, from now on we take m =
2, meaning that we consider four different materials, with respective Hooke’s law Ay, A1, As, As.
Two subdomains O%, O of D are then introduced, and each material A; fills an area Q' C D,
defined through formula .

For the sharp-interface problem, the definition of the mixture Hooke’s tensor A, is standard.
Introducing yo and i the characteristic functions of O° and O, respectively, we define

Ay (@) := xo(z)x1(2) Ao+ (1 — xo(#)) x1(x) A1+x0(2) (1 = x1(2)) A2+(1 = Xxo(2)) (1 = x1(x)) As.
(2.48)
For the smoothed-interface problem, we propose a formula inspired from ([2.48|)

Aooo1e(x) = (1= he(doo()))(1 = he(do (x))) Ao + he(doo () (1 = he(dor (2))) Ar
+ (1= he(doo(x)))he(dor (2)) A2 + he(doo (2)) he (dor (x)) A3,
(2.49)
where h. is the smooth approximation (2.27) of the Heaviside function and dpo,dp1 are the
signed distance functions to O° and O! respectively. Of course, there are other interpolation
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formulae and any alternative choice which, as (2.49)), satisfies the following consistency

Ay if dno (.T) < —e and dp1 (x)

A if doo(x) > +e and dpi(2)
AOO70175(CC) = Ay if dno (ZE) < —e and dp1 (CC) > +¢, (2.50)

As if dpo(x) > 4e and dpi(z) > +e,

a smooth interpolation between Ag, A1, Ao, A3 otherwise,

< —¢,
< —€

will do. In particular, for applications in material science where the thick interface has a clear
physical interpretation, one could choose a physically relevant choice of the interpolant Hooke’s
law for the mixture of Ay, A1, As, A3 in the intermediate areas, like a sequential laminate or
another microstructure achieving Hashin and Shtrikman bounds [223]. On the other hand, if
the smoothed-interface problem is merely a mathematical approximation of the sharp-interface
case, then it is a consistent approximation since, as the regularizing parameter € goes to 0, the
smooth tensor Apo o1 . converges to the discontinuous one A,.
In the multiphase case, the definition of the objective function does not change

J(OO,OI):/j(IL‘,U) dx + k(x,u)ds, (2.51)
D I'y

and the state or adjoint equations are the same, up to changing the previous Hooke’s tensor
by Apo o1 .. There are now two variable subdomains, 0° O, as design variables for the opti-
mization problem. Accordingly, we introduce two separate vector fields 6y, 6, € W1H™> (D, Rd)
in order to vary the subdomains 0% O'.

According to Corollary the partial shape derivative of the objective function (2.51))
with respect to O° and O', which we shall denote as % and % respectively, in the direction
of 8 and #', respectively, are

(98(5]()((’)0’(91)(90) = /D@O(pao() () - no(paoo (az))a%;lo (doo,dpr)e(u) : e(p) dx, (2.52)
56100160 = [ 61(pa01 (0)) 1 (par () 5 (dows donelw) s elp) o (253)

where A(dpo,dp1) = Apo o1, defined in (2.50). Of course, one can apply Theorem [2.3.13| to
simplify (2.52) and (2.53) and transform them in surface integrals on 90° and 9O!.

Remark 2.5.1. In the sharp interface context one could compute shape derivatives of the ob-
jective function J with respect to O and O too, thus recovering formulae similar to and
. However, it is possible only if we assume that the boundary of O° and O' do not super-
pose. Indeed if, for example, 00° = 0O, then moving O° inside O, or vice versa, implies that
one phase or another one appears. This means that a topology change is occurring which cannot
be handled by Hadamard’s method. At most, one can expect to compute two different directional
derivatives (inward and outward) which clearly shows that there is no differentiability in this
case. Note that there is no such difficulty in the smoothed interface setting: formulae and
hold true for any geometrical situation of O° and O since Apo o1 ¢ is a smooth function
of x in D.

2.6 Numerical results

2.6.1 Level-set representation

Following the lead of [I1], [12], we represent the moving and optimizable interfaces by level set
functions [252] defined on a fixed mesh in an Eulerian framework. According to Section
using m level-set functions we can represent up to 2" separate phases.
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When there are only two phases to optimize, it suffices to use one level-set function to
represent the interface I' between two complementary sub-domains Q° and Q! of the working
domain D. The level set function v (see Figure [2.10)) is defined by

Y(x) =0 forx € T = 09y,
Y(z) <0 for x € QO
P(x) >0 for z € QL.

Ql Y >0 D

r

Figure 2.10: Level-set representation of the domains 2° and Q.

In order to describe up to four distinct phases, two level-set functions ¢y and 1 are defined
such that

Yo(x) =0 for z € OOV, P1(z) =0 for x € HO!,
Po(z) <0 forx € O, and P1(z) <0 forx e (’&
Yo(x) >0 for z € cOY, Y1(z) >0 for xz € O,

following the notations of Figure [2.9] Then, each level-set function #;, ¢ = 0,1, is transported

independently solving ([1.35)), where V;, i = 0,1 results from the formulae (2.52)) and (2.53)).

2.6.2 Two materials in the sharp interface context

We work in the context of Section [2.2] namely in a sharp interface framework. We compare the
two shape derivatives: the continuous formula furnished by Proposition and the discrete
formula given in Proposition [2.2.5 The numerical implementation of the continuous formula of
the shape derivative in Proposition [2.2.1]is achieved according to the scheme proposed in [12] for
computing the jump approximation (]2__]7[) We consider a long cantilever of dimensions 2 x 1,
discretized by 100 x 50 P; elements, clamped at its left side and submitted to a unit vertical
load at the middle of its right side (see Figure . The domain is filled by two isotropic
materials 0 and 1, with different Young’s moduli, respectively E° = 0.5 and E' = 1 (material 1
is stiffer than material 0) but with the same Poisson ratio v = 0.3. We minimize the compliance
(2.3) with a constraint of fixed volume for the two phases. The computations are done with the
software FreeFem++ [118].

For all the numerical examples in this paper, an augmented Lagrangian method is applied to
handle the constraints. Following the approach in [242], supposing that our problem contains m
equality constraints of the type ¢;(Q°) =0 (i = 1,...,m), an augmented Lagrangian function
is constructed as

L@ 1) = J(@%) = D i () + 3 Bk,
i=1 =1

where ¢ = ({;)i=1,..m and p = ({i)i=1,..m are Lagrange multipliers and penalty parameters
for the constraints. The Lagrange multipliers are updated at each iteration n according to the
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optimality condition E?H = Efv — 11;¢;(2%). The penalty parameters are augmented every 5
iterations. With such an algorithm the constraints are enforced only at convergence (see for
example Figure . Of course, other (and possibly more efficient) optimization algorithms
could be used instead.

The results are displayed on Figure [2.11] As usual the strong phase 1 is black and the
weak phase 0 is white. The design obtained with the discrete formula is quite similar to the
one exposed in Figure (c). However the continuous formula gives a different optimal shape
which is worse in terms of the objective function than the one obtained with the discrete formula
(see Figure [2.12)). This is completely natural, since the discrete shape gradient is exactly the
gradient of the (discrete) indeed computed objective function.

Figure 2.11: Optimal shapes for the using the discrete shape gradient (left) and the continuous formula
(right).

2.6.3 Two materials in the smoothed-interface context

We now switch to the smoothed-interface setting as described in Section All examples using
a smoothed-interface are coded in Scilab [269]. We perform the same test case, with the same
parameter values, as in Section A mesh composed of 160 x 80 elements is used. A first
goal is to compare the smoothed-interface approach to the sharp-interface one. A second goal
is to compare the various formulae for the shape derivative obtained in Section

We minimize again the compliance with a constraint of fixed volume for the two phases
which is written

/ he(dep (2))dz = Vi,
D

where V7 is the target volume of the strong phase occupying Q.

We test three different formulae for the shape gradient. The first one is the “true” formula
given by (see also and in the case of more than two phases). The second
one, called “Jacobian-free”, is which is obtained from by neglecting the part of the
integrand corresponding to the Jacobian of the projection application psq (see Remark .
The reason for this choice is that the curvature is not precisely calculated using a fixed mesh
and therefore we may introduce a significant approximation error. In any case, it amounts to
neglecting a positive factor (because of Lemma . The third one is the “approximate”
formula obtained for a very thin smoothing zone around the interface.

First, we consider the case of a “thin” interface. The interpolation width is chosen as
e = 2Az, where Az is the uniform mesh size. The results for Vr = 0.7|D| in Figure We
plot the Young modulus distribution (black being the strong material A; and white the weak
material Ag). The convergence histories are almost identical for the “true” and “Jacobian-free”
formulae of the shape derivative. It is slightly more oscillating for the “approximate” formula
although it converges to almost the same value of the objective function. The resulting optimal
designs are very similar.

For a larger interpolation width £ = 8 Ax (“thick” interface), the results are shown in Figure
We clearly see a difference for the optimal shape obtained using the “true” formula of the
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Figure 2.12: Convergence history of the compliance (left) and the volume (right) for the sharp interface
results displayed on Figure

shape derivative: in this case, the algorithm produces a very long and oscillating interface in
such a way that the overall structure is almost like a composite structure. This is due to the fact
that the intermediate zone inside the interface is very favorable compared to the pure phases.
Nevertheless, despite the differences in the final shapes, the values of the compliance are almost
the same for the “true” and “Jacobian-free” formulae, slightly worse for the “approximate”
formula of the shape gradient.

NN NNAANNNNN

A
\/

2

Figure 2.13: Boundary conditions for the 2 x 1 cantilever.
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- "True" formula

——— "True" formula
45 "'Jacobian-free" formula | - 7 \ "' Jacobian-free" formula
--- "Approximate" formula 4 N ""Approximate" formula

Compliance
Volume of material 1

1 L 1 1
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Tterations Tterations

(e) ()

Figure 2.14: “Long cantilever” using two phases with Vi = 0.7|D| and a small smoothing parameter
e = 2Ax; (a): initialization; (b): optimized shape using the “true” formula; (c): optimized
shape using the “Jacobian-free” formula; (d): optimized shape using the “approzimate”
formula; (e): convergence of the compliance; (f): convergence of the volume.

Mesh-dependency study

In order to examine the mesh-dependency of the smoothed-interface method, the same example
as in Section [2.6.3]is considered and two different tests are performed. First, the grid size “Axz”
varies and the interface half-width “c” is chosen as ¢ = 2Az. In the second case, € has the
constant value 0.025 (the same as in Figure independently of the grid size variation. For
all tests, the “Jacobian-free” formula and the initialization of Figure (a) has been used. The
results are shown in Figure and Comparing qualitatively the results, we can say that
they look quite similar, as soon as the grid resolution allows for a satisfying enough description
of the geometry and an accurate enough approximation of the geometric quantities in play.

2.6.4 Four materials in the smoothed interface context

We consider now the case of using up to four phases and consequently two level-set functions. A
smoothed approximation of the characteristic function of each phase can be constructed using
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"True" formula " “True" formula
45 ""Jacobian-free" formula | - e "'Jacobian-free" formula
———————— "Approximate" formula & -------- "Approximate" formula | |

Compliance

Volume of material 1

1
0 50 100 0 50 100

Tterations Tterations

(e) (f)

Figure 2.15: “Long cantilever” using two phases with Vp = 0.7|D| and a large smoothing parameter
e = 8Ax; (a): initialization; (b): optimized shape using the “true” formula; (c): optimized
shape using the “Jacobian-free” formula; (d): optimized shape using the “approzimate”
formula; (e): convergence of the compliance; (f): convergence of the volume.

combinations of the functions h., defined in equation ([2.27)), as follows

X0 = (1 = he(dpo))(1 — he(dor)),
X1 = hs(doo)(l - hz—:(dOl))a

2.54
X2 = (1 = he(doo))he(dor), (2.54)
X3 = he(dopo)he(don),
and the global Hooke’s tensor in given by ([2.49)). The optimization problem now reads
i J(OY, 01) = / A . : d
pomin, 1(0%.0) = [ Aonor(a)efu) s elu) da -

s.t. xidr =V i=0,...,3,
D

where Vf; is the target volume for the phase ¢ (they sum up to the volume of D). As previously,
an augmented Lagrangian algorithm is applied to enforce the constraints. In this section we
work with a “thin” interface, namely ¢ = 2Ax.

We test our method with several benchmark examples presented in [317] and [318]. Since the
initial designs are different, as well as the numerical methods, it is hard to make a quantitative
comparison and we satisfy ourselves with a qualitative comparison.
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Figure 2.16: Long cantilever using two phases with Vp = 0.7|D|, e = 2Ax and a grid of; (a): 80 x 40;
(b): 120 x 60; (c): 160 x 80; (d): 240 x 120 elements.

Figure 2.17: Long cantilever using two phases with Vo = 0.7|D|, ¢ = 0.025 and a grid of; (a): 80 x 40;
(b): 120 x 60; (c): 160 x 80; (d): 240 x 120 elements.

Short-cantilever using two materials and void

In this paragraph we consider only three phases, made of two materials and void. The first
structure to be optimized is a two-dimensional short cantilever, of dimensions 1 x 2, discretized
using 80 x 160 Q elements. The left part of the structure is clamped and a unitary vertical force
is applied at the mid point of its right part (see Figure . The Young moduli of the four
phases are defined as E° = 0.5, E' = 1073, E? = 1 and E® = 1073, where both phases 1 and 3
represent void. The target volumes for phases 0 and 2 are set to V.2 = 0.2|D| and V2 = 0.1|D]|.
Remark that phases 1 and 3 are the same, corresponding to void. The fact that the void zone
is represented by two different characteristic functions has no influence on the numerical results
(at least in all our numerical experiments). The initial and the optimal shape (obtained after
200 iterations) are shown in Figure (a) and (b). We plot the Young modulus with a grey
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scale: dark stands for the stronger phase, white for void and grey for the intermediate phase.

This test case was previously studied in [317] (see figures 7 and 8 therein for two different
initializations). Our results are roughly similar to those in [317] and even slightly better since
the designs of Figure are symmetric (as expected), contrary to the results in [317].

AN AANANANAANANA NNV ALY

Figure 2.18: Boundary conditions and initialization for the 2d short-cantilever.

(c) (d)

Figure 2.19: Short cantilever using two or three phases and void; (a) initialization for two phases and
void, (b) optimal shape for two phases and void, (c¢) initialization for three phases and
void, (d) optimal shape for three phases and void.

Short-cantilever using three materials and void

The same example as in the previous paragraph is considered here with an additional phase:
half of the volume of material 0 is replaced by a weaker material 1. More precisely, the Young
moduli of the four phases are defined as E° = 0.5, E! = 0.25, E? = 1 and E> = 1073, while the
target volumes for the three materials 0, 1 and 2 are set to V2 = V;} = V2 = 0.1|D|. The initial
and optimal shapes (after 200 iterations) are displayed on Figure (c) and (d).
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This test case was also studied in [3I7] (see figures 11 and 12 therein for two different
initializations). Our result differs notably from these previous ones. Indeed, in [317] the strong
material 2 always forms a two-bar truss which is further reinforced by the other materials.
On the contrary, in our Figure (d) the strong phase is disconnected and the intermediate
material 0 plays a more active role in the transfer of the load to the fixed wall.

3-force bridge using two materials and void

A bridge-type structure of dimensions 2 x 1 is discretized by 160 x 80 Q; elements. Both
the horizontal and vertical displacement are fixed at the lower left part as well as the vertical
displacement of the lower right part. Three equally spaced forces are applied at the lower part
(see Figure . The value of F' is set to 1. The Young moduli of the four phases are set to
E° =05,E' =1073,E? = 1 and E? = 1073 and the target volumes for phases 0 and 2 are
set to V2 = 0.2|D| and V# = 0.1|D|. The initial and optimal designs (after 250 iterations) are
shown in Figure (a) and (b).

Once again this test case was performed in [317] (see figure 13 therein). Our result is quite
different. First, our design in Figure (b) is symmetric, as it should be. Second, a major
difference occurs in the use of the strong phase. In our design, the strong material is used in
the lower part of the “radial” bars whereas it was absent in figure 13 of [317] (and rather used
in the upper “arch”).

L

Figure 2.20: Boundary conditions and initialization for the 3-force bridge.

3-force bridge using three materials and void

The same example as in the previous paragraph is considered here with an additional phase:
half of the volume of material 0 is replaced by a weaker material 1. The Young moduli of the
four phases are defined as E® = 0.5, E! = 0.25, E? = 1 and E® = 1073, while the target volumes
for phases 0, 1 and 2 are set to V2 = V3 = V2 = 0.1|D|. The initial and optimal designs (after
250 iterations) are displayed on Figure (c) and (d).

This test case can be found in [317] (figure 14) too, and again our result is quite different.

Medium cantilever using three materials and void

The next structure is a medium cantilever, of dimensions 3.2 x 2, discretized using 120 x 75 Q;
elements. The left part of the structure is clamped and a unitary vertical force is applied at
the bottom of its right part (see Figure . The Young moduli of the four phases are defined
again as E° = 0.5, B! = 0.25, E? = 1 and E? = 102 and the target volumes for phases 0, 1 and
2 are set to V2 = V}} = V2 = 0.1|D|. The results are shown in Figure

This test case was also performed in [318] (see Figure 7 therein). Our optimal designs have a
more complex topology and a different layout of the three materials. However, the final volumes
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(c) (d)
Figure 2.21: 3-force bridge using two or three phases and void; (a) initialization for two phases and

void, (b) optimal shape for two phases and void, (c¢) initialization for three phases and
void, (d) optimal shape for three phases and void.

of the three materials in [318] are not the same as ours and thus a comparison is not easy to
establish.

3.2

A
\
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Figure 2.22: Boundary conditions and initialization for the 2D medium-cantilever.
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Figure 2.23: Medium cantilever using three materials and void; (a) initialization, (b) optimal shape.

(b)
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L-shaped structure

The example of an L-shaped structure of dimensions 1 x 1 is borrowed from Chapter 2.9 in [44].
The domain is discretized using 120 x 120 Q; elements and a non-optimizable area of dimensions
0.6 x 0.6 is imposed on its upper-right part. The structure is clamped on its upper side and a
unitary vertical force is applied on the middle of its right side (see Figure .

Figures m (a), (b), (c) present the results of using two phases with ratio of Young moduli
equal to 0.2, 0.5 and 0.8. The two materials are represented by phases 0 and 2. The Young
modulus of phase 0 is set to E° = 1.0. Phases 1 and 3 represent void and their Young moduli
are set to E' = E3 = 1074, The target volumes for phases 0 and 2 are V.2 = V2 = 0.25|D|. The
results are slightly different than those in [44], but they follow the same logic in the placement
of materials.
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Figure 2.24: (a): Boundary conditions and (b): initialization for the L-shaped structure.
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Figure 2.25: Results for the L-shaped structure.

Long cantilever using two materials and void

The goal of this last paragraph is twofold. First, we consider again the 2 x 1 long cantilever, as in
Figure but with four phases, defined by their Young moduli E° = 0.5, E! =103, E? =1
and E? = 1073. Second, we switch to an unconstrained optimization algorithm. We do not
impose equality constraints for the volume of each phase. Rather, we fix Lagrange multipliers
and we minimize an objective function J(O°, O'), which reads

J(O°, 01 :/

3
i A(dpo,dpr)e(u) : e(u)dx + ;6’ /D Xi(z)dz. (2.56)
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We then carry out a standard constraint-free steepest descent algorithm in order to minimize .J.

Objective function

V1 L S S T T T S S
5 10 15 20 25 30 35 40

Iterations

Figure 2.26: Initialization with two materials (top left), optimial shape (top right) and convergence
history of the objective function (bottom).

A small tolerance parameter tol > 0 (in the example below, we used tol = 0.02) over
acceptance of the produced shapes is introduced so as to ease the occurrence of topological
changes and is then turned off after some iterations. More accurately, in the course of the
optimization process, a step 0% — OY 41 and ol - ol 41 is accepted provided:

J(O0,1,00,1) < (1+tol)J(O5,0)).

For the results shown in Figure the Lagrange multipliers in (2.56)) are set to £ = 100, /! =
0,2 = 200,¢% = 0. As can be expected the strong material is distributed at the areas of high

stress, while the weak material completes the shape of the optimal cantilever.

It is interesting to see the optimal subdomains O° and O! (defined in Section in Figure
Recall that it is the intersections of these two subdomains and their complementaries
which give rise to the phase domains in the optimal design of Figure [2.26]
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Figure 2.27: Final subdomains O (left) and O! (right).
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Chapter 3

Optimization of laminated composite
plates
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We consider the optimal design of composite laminates by allowing a variable stacking se-
quence and in-plane shape of each ply. The plate is modeled according to the linearized von
Karman equations for plates. In order to optimize both variables we rely on a decomposition
technique which aggregates the constraints into one unique constraint margin function. Thanks
to this approach, a rigorous equivalent bi-level optimization problem is established. This pro-
blem is made up of a lower level represented by the combinatorial optimization of the stacking

109
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sequence and a higher level represented by the topology and geometry optimization of each ply.
We propose for the stacking sequence optimization an outer approximation method which itera-
tively solves a set of mixed integer linear problems associated to the evaluation of the constraint
margin function. For the topology optimization of each ply, we lean on the level set method for
the description of the interfaces and the Hadamard method for boundary variations by means of
the computation of the shape gradient. An aeronautic test case is exhibited subject to different
constraints, namely compliance, reserve factor and first buckling load.

3.1 Introduction

Structural optimization in aeronautics usually looks for the lightest structure which sustains
the forces and environmental conditions that an aircraft will typically find during operation.
Within this framework, frequently the objective function (total mass) is easy to evaluate if a
good parametrization of the structure is available, meanwhile the constraints are in general much
more complicated. Evaluate them requires a general physical model which can be more or less
prompt to evaluate depending on the choice of variables. Classically, this optimization process
has been done by the engineer expertise. However, the increment of the size of the design space
does not allow to find the best design without automatizing the process. As a response to this
challenge, several techniques for size, shape and topology optimization have successfully been
developed and applied to aircraft design [44] [5], 224] 133, 258, 282, [183].

During the last years, a special type of material has become quite popular in automotive
and aerospace industries: multi-layered composites. These materials benefit from very attrac-
tive features such as low weight, high fatigue resistance and good endurance against corrosion
and other harsh environmental conditions. The properties of multi-layered composite structures
strongly depend on the shape, the orientation of the reinforcement and the stacking sequence of
the laminate. Indeed the directional nature of the fibers in a fiber-reinforced laminate introduces
directional dependence of the strength, thermal and electrical conductivity, environmental resis-
tance, etc.; meanwhile the stacking sequence has an important incidence on the bending behavior
of the laminate.

In view of the increasing use of composite materials within industry, their optimal design
has drawn great attention of the scientific community. We refer e.g. to Giirdal, Haftka and
co-workers [139] 133 282] 189 286, 2, 287] and [167, 219, 222, 196]. In fact, composite materials
possess a large number of design possibilities which enforces the complexity of the design pro-
blem. Even more, the development of new multi-materials or manufacturing techniques, as for
example, the automated fiber placement or tow-placed steered fibers [303, 235] [59], still enlarges
the size of the design space of the problem. A typical composite laminate may be characterized
by design variables which are continuous (geometric size of the structure, wing profile), discrete
(orientation of the fibers and lay-up), or even distribution of the material in each ply for topol-
ogy optimization. Additionally, when designing composite aircraft structural components, one
must take into account constraints on the structural performance (accelerations, buckling fac-
tors, displacement, material failure criteria, etc.) and equally constraints on the global and local
manufacturing rules imposed during the composite manufacturing process. This constraints are
specific to the type of technology used and industrial policies (symmetric and balanced lami-
nates, ply drops and overlaps, etc.). A particularly difficult constraint to deal with is structural
integrity or blending, i.e. the continuity of the stacking sequence across multiple panels making
up the structure [311], 270, 1].

The large number of design variables, and the complex relationship between these variables
and the output performance in an aircraft, make composite structure design extremely chal-
lenging. Decomposition procedures have risen as particularly appealing approaches to treat
the aforementioned complexity of composite optimization. A typical decomposition/bi-level
scheme aims to break up the large problem into many problems that matches the different
levels of analysis taking into account its interactions during the design process. In the case
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of composite design, this technique looks to guarantee the compatibility between a “continu-
ous medium” vision, necessary for the overall understanding of the phenomena related to the
stiffness level, and the discrete nature of laminated composites. For example a continuous rep-
resentation of the composite is applied at the system level (fuselage or wing), meanwhile the
subsystem level (lay-up of the panel) is treated with discrete algorithms. We refer the reader to
[288, 204, 29|, 202} 203, [49], 200, [73].

Once the problem is decomposed, the optimal design of the composite lay-up or stacking
sequence emerges naturally as a mixed integer non linear programming problem. For this kind
of problems, many methods exist in the literature. Among the so-called deterministic methods,
we can cite e.g. the application of branch and bound method to linear formulations of minimal
mass problems with a buckling constraint [233, 133, 140] and the benders decomposition method
to the optimization of tailored fiber orientation composites [226]. These methods guarantee in
general to find a global solution provided that the problem satisfies certain conditions such as
convexity. When no such conditions are satisfied, an efficient complement and/or alternative
to deterministic methods are heuristics. We can mention e.g. the penalty function approach
[63, 290] and a rounding procedure using lamination parameters [307, 146, [145]. The latter
optimization approach has the strong advantage with respect to the others, of dwelling on lami-
nation parameters [222]. This provides a very efficient parametrization of a continuous variable
fiber orientation plate, allowing to split the optimization problem into two steps: continuous
optimization with respect the lamination parameters and a round off procedure of the founded
solution to the closest discrete neighbor. Finally among the so-called stochastic methods (whose
convergence properties rely on probability theory) most of the existent literature refers to Giirdal
and his co-workers on genetic algorithms [189) 20T, 286] 287, 234], 2], with only a few exceptions
(see e.g. [112] for simulated annealing). Broadly speaking, these methods avoid the enumeration
of many of the integer assignments, effectuating a global research. Nevertheless, the high num-
ber of evaluations of the objective function and constraints through the optimization process
can eventually become too expensive.

The aforementioned approach has proved effective, however, it does not address all the de-
grees of freedom and constraints within composite structures. In fact, the design of the in-plane
shape of each layer has much less been considered so far, despite of its importance in terms of
structural strength and manufacturability. The in-plane shape as a design variable can only be
treated satisfactorily through a continuous approach, which leads to reconsider the former con-
tinuous/discrete framework. We can cite however the works on topology optimization applied
to fiber orientation tailoring of laminated composites, carried out by Lund and his co-workers
[290] 205, 241], 197, 162] and [62, 102]. Most of these works rely on a density-based method
(DMO, SIMP).

The following chapter addresses the structural optimization of a composite laminate by
adding a new design variable to the fiber orientation and lay-up sequence: the in-plane shape
and topology of each ply. Indeed we suppose that each ply is made up of two phases (where
one of them might be void) and the position of the interface is the design variable. When
the second phase is not void, the composite laminate constitutes a multi-material. To the
knowledge of the author, this approach is relatively novel and very few industrial design tools
show similar features. Moreover the problem we contemplate to solve is different to the fiber
orientation tailoring problem mentioned above, since the fiber orientation within each phase
remains constant. As a similar approach, we can cite the composite optimization routine of the
software Optistruct of Altair [121], [327]. In fact, the software generates a sequence of ply shapes
that are afterwards post-processed from the optimized thickness of each fiber orientation within
the laminate (see Figure . In our case we intend to perform the composite optimization
without making use of any thickness analysis. This should confer us a higher optimality and
design liberty.
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(a) Generation of ply shapes from the thickness dis- (b) Post-processing of each ply shape into several man-
tribution (color scale) ufacturable shapes

Figure 3.1: Optimization of a laminated composite wing with Optistruct. Images from [121].

For the topology design of each ply, we lean on the level-set method for multi-phase opti-
mization introduced in Chapter [2l This enables us to achieve a better description and control
of the geometrical properties of the interface without need of any intermediate density. Thanks
to this approach, the typical drawbacks of the homogenization and SIMP methods are avoided,
such as intermediate density penalization and possible spurious physical behavior during the
optimization process.

Finally due to the mixed character of the composite optimization problem (continuous shape
and discrete stacking sequence), a decomposition technique is presented. This technique splits
the problem into different levels according to the “difficulty” of each variable. Thus, the op-
timization is carried in each ply by a level-set method to find the optimal shape coupled to
an outer approximation method to find the best fiber orientation and stacking sequence. The
outer approximation method [I10] is a deterministic method which is exact for convex functions
and consists in iteratively approximating the objective and constraints of the problem by linear
under-estimators. The choice of this classical method searches to highlight the pertinence of lin-
ear integer programming-based solvers to handle stacking sequence problems with a moderate
number of variables (e.g. thin composite structures), and avoid the inherent limitations of the
most popular heuristics and stochastic methods when treating a multiple-shape lay-up design
(e.g. intensive evaluation of objective function and constraints, not clear ply shape, etc.).

This chapter is organized as follows. In Section the composite multi-layered optimization
problem is enunciated by means of a mixed optimization approach. Then in Section [3.3] we
discuss the existence of optimal solutions of the latter problem in light of Section[I.I} The shapes
derivatives in a continuous and discrete framework of the functions concerned in the composite
problem are derived in Section meanwhile the stacking sequence problem is detailed through
the constraint margin function in Section [3.5] The foregoing elements are linked altogether in a
general decomposition framework in Section [3.6] Finally the proposed optimization algorithm
and a numerical example for three different types of constraints are respectively developed in
Section and Section

3.2 Setting of the problem

3.2.1 Multi-shape composite design

Similarly to Section [I.3] let O be a symmetric laminated composite structure composed of the
superposition of 2N anisotropic layers, each one of constant thickness £ > 0, but this time each
one with a variable shape ©; C €2, where  a regular sub-domain of R?. By abuse of notation
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we denote O as
0= {Qi}ieZ\{O},i:—N..N :

Since we suppose O symmetric, i.e. _; = §2;, we consider only N layers, so we rather write
O = {Q},_; n- The index i grows from the inside to the outside of the laminated composite
structure.

As it was explained in Section we consider each laminate to be an orthotropic material
and unidirectionally reinforced.

Figure 3.2: Half-part of a multi-shape composite design with plane of symmetry II = 0. Each ply has
its own shape Q; C . Compare with Figure [1.12]

For the purpose of this study, the shape of each plate {2; and their superposition within the
multi-layered structure can be understood in two different ways (see Figure |3.3]):

e Configuration I: Each layer is a non-homogeneous two-phase material, where each “hole”
is filled with another “weak” material with different physical properties (weight, electric
or heat conductivity, etc.). We will denote this weak material as 4y. We will mainly focus
on this configuration.

e Configuration II: The holes in each ply are really “void” (in this case Ay = 0) and, when
gluing together the plies towards the plane of symmetry II = 0 (inwardly blended), the
distal layer bends and fills the holes to keep contact with the proximal layers. The mostly
outer layers will be always full in order to avoid the existence of holes throughout the
laminate.

Let x; be the characteristic function of the i-layer. According to the classical theory of
plates, the composite structure O is characterized by the superposition of the elastic properties
of each layer. Adapting formulae (1.61)) and (1.62) to the multi-shape design at issue, the new
extensional stiffness tensor A reads

N
A(z) = 2¢ Z (Xi(a:)Ai + (1 - Xi(m)).Ag) , (3.1)
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.A5 A5
_ A,

A;

A,

Ay

(a) Configuration I. Multi-material.

As =

As \L m 5

Ay N\ R l N A
LA N N 7 2

(b) Configuration II. Inwardly blended.

Figure 3.3: Example of transversal cut of a multi-shape composite. For simplification the cut was di-
vided into 5 panels. Different stacking sequence are defined according to each configuration.

where A; is the extensional stiffness of the i-layer, meanwhile the bending stiffness tensor D

reads » N |
D(x) = o Z { (z’3 —(i— 1)3> (XiAZ- +(1— Xi)Ao) } (3.2)

283 N ) i—1 3
pe =534 ((Sww) - (Swe) ) 53
i=1 j=1 j=1

for configuration II.

Likewise Section we assume the same partition of 92 (0 = I'p UT'y) and loading
configuration (g, P) € (L*(In;R?), L%(Q2)). Then the in-plane displacement u € H}(2;R?) and
vertical displacement w € H %(Q) within the composite plate O, satisfy the limit two-dimensional
von Kdrman plate model (1.60). The kinematically admissible spaces H},(€;R?) and H3 ()
are respectively defined in and . In the same way, we also introduce the linearized

buckling problem (1.63)), (1.64), denoting always by A; the smallest positive eigenvalue of ((1.63))
and w the associated eigenvector.

3.2.2 Stacking sequence

Even though the fiber orientation might take any possible rotation angle, in real applications
due to manufacturing constraints, it only takes discrete values [I33]. We will consider four val-
ues, namely: 0°,45°, —45°,90°. We denote by Cgo,Cys50,C_450,C_ggo their respective extensional
stiffness tensors. We assume that the fiber orientation is constant in each ply.

Figure 3.4: Fiber orientation of 0°,45°, —45°,90°.
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Definition 3.2.1. We define the stacking sequence as the set of ply orientations and the way
they are arranged within the composite laminate. We represent it through a binary matric
&= (&mn) € {0,1}, wherem=1,...,N, n=1,....,4, and

1, if the layer in position m has fiber orientation n,
gmn = .
0, 1 if not.

We identify fiber orientations 1,2,3,4 to the angles 0°,90°,45% —45°, respectively. A com-
patibility constraint must be imposed to obtain one and only one orientation in each ply, namely

4
> & =1,9m.
n=1

Remark 3.2.2. We recall than since the laminate O is symmetric, only half of the stacking
sequence is studied and thus encoded in the matriz £.

Thanks to the above definition, the extensional stiffness tensor of the laminate can be
parametrized as

Ai (&) = &1Coo + &i2Copo + £i3Caso + EiaC—a50, (3.4)

and thus the stiffness tensors A(O, ), D(O, &) are functions of the shapes of the laminate O
and the stacking sequence . In particular A and D are are linear functions of &.

Lemma 3.2.3. If the proportion of plies of each fiber orientation is fixed within the laminate,
then for every compatible choice of & respecting these proportions, the tensor A remains con-
stant.

Proof. Let p; with j = 0°2,90°,45°, —45°, be the proportion of plies of each fiber orientation
within the composite laminate. Then thanks to the linear structure of the extensional stiffness

tensor A in equations (3.1)),(3.4)
N 1 o
A=D D &G =N G &i=N) Cp;
=1 j j i=1 j

Hence if p; remains constant, then it also does the tensor A.
O

Lemma 3.2.4. Under the above hypothesis, the in-plane displacement u remains constant ac-

cording to (1.64).

3.2.3 Goal of the present study

We look for a multi-layered composite plate with optimal stacking sequence and ply shapes.
Typically the optimization problem will be set as a mass minimization problem subject to a set
of manufacturing constraints, local failure criteria, in-plane stiffness and avoidance of buckling.

General problem

From a mathematical point of view, the above problem can be cast as a mixed optimization
problem, namely

min J(O)
O€Uyq,,€Y

S.t (3.5)
G(0,¢) <.
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The objective function J(O) does not depend on the stacking sequence { and it represents the
mass of the structure

N
J(O) = pz /Q xidV, supposing constant density p.
i=1

The scalar constraint G represents a regular measure of the stiffness of the plate. Notably, we
focus our attention on three kinds of measures, namely

@A ©0.0-1) © / 5(2,0,6,u(0,6), Vu(0,0)dV  (¢) [[r(z, 0, u(0,6), Vu(0,6)) | ey -

Q
(3.6)
The first criterion express the buckling avoidance through the load factor or first positive
eigenvalue of , meanwhile the last two criteria represent a global failure and a local stiffness
criterion respectively, with 7, s regular functions. These functionals could represent e.g. the
Compliance, the von Mises or the Tsai-Hill local failure criteria.

Remark 3.2.5. When the proportions of plies with a certain fiber orientation are fized, then ac-
cording to Lemma the constraint configurations (b),(c) in (3.6) become independent w.r.t
the stacking sequence matrix £.

The sets Y and U,q represent the stacking sequence and the set of admissible shapes, re-
spectively. An explicit definition of the set Y will be given in Section [3.5] We define the set
of admissible shapes U,y as the N—collection of open subsets of the working domain € with
bounded perimeter

Upg = {{Qi}izln_N 0 € Q and P(Q) <, Vi= 1...N}, (3.7)

where P(A) is the perimeter of the open set A C R? and ¢ > 0 constant. The existence of an

optimal solution to problem ({3.5]) relies essentially on the definition of U,4. A rigorous proof of
the existence of an optimal shape of (3.5]) is developed in Section and it is based on classical
ideas of [16].

Remark 3.2.6. For some applications (as it was noticed in Section , controlling the perime-
ter of each phase is important, even though we don’t posses any reference value s. In that case the
functional J(O) can be re-defined as a linear combination of the weight and the total perimeter,
which is also independent of the stacking sequence &

N

J(O):Z{p/gxl-dv+7/mid5},v>0.

=1

Simplification of the buckling problem

In order to reduce the numerical cost of calculating \; at each iteration, a common point-wise
approximation of the criterion (a) in (3.6) is

App(0,6) =1 <0, with Agp(O,€) := min

(2;\/73117322 + D12 + 2D33) (3.8)
e ' '

|(Ae(u))z|

The factor

2
% (\/ D11Da2 + D12 + 27)33) ) (3.9)

stands for the value of the buckling load of an homogeneous simply supported composite plate
under a compression through the x—axis [257], b is the length of the plate, meanwhile (Ae(u)),

xrx
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corresponds to the projection of the negative (compressed) values of the stress tensor in the
x—axis. When we switch to (a)(3.6) in (3.5), the simplified optimization problem has the
advantage of requiring only the evaluation of problem , alleviating the numerical cost of
solving . Nevertheless, Arr remains a coarse approximation of Ay in a more general setting,
notably when there exists coupled compression/shear loads and the plates are non-homogeneous.
Thus, the objective of this study is to also compare numerically the optimal solution of for
both choices of G.

3.3 On the existence of an optimal shape

In the following section the existence of a solution to problem is analyzed by means of the
induced topology of the convergence of characteristic functions quoted in Theorem The
notation however changes slightly w.r.t. Chapter labeling rather as Q the fixed domain D
and denoting as w an arbitrary open subset of 2. Thereby, we can establish that the set {w C Q}
with bounded perimeter is compact. Moreover Theorem [1.1.6] stipulates that the volume and
the perimeter are lower semi-continuous w.r.t. to the aforementioned topology. Hence in order
to prove the existence of a solution through Proposition [I.1.1} it only remains to prove that the
constraints in are lower semi-continuous.

The principle of the ensuing demonstrations is rather classic, however the study of some
constraints within , notably the point-wise constraint and Ay for the von Karman model,
seems untreated in literature so far.

So as to ease the notation, only a one layered composite structure is considered to describe
Uaq- The case with (finite) multiple plies follows straightaway, since the stacking sequence re-
mains constant so the same principle can be repeated to every admissible stacking sequence until
reaching the global optimality. Denote as u,, the plane stress solution of with extensional
and bending stiffness tensors A, = xwA1 + (1 — xw)Ao and D, = xD;1 + (1 — xw)Do, respec-
tively. The tensors (Ag, Dy) and (Aj,D;) correspond to two different elastic materials.

First we recall some classical results, in particular Meyer’s theorem for strongly elliptic
systems [70]

Theorem 3.3.1. Let Q C R? a bounded open domain of class C? and Ty UTp = 09, with
IpNTy =0 and |T'p| #0. Let 0 < a < B two real numbers and the fourth order tensor function
C= {Cijkl}z Cijrl € L>®(Q) i,7,k,l = 1,2, such that

Vo € 0,6 € R?, af¢]” < C(z) < BlE)*.
For f € HTY(Q;R?),g € HY2(;R?), let u be the unique solution in H} (S R2) of:
— div(Ce(u)) = f in Q, (Ce(u))-n=gonTly (3.10)

Denote as WEQ(Q;RQ) the subspace of Wh4(2;R?) such that the trace of the functions is zero
on I'p. Then there exists p > 2 and a constant C > 0 which both depend only on a, 5 and €2,
such that, if f € W=LP(Q;R2),g € W—1/22(Q; R?), u belongs to Wé’p(Q;R2) and satisfies:

lullwrey < CULfllw-10@) + l9llw-1720(0))-

Lemma 3.3.2. Let p the constant provided by the Meyer’s theorem and u solution of (3.10]),
B ={Biju}, Biju € L®(), i,5,k, 1 =1,2 and up € HL(S;R?) the unique solution of

—div(Be(ug)) = f in Q, (Be(up)) -n=g onTn.
Then for some r > 0 and C' > 0
= sy < CIC = Bl (Fly—1m(ey + gllyr—1/20(y)™, for every 0 < v < 1—2/p,

with m1(p,~y), ma(p,7y) > 0 constants.
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Proof. For any v € H}(2;R?), one has

/Ce L e(v)dV = /fvdV—k/F gvdS /ste(uB):e(v)dV:/Qf.udv+/F g-vdS.

Consequently
/ Be(up —u) : e(v)dV = /(C — B)e(u) : e(v)dV. (3.11)
Q Q
Let C and p > 1 the constants provided by Meyer’s theorem associated to Q, @ = min(C, B),
B = max(C, B). Putting v = v — up in (3.11]) and using Holder and Korn inequality yields
allu— UBH%{&(Q) < |IC = Bll oy llull oy [l = uBll g3 0

for some r > 0 such that 1/r 4+ 1/p+ 1/2 = 1 (which is possible since p > 2). Hence applying
Poincare’s inequality and Theorem [3.3.1

aflu — uBHHl(Q) <c|c- B”LT(Q) (HfHW—LP(Q) + ||9||W*1/2,p(9))- (3.12)

Let 2 < g <pandte€ (0,1) such that ¢ = 2t + (1 — t)p. Then one has applying again Holder
inequality

1/t 1/(1-¢)
/ IV — Vup|?dV < (/ |vu—quy2dV) (/ \vu—qu|Pdv) ,
Q Q Q

thus Poincare’s inequality entails

2 (1
lu— oy < C llu— usl D) lu — g7/ (3.13)

According to Meyer’s theorem
lu —uBllywro@) < lullwirg) + lusllwirg) < C( Il w=10(0) + HQHV(/—I/ZP(Q))

is bounded so inserting (3.13)) into (3.12)) yields
~ t0/2 Lt(p/2-1)
aflu — U’BHV({I//LQ(Q) < ClIC = Bll gy (I w100y + lgllw-1720¢0)) " 7 - (3.14)

Finally the desired result stems from the Sobolev embedding in dimension 2 of W4 into C%
for 0 <y =1-2/q, taking m; =tq, ma =1+ pt/(2(1 —t)) and C = C/a. O

Proposition 3.3.3 (Global and local stiffness). Let the function s :== Q x R? x R?2 — R be a
non-negative, measurable and lower semi-continuous function with respect each argument such
there exist C' > 0 and

Vo € Q,dy € R%, dy € R??,|s(z,d1,d2)| < C(1+ ||di][ze + ||dallZs.2)- (3.15)

Introduce also 11 = QxR x R?2 5 R and rp :== Q x R x R*2 — R lower semi-continuous with
respect to each argument. Define a fized “non-optimizable” domain Qn, C 2 and the functionals

G1,Go, in the same spirit that , as
G (w) = /Q (211, VU)AV o) = 1712 X )| o) + 1722 X Vit ey, (3-16)

Let (wn)n C Q be a sequence of measurable shapes and w C  measurable, such that for all
n>1, Qo C wy and X, — Xw strongly in LY(Q)). As we have seen, this is the case (in virtue
of Theorem when we suppose 2 and the perimeter of Q2 uniformly bounded. Then there
exists a subsequence wy, such that ug, —converges strongly in HY(Q;R?) to u,, and moreover the
functionals G1, Gy are sequentially lower semi-continuous w.r.t. that subsequence, i.e.

Gi(w) < h,?l inf G (wp,),
—00

Ga(w) < liminf Ga(wp, ).
k—o0
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Remark 3.3.4. The need of defining a “non-optimizable” domain Qn, stems from the lack of
reqularity of Vu,, . Indeed, the jumps or discontinuities of the elastic laws A, inside ) imply
that ||V, [ Lo (o) is only bounded in the regions O C Q where A, is regular [195]. Thereby, by
defining Qn, as a non-optimizable zone, i.e. a subregion of Q) where there are no shape changes
(or rather modifications in the elastic properties), we assure that the second term in Ga(wy,) is
well defined for every n.

Proof. Let & = min(Ap,.A;). Then for every n we have

a/ e(uy,) : e(uy,, )dx < / A, e(uy,) @ e(uy, )de = / f-uwnda:+/ 9w, ds < M ||ue, | g1 (q)
Q Q Q I'n

where M = max(|| fllg-1(q), 9/l g-1/2())- Applying Korn’s inequality

[t 10y < C lle(ww )l L2 () »

it follows that the sequence u,, is bounded in H'(Q;R?) and a subsequence (by abuse of
notation denoted with the same index n) converges weakly in H'(Q; R?) to some u* € H*(Q; R?),
due to the compactness of bounded reflexive Banach spaces with respect the weak topology [60].
Furthermore using Rellich-Kondrachov compact embedding theorem

u,, — u*, strongly in L*(Q;R?).

In fact we can still improve the foregoing convergence result. Let the fourth order square
root tensor A2 of A be such that
_A1/2 12
‘Aijkl - Aijmn‘Amnkl’

and denote by A%? and AS/ ? those corresponding to A, and A,. The existence of these tensors
stems from the positive semi-definite character of A, and A, [65]. Due to the definition of

Ap, = Xw, Ao + (1 = xw, )A1, we easily remark that (.Awn)ijkl — (Aw)ijkl and ( }u{?)ijkl
( 1/2

w )ijkl strongly in L%(Q)), for every i,7,k,l = 1,2 and ¢ > 1. Furthermore we know that

_)

YV, — Vu* weakly in L*(Q; R>?),
so in particular
e(uy, ) — e(u*) weakly in L?(; R*?), and A}u{?e(un) — AY?e(u*), weakly in L2(Q;R>?).

Multiplying (1.64) by w, and integrating by parts it follows

1/26 u* . 1/2e ’LL* _ 'U* ‘u*
/Q<Aw (")) : (AY2e(u))dV /Qf dv+/rg ds

N
= lim / f-uwndV—i-/ g - Uy, dS = lim (A%?e(uwn)) : (Aife(uwn))dv,
so by the Radon-Riesz property of Hilbert spaces,
Ai{fe(u“n) — AY2e(u*), strongly in L2(Q;R>?).

Hence applying Korn’s inequality and multiplying now by A;i /2 the above expression

Vu,, — Vu*, strongly in L?(Q; R%*?)
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and we obtain the strong convergence of Vu,,, to Vu* in L?(Q;R*?).

Now we prove that u* = u,, or equivalently

/QAwe(u*):e(v)dV:/Qf-vdV%—/F g vdS,

for every test function v € H}j(Q;Rz). Due to the uniqueness of the solution, it is enough to
show that for every fixed v the following equality stands

lim [ Ay, e(uy,):e(v)dV = /QAwe(u*) e(v)dV.

n—oo Q

This is an immediate consequence of the properties of the weak convergence [60] for the linear
application

At = [ Auyelun,) s e(0)av.
Q
since A,,, converges strongly and e(uy,) converges weakly (we know that rather strongly).

The only thing that remains to prove is the lower semi-continuity of G; and G5 in (3.16)).
Since every element of the sequence (uy, ) and u, belong to H'(2;R?), the growth condition
(4.29)) entails the finitude of G;. Next, applying lower semi-continuity of s, Fatou’s lemma yields

n—oo n—oo

Gi(w) = / $(2, Uy, Vug)dV < liminf/ S(T, U, , Vg, )dV =1lim inf Gi(wy),
Q Q

and (1 is lower semi-continuous. On the other side, taking e.g. A = A, (respectively A= A,)
and B = 1A, (respectively B = 1 A,) in Lemma (3.3:2), one has that u,,, (respectively u,,)
belongs to L>®(Q;R?) and the term involving r; in Gy is finite. The lower semi-continuity of
the first term of G2 stems one more time from Lemma by taking B = A, and A= A4,,,,
since the convergence in C%%(Q) implies convergence in L>°(f)) and every component of A,
converges strongly to A, in L"(Q),Vr > 1.

The analysis of the term involving ko in G» is slightly more delicate, as it was noticed
in Remark since the functions Vu,, and Vu, do not belong to L>®(£2;R??). First we
remark that the convergence x., — Xw in L'() implies in particular the one in L' (Qx,). Hence
l|Xw — 1HL1(QN0) =0 and x,(z) = 1 a.e. for € Qn,, since Qn, C wy, for all n by hypothesis.
Moreover, the strong formulation of for uy,,, , uy yields

—div(Au, e(tw, — uy)) = div((Aw, — Au)e(us)).

So thanks to the precedent remark and according to the definition of A,,, and A, the difference
Ay, — A, =0 ae. on Qy, and

—div( Ay, e(uw, — uy)) = 0,a.e. in Qpo.

Finally the desired result is achieved by a classical interior regularity result for second order
elliptic systems [213]

e, = ol ety < € i, = tall sy - V5 € v (3.17)

and the continuity of ro. We remark in (3.17)) that the constant C' does not depend on n due to
the uniform boundedness of (A, )n.
O
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Proposition 3.3.5 (Buckling constraint). Let (wy), C € be a sequence of measurable shapes
such that x.,, — Xw strongly in L'(Q). Then there is a subsequence ny, such

Hm Ar(wny) = Ar(w),

where A1 (4.27) is the smallest positive eigenvalue of ((1.63)).

Proof. Let Ty, be the sequence of resolvent operators defined as
T., (2) :== z € H5(Q) — w,, (2) € H5(Q),

where w,,, is the unique solution of the variational formulation of the linearized buckling problem
/(DMHVwan) : Vinde = —/ Au, e(w)V2Vndz, Ve H5(Q). (3.18)
Q Q

As it was shown in Proposition for every n, the operator T, is compact. Furthermore,
according to Proposition there exists a subsequence of (w,) (by abuse of notation we
denote it with the same index) such that u,, — wu, strongly in H'(Q;R?), where u,, ,u, are
the solution of the flexural problem for the elastic tensors A, ,A,. Now we would like
to prove that the same result holds for w,, in H?(Q). For that purpose, we first stand that the
sequence w,,, is bounded in H?(2). Indeed, developing each side of the bending equation

5/ V2w, |2dV < /(Danwan):VwandV
Q Q

= —/ Ay, e(uy,) - Vz-Vuw,, dV
Q

< alle(uw)l 2 V2 i) Vs, |l L@

N

< O (Il + 19720 ) N2z iz

where § = min(D%, D), o = max(AY, A!) and we have used the compact injection of H?(£2) into
WH4(Q) and the boundedness in H!(2; R?) of u,, according to Proposition Applying the
Poincaré inequality to the above cascade of equations yields

It 120y < € (1S -1 + gliz-172(y ) 1120y

and we conclude that w,,, is bounded. Similarly to Proposition the Sobolev embedding
theorem implies that the canonical injection of H?(Q) into H'(Q) is compact so there exist
w* € H?(Q) such that w, — w* weakly in H?(Q2) and strongly in H'(Q2). Moreover, carrying
out the same argument with the square root tensors (but this time with D and the quadratic
form [, DV?wy, : V2w, dV), wy, — w* strongly in H?(2). Now it only remains to prove that
w* = w,, or equivalently

/ D, Viw* : V2ndV = / Age(uy,) - Vz - VndV,¥n € H3(Q).
Q Q
Then it is enough to show

lim [ D, V*wVw,, : VndV = / D, V2w* : V2ndV,Vn € H3(Q)
Q Q

n—o0

lim [ Ay, e(uy,) Vz-VndV = / Age(uy) - Vz - VndV,Vn € HpH(Q).
Q Q

n—o0

Both equalities are immediate consequence of the properties of the weak convergence as in

Proposition [3:3-3
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Hence until now we have demonstrated that w,, converges strongly to w, in H?(2). In
other words, T, (z) — Ty (2), for every z € H5(f2) It can be proved [144] (lemma 4.7.3) that
the above type of convergence (also called y—convergence) is equivalent to the convergence in
the uniform operator topology L(H?(Q)), i.e.

lim  sup [Ty, (2) — Tu(z)[| = 0,

n—oo
HZ”HZD(Q)SI
and desired result yields from a classical result of spectral theory for compact operators [109]
(Lemma 5, page 1091) which says that if T,, — T, in the uniform operator topology, then

lim i (wn) = pr(w),
n—oo

where pg(wy) is the k-th eigenvalue of the operator Ty, . Thus equivalently
nlggo A(wn) = A1(w),

since A1 = 1/ maxy, fu. O

3.4 Shape sensitivity analysis

In this section we briefly recall the main results of the shape derivative in the context of com-
posite optimization for dimension d = 2, using as a basis the Section [I.I} notably Definition

IRNE}

Suppose the stacking sequence £ fixed and consider the linearized buckling problem ,.
For simplicity we deem here only two phases on one ply. Let ©Q; € 2 be and denote as n as
the outer normal to ;. We define the complement of Q; as Qyp = Q\Q;. Then the extensional
stiffness tensor A reads

A=x1A1 4+ (1 —x1)Ao = Ao + x1 (A1 — Ao),

where Ay and A; are two different anisotropic elastic laws and x; the characteristic function of
;. This situation corresponds to a one-layered composite structure as described in Section
ie. O ={Q1}. The extension to the multi-layer case follows directly by analogy changing the
index ”1” by any ¢ = 1, ..., N, since each ply is considered independent from the others.

Remark 3.4.1. When dealing with the multi-layered case, we must assume that the measure of
the common interior interface between two plies with shapes €;,Q; is negligible, i.e. |0Q;N0Q;| =
0,Vi,j = 1,..., N, in order to avoid non-differentiability. To make this feature clear, compare
the variation of a cost functional J w.r.t. to the application of an advection fields 8 and —0 to
one interface, always keeping the other fixed. Due to the discontinuity in the elastic properties
entailed by the fized interface, one can easily check that in general J'(Q2)(—0) # —J' (Q)(0).

We divide the ensuing analysis in a continuous and a discrete framework where slightly
different formulae of the shape derivative of arise in multi-phase problems as it was quoted
in Chapter [2l We remark that the point-wise functional (c) in is not shape differentiable
but different techniques are capable of approximating it by (b),(3.6) type-functionals.

3.4.1 Continuous framework

Apart from A1, the shape derivative formulae of the functions involved in are quite classic in
a continuous framework (see Chapter . In general they involve adding the elastic transmission
conditions to the Lagrangian in Céa’s derivation method [74]. The following proposition for the
shape derivative of A\; illustrates this procedure
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Proposition 3.4.2. Let \; be the smallest positive eigenvalue in (1.63]). Suppose Q1 € D, \;
s simple and normalize the respective eigenvector w in order to satisfy

/Q(a(u) V) - VadV = —1. (3.19)
Then Ay is shape differentiable and the shape derivative in the direction 9 at 0 reads
N = M /6  To(walouid (6 m)ds
[ (whmlen] + 200)leu)ud - loule(ple) @ mds
+ /8 N ((Dv%)m[[(v?w)nn]] + 2[(DV20) ] (V20 it — [[(Dv%)tt]](v%)tt) (6 - n)dS,

where [-] = 1 — -0 denotes the jump of a discontinuous quantity through 001, o = Ae(u) and
the index n,t indicate the normal and tangential components.

Proof. When supposing A; simple, its shape differentiability follows from classical arguments
[260]. Now, so as to apply Céa’s fast derivation method, the first step is to define the Lagrangian
L on each sub-domain g, 4

L(E) Mo, M1, Vo, V1,490,491, A) Z1,22,71, 72)

= A=) {A/Q‘(Aie(vi) Vi) - deVJr/’(DiVQm) : V277idv+/

i=0,1 Qi Qi

+ / g - qodS
I'n

+ /Zl(vo—vl)d5+/Zz(Qo—Q1)d5+/Vl(ﬁo—ﬁl)d5+/72(V770'”—V771'”)d5a
> > > >

i(w) : clayav |

where the four natural interface transmission conditions where added by means of the multipliers
21,22,71,72. The stationarity conditions of £ w.r.t. each argument yield the state equation,
adjoint equation and boundary conditions. Then the shape derivative of A\; results from 0L/0%.
We proceed thus to take the partial derivatives w.r.t. each variable and verify each condition:

State equation and stress transmission condition:

0 .
aiq. (891,U)O,wl,U(),Ul,p(),pl,)\l,Zl,ZQ,Gl,GQ,Gg,G4):O, 12071'
1

Let the test function ¢ € H}(2;R?)

0

0 = <(%ﬁ(217w07w17u07ulap()vpla/\lvzlaZQaGlaGQ)a¢>
(]

= - /Q oi(u;) : e(¢)dV + /FN g-¢dS + /891(—1)2'22@5
= / div(oi(u;)) - pdV —|—/ (9 —oo(uo) - no) - pdS —i—/ ((=1)'Zy — oy(ug) - 1) 9.
Q; 'y

o
The above set of equations entails the state equation and the Neumann boundary condition
for the in-plane displacements ug,u; € H},(Q;RZ). Also the stress transmission condition on
0
Z2 = Uo(’u,()) n = Jl(ul) ‘n, with n = ng.
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Transmission conditions of the in-plane displacements and adjoint state:

0 .
gﬁ(aglawmwlaanulvp(]:pla)‘laZlaZ27G1>G2) = Oa J= 172
J

Namely ug = u1; po = p1, on 0.

First two transmission conditions of the vertical displacement

0 .
a—vﬁ(aﬂl,wo,w1,uo,u1,po,p1,)\1,Z1,Z2,G1,G2) - 07 J= 172
J

Namely wg = wy; Vwgy-n = Vwy -n, with n = ng, on 9.

Adjoint state equation and second transmission condition.

0
8’0@

L0, wo, w1, ug, U1, Po, P1, A1, Z1, Z2,G1,G2) =0, i =0, 1.

Let the test function ¢ € H}(2;R?)

0
0 = <av‘£(891,wo,wl,uo,uhpo,?l? A1, Z1, Z2, G, Ga), <I5>

= —)\1 /Q(.Aze(qb) . Vwi) . VwidV — /QZ O‘l(é) : e(pi)dv

K3

+ /21 Zi(—1)'.

So integrating by parts,
0= X\ / divi(by(ws, wi))dV + / div(oi(pi)) - AV

'y

'y

+ /aQ (Zl(—l)i —oi(pi) - ni — Mbi(w;, w;) - ni)quS,

where the bilinear form b;(ny,n2) for 01,72 € H? reads

bi(mi,m2) = Ai : (Vi Vi), so (0i(ui) - V) - Vs = bi(wi, wy) : e(ug).
By varying the values of ¢ inside 2; the adjoint equation reads

—div(oi(p;)) = Aidiv(b;(w;, w;)) in Q4
with p; = 0 on I'p. Furthermore
o(p)-n=—-\blw,w)-n on Iy,

and the multiplier Z; fulfills on 02

Z1 = oo(po) - n + A1bo(wo, wo) - n = o1(p1) - n+ A1bi(wr,w1) - n, n=mng

gives the second transmission condition of the adjoint state p.
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State equation vertical displacements:

0
om;

Let the test function ® € H3(Q)

‘C(aglaw07w17u07u17p07p17)‘17217227G17G2) = 07 1= 07 1

0
0 = <an‘£<891aw07w17U‘Oau17p07p17)\17217227G17G2)7(I)>

= —2>\1/ (Aie(u;) - V) - VuwydV — 2/ (D;V2®) : V2wdV
+ G1(—1)'®dS + Go(—1)'V® - ndS
an an
Integrating by parts, we find

0 = %{ /Q (o1) V)0V~ /3 Qi(ai(ui)'Vwi)-nﬁDdS}

+ 2 / div(D; V2w;) - n;®dS — 2 / (D;V%w;) - n; - VOIS — 2 / V(D V2w;)®dV

Q;

+ G1(—1)'®dS + Go(—1)'V® - ndS (3.20)
o o

Varying the values of the test function ® in each €2;, we deduce the state equation for the
vertical displacement
VQ(’DZ‘VZU)Z') = )\10'1‘(71,1‘) : Vzwi, in Qz
Furthermore w; = 0,0,w; = 0 on I'p. Equally using the independence of (®,0;®) w.r.t. the
normal derivative 0, ® on 0€2;, we obtain the free boundary conditions on I'y

_)\l(ai(ui) : vwi) -n; + <div(DiV2w,~) “n; + ;(Div2wi)n7) =0,
T

(Dzv2wz)nn = 07
where the second term of the second row of (3.20]) was developed as
/ (D;V%w;) -n; - VOIS = / (DiV*W0;) 0, BdS + / (DiV*w;) 0, ®dS

= / (Di VW) 0 ®dS — (D V2 w;) iy ®dS.
o9Q; o

The optimal values for the multipliers G1, G2 on 0€; reads

G =-2 {—)q(O’i(ui) : VU}Z) “n; + <diV<'Div2wi) “n; + aa(DiVQUJi)nT) } 0 =10,1,
T

Ga = 2(D;V?wi)nn,i = 0,1,

giving rise to the third and fourth transmission conditions of the vertical displacement wg, w.

Normalization of the vertical displacement

0
ﬁﬁ(aglvw07w17u07u17p07p17)\17217227G17G2) =0

We perform a classical derivation with respect to the scalar A to obtain (3.19)), namely

0=1- i:Zm /Ql(al(ul) -Vw;) -w;dV, so: —1= /Q(a(u) -Vw) - VwdV.
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Shape derivative Let 0 € W1>°(Q;R?) such that 6 - n = 0 on Q. Then

0
6*25(391,wo,w17UO7U17po,p1, A1, Z1, Z2, G, Ga, G3,G4)(0) = N1 (Q1)(6).

Thus,

M@Q)O) = — /em {Al [(o(u) - Vw) - Vw] + [(D; Vw) : V2w] + [o(u) : e(p)]]}(@ -n)dS
+ /m 2100 (1 — w)(0 - n)dS + /m Za0n(po — p1)(0 - )dS
+ / G20, (Vwp - n — Vwy -n)(0 -n)dS
o
= — /aQ {/\1 [(o(u) - Vw) - Vw] + [(D;Vw) : VW] + [o(u) : e(p)]]}(@ -n)dS
b [ (o) n b w) w0~ un)(O - m)dS+ [ (o(w) - m)0um ~ p1)(0 - m)aS
o

oM

+ 2/ (DVzw)man(Vwo -n—Vwy -n)(0-n)dS,
o0

where various terms where canceled according to the transmission conditions (notably those
involving the curvature in the second and third row) and the optimal values of Z, Z3, Gy em-

ployed. Moreover since ug —u; = 0, V(wg — w1) -n = 0 on 9, the following relations stand on
o

(bs(wi, w;) - n) - On(ug — u1) = 2(bi(w;i, w;) - n) - (e(uo — ur) - n) — bi(wi, wi)nne(Uo — U1)nn,

0i(pi) - n - On(ur —uo) = 2(0i(pi) - n) - (e(ur — uo) - n) — 0i(Pi)nne(ur — uo)nn,

and also

a(u)-n-On(po —p1) = 2(c(u) - n) - (e(p1 — po) - n) — o(Wnne(p1 — Po)nn,
(DV2w)nn8n(V(wo —wp)-n) = 2((DV2w) ‘n) - (VZ(wo —wp)-n)— (DV2w)nn(V2(wo —W1))nn-

Inserting these relations in the cascade of equations for A} yields
ME) = [ B ewul(© - n)ds
o
[ o @melw)an+ 20@hewhn — ol)ue()a6 - n)as
1
+ / [(DV2W) 1 (VW) + 2(DV2w) 1t (V) 1t — (DY)t (V2Ww)4e] (0 - n)dS.
oM

The desired result stems from the continuity relations

[[(DVQZU)nn]] =0, [[(VQM)M =0, [[(vzw)tt]] =0,
[(e(@)an] =0, [(e(P))nt] =0, [(e(p))e] =0,
[(o(u)nn] =0, [(o(w)ne] =0, [(e(u))u] = 0.
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3.4.2 Discrete framework

Similarly to the sharp shape derivative presented in Chapter [2] for a cost functional depending
only on u, the rigorous computation of the shape derivative of A; involves jumps of the stress
and the strain functions through the interface 9€2;. Nevertheless, these quantities are difficult
to estimate numerically. From now on, we avoid any of these technical issues by calculating
the shape derivative of the discretized problem which seems to be more useful from a numerical
point of view, as it was pointed in Chapter

Thus suppose €2 equipped with a conformal simplicial mesh ; = Uf‘il T; with M triangles
T; of maximal size h. Let I1}(Q4;R?) be a finite-dimensional approximation of H}(Q;R?) |
for instance the space of P! Lagrange finite elements. Define uj, € HE(Qh;RQ) as the internal
approximations of u, solution of

Ae(up,) : e(vp) dV = / g-vndS, Vv, € IL(Qu; R?), (3.21)

Qp I'nv

and o, = Ae(up). Let £ be a fixed stacking sequence. In order to facilitate the analysis,
the discretization of functional (b) (3.6]) is split into two cases G, 1,Gp 2 given by the smooth
densities s1, 5o

Gpi(,€) :/

; s1(x, up(1,€))dV  and Gh,g(Ql,f):/ so(x,op(21,€))dV.

Qpn

The first density function s; depends only on the displacement meanwhile the second one s
depends on the stress o, = Ae(uyp,). Both satisfy adequate growth conditions.Then the discrete
shape derivatives of the foregoing discretized criteria are given respectively by the following
propositions

Proposition 3.4.3. Assume that the interface 021 generically cut the mesh Qp, namely that
it is never aligned with part of an edge of any triangle T;. Define the discrete adjoint state
pn € 1L (Q; R?) as the solution of

Ae(py) : e(vp) dV = —/ si(x,up) - vp dV, Yoy € TIH(Qy; R?). (3.22)

Qp Qp

where the symbol’ denotes the differentiation w.r.t. w. Then, the solution uy of is shape
differentiable and the shape derivative of G, 1 for a fived & is given by

(. )(0) = /8 LAl s efp) 0 n S, (3.23)

where [-] =1 — ¢ denotes the jump of a discontinuous quantity through 0.

Proof. See Chapter O

Proposition 3.4.4. Assume the same hypothesis than the above proposition but this time define
the discrete adjoint state py, € 115 (Qp; R?) as the solution of

Ae(pp) : e(vy)dV = —/ sh(z,op) - Ae(vy) dV,  Vup, € TIH(Qp,; R?). (3.24)

Qp, Qp,

where the symbol ' denotes the differentiation w.r.t. o and op = Ae(up). Then the shape
derivative of G2 for a fived & is given by

G§Z72(Q1,§)(0) = /80 <[[32(37,0h)]] + [A]e(up) : e(ph)) 0-ndS, (3.25)
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where [-] = -1 — -0 denotes the jump of a discontinuous quantity through 0.

Proof. The demonstration is quite similar to the one of Proposition The only difference
lies in the definition of the Lagrangian, which is

Ln(0,vh,qn) :/QSg(x,.Ao(]d+9)_1e(vh))dV+/Q.Ao(Id—l—@)_le(vh) : e(qh)dV—/ g-qpdS.

'y

O]

Now let I1%,(€2,) be a conformal finite-dimensional subspace of the space H% () (so the basis
elements are C1(Q,)), e.g. Hermite cubic finite element [160]. Let wy, € 113,(Q) be the internal
approximation of w, solution of the discrete eigenvalue problem

E(wn, mp)dV = —\ / B(uns wn, mi)dV, Vign € TI(Q), (3.26)

Qp Qp

where uy, solves (3.21)). We denote as \j, the first positive eigenvalue. The bilinear and trilinear
forms E(n1,n2) and B(v,m1,72) are respectively defined Vny,m2 € I1%(Qp), v € ITh(2; R?) as

E(m,m2) = DV?m : Vny = DijriOumijne,
B(vini,m2) = (Ae(v)-Vni) - Vna = Ajrie(v)k0ini 0j12. (3.27)

The first positive eigenvalue Ay of the discretized problem ([3.26]) can be also defined through
the Rayleigh quotient

1 _fQ Uh,77 77 dV
)‘h = max

3.28
neltston)  Jo, BOmm)dV (3:28)

Proposition 3.4.5. Assume the same hypothesis than Proposition u let up, € TIq (2p; R?)
be solution of (-) and define the discrete adjoint state py, € 112 H(Qp) as the solution of

Ae(pp) : e(vy)dV = Ny, B(vp; wp, wy)dV Yoy, € TIL(Qp; R?).
Qh Qh

Moreover suppose A, is a simple eigenvalue of problem (| and let the buckling mode wy, €
112 H(Qp) be normalized as fQ (up; wp, wp)dV = —1. Then An is shape differentiable and its
shape derivative for a fized £ reads

A (Q1,€)(0) = /asz ([[D]]V2wh 2 V2wn + A ([Ale(un) - Vwp) - Vwy, — [Ale(un) : e(pn) |0 - ndS

(3.29)
where [-] =1 — ¢ denotes the jump through 0.

Proof. Let us denote w!(z) and ¢f(x) the basis functions of the finite element spaces 1% (£2;,)
and T}, (Qp,, R?), respectively. The solutions wy, € 11%,(€2,) and uy, € I14(Qp, R?) are decomposed

as
Wh = Z Wihwzh(x)’ Up = Z Uzh¢?(x)7

and the vectors W, U" (with respective components Wih, Ul-h) are solutions of

EMWh = -\, B"W" and K"U" = G*, respectively. (3.30)



3.5. STACKING SEQUENCE OPTIMIZATION 129

The matrices E", B", K" and the vector G" are respectively defined as
E}; = / E(w]',w"dV, Bl = / B(up;w}',wi)dV,
Qp Qp
Kly= [ Actelse@hav. 6t = [ g-otas. (3.31)
’ Qh 'y

We remark that the basis functions wlh and qﬁ? are independent of 9€)y. Thus, under the
assumption that 9 does not overlap any edge of T; € €y, the shape derivatives of K", E* and

B" according to (3.31)) and (3.27) read (for more details see Chapter [2)

(K] (21)(0) = , [AJe(o}) : e($1)(0 - n)dS,

(Ei}fj)’(Ql)(G) = [D]V2wh VQUJ?(G -n)dS,
o

(Bl @)0) = [

([Ale(up) - Vwlt) - Vol (8 - n)dS + / (Ae(up (1)(0)) - Vo) - ViV,
o0

Qp,
The last equality stands from the shape differentiability of up, (Proposition, which satisfies
the equation

Khuhy = —(k™Uh. (3.32)
Applying the chain rule lemma, classical spectral theory for matrices tell us that if the matrices
E" and B" are Fréchet differentiable (shape differentiable) and the eigenvalue ), is simple,
then the eigenfunction (suitable normalized) wy, and the eigenvalue \;, are differentiable [260].
Thus, taking the shape derivative of each side of the Rayleigh quotient and using equation
, the derivative of \j reads

)\;Z(Qljg)(e) _ _TWh [(Eh)/(Ql;(fV)h—}‘—Bi\%fh)/(Ql)(9)] Wh‘

Choosing wy, such that [ B(up;wp, wp)dV = TwhBhiwh = —1, it follows

A, (Q)(0) = /89 [D]V?wy, : Vw0 - n)dS + M\, /89 ([AJe(up) - Vwp,) - Vwp (0 - n)dS

+ )\h/ (Ae(uf,(21)(9)) - Vwy) - VwpdV.
Qp
Finally the desired result arises from the definition of the adjoint state p;, and equation (3.32)

)\h/ (Ae(up,(21)(9)) - Vwy,) - VwpdV = Ae(pr) = e(u),(21)(0))dV
Qpn Qp

_ _/ [ALe(Bn) : e(up)(6 - n)dS.
15951
0

Remark 3.4.6. When A\, is not simple, only directional differentiability can be established
[260, 199].

3.5 Stacking sequence optimization

3.5.1 Manufacturing constraints

From an engineering point of view, when a composite laminate is designed, some additional
composite design rules must be respected. Following the typical industrial approach (see e.g.
Airbus in [63], 49]) we consider the following rules
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(R1) Continuity rule, no more than 4 successive plies with the same angle.

(R2) Disorientation rule, maximum gap between two adjacent (superposed) plies is 45°.

(R3) Balanced laminate w.r.t. the principal direction (0°), i.e. same number of plies at
45° and —45°.

(R4) Minimum proportion of each fiber orientation (typically between 5% and 10 % [125]).
We note this proportion as pi,.

(R5) Symmetric laminate. This ensures to avoid the coupling between in-plane traction
and bending of the laminate, eliminating thermal residual stresses from the cooling process
after being placed within an autoclave for curing.

Thanks to the stacking sequence matrix £, all the above manufacturing constraints can be
easily formulated as linear inequalities or equalities

Proposition 3.5.1. Let {O,l}NX4 be the set of binary matrices of N rows and 4 columns.
Define the applications 1 : {0, 1}V>* — RAN=8) .y - 10, 1}V*4 o R2ZV=D g {0,134 5 R,
74 {0,134 R Then if N > 5 the design rules (R1), (R2), (R3), (R4) can be expressed
as linear constraints w.r.t the stacking sequence matriz £ as follows

k+5
S & —4<0  Vn=1,...,4Vk=0,..,N —5,
(R1) & (&) =4 ™"

3
Yo &n—2<0 Vn=1,..,4.(plane of symmetry)
m=1

1+ &0 —1<0 L=m+1,Ym=1,...N —1.
N

N
(R3) « r3(§) = Z Em3 — Ema = 0.
m=1

N
(R4) & 1) =paN =) &un <0,¥n=1,....4.

m=1

The rule (R5) is satisfied by just studying half of the stacking sequence.

Remark 3.5.2. The above constraint functions r1(§),r2(€),1r3(£),r4(§) are affine hence conve.

Once the design rules have been established, the definition of the feasible stacking sequence
set Y follows

Definition 3.5.3. We define the feasible stacking sequence set'Y as

4
Y = {s = (&mn) € {0, I}V " G = 1,Ymi 1 (§) < 05 m9(€) < 0; 73(€) = 05 ra(§) < 0}-

n=1

Remark 3.5.4. The definition of Y is independent of O. This simplification implies that the
manufacturing rules are not point-wise (hence not depending on the shape of each ply) but rather
global between the plies.
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3.5.2 The constraint margin function

In order to treat problem ({3.5) with a decomposition technique (separating continuous and
discrete variables), as it will be explained in the next section, an element of paramount impor-
tance is the constraint margin function M(Q). The scalar version of this function is defined as

Definition 3.5.5. Let G(O,&) <0 be a general scalar constraint of problem which repre-
sents a reqular measure of the stiffness of the plate, e.g. G = )\1_1 —1orG= )\I_ﬂlw — 1. Then
the constraint margin function M(Q) is defined as

M(O) =min G(O,¢). (3.33)
cey
In simple words, the constraint margin function represents the value of maximum slackness of
the constraint G < 0. The evaluation of M(Q) implies solving a non-linear integer problem. In
general, this kind of problems are quite hard to solve due to the discrete nature of the variables.
However, when the problem is linear, quadratic or convex, there exists a collection of algorithms
which can be quite efficient [194]. In particular we now check the following property

Proposition 3.5.6. If the proportions of plies of each fiber orientation is fixed in the laminate,
then for every & € Y respecting these proportions, the functions Afl(O,ﬁ) and )\]}};(O,f) are
conver w.r.t. €.

Proof. Define the function

th A(&)e(u(€)) - Vw - VwdV

o DOVPw: Vewdy S E TS Hp(9), (3.34)

l(faw) - =

and denote as Y the subset of £ € Y respecting the fiber orientation proportions. If we fix a
vertical displacement w, then for every £ € Y the numerator of is constant (in particular
it does not change sign) thanks to Lemmas [3.2.3| and [3.2.4), meanwhile the denominator is a
positive linear function of . Furthermore let A C H%(Q) be the set of functions w such that
I(§&,w) > 0 V&€ € Y. Since we suppose the existence of A\; > 0, then A # () . Hence, applying
Lemma , for every fixed w € A the function (£, w) is convex w.r.t. . Finally noticing that

ArH(€) = max (&, w),

the convexity of )\1_1(5 ) stems from the fact that the maximum or supremum of a set of convex
functions is convex. On the other hand, by virtue of Lemma the function (3.35)) is concave
and positive w.r.t & so from definition (3.8]),

6~ ( (Ac(u))z (€ )
RES) 68 \ 25 (/D1 (©)Dna(E) + Dia(€) + 2Ds3(6))

is equally convex for ¢ € Y in view of Lemma [3.5.8] ]

Lemma 3.5.7. For a fized O, let Drp be the function

Dgr(€) = v/Di(0,6)D22(0,£) + D12(0, £) + 2D33(0,€), (3.35)
numerator of Arp in @ Then Drp(€) is a concave function of §.

Proof. Let us fix O. In order to alleviate the notation, we make only explicit the dependency of
a function w.r.t. £&. Now, since the tensor D(Q is a linear function of £, the concavity of Drp(€)
reduces to prove the concavity of the term D(§) := /D11(§)D22(€). Define the two variable
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function d(z1,x2) = \/T1Za, with (z1,29) € (RT)2\ {(0,0)}. We will prove that d is concave on
(R*)2\ {(0,0)}. Indeed, the Hessian matrix of d reads

SIS SRR T
5 3/2%2 1/2
Vid(z1,20) = Umrzp) I A
4(331932)1/2 4(931502)3/2 1

The first principal minor of v2d satisfy

g < 0¥l € @00},

meanwhile the second one satisfy

2
S (W) = 0,¥(z1,22) € (RM)2\ {(0,0)}.

Hence V2d is negative semidefinite and d is concave. Finally the desired property follows from
the linearity and positiveness of the functions Di1(&), D22(€) plus the above properties of d by
composition. ]

Lemma 3.5.8. Let f(§) :==Y — R} be a twice differentiable function and define the function
9(&) =1/f(&). Then if (&) is positive and concave then g(§) is convex. In particular if f(&) is
an affine application, then g(§) is convex if and only if f(§) is positive.

Proof. For every & € Y, the quadratic form involving the Hessian matrix reads

2 . e 2 LE2 1 2 . .
(V7g(&) - &) - &o 5G] (VF(€) - &) f(g)g(v f(&) - o) - o
Analyzing each term the result follows. O

The above result gives us a clue of the importance of exploring adapted method for convex
integer programming to evaluate (3.33)).

3.5.3 Evaluation of the constraint margin function
Convex case

Among the algorithms for discrete convex optimization, the outer approximation method
(OA) distinguishes as one of the most relevant [247, [194]. First introduced by [I10] and then
extended in [326] 117] for convex problems, the algorithm solves mixed integer programming
problems through a finite sequence of alternately non linear programming subproblems (in which
the integer variables are fixed) and mixed integer linear problems (MILP). The optimal solution
of each subproblem provides a point at which supporting hyperplanes of the functions are gen-
erated. These linearizations are collected in an MILP master program who determines the new
integer assignment for the next iteration. Even though the OA method is capable of tackle mixed
integer problems, in our case we use it in the full discrete case (integer nonlinear programming).

Now we proceed to explain the method. Let be ) = {0,1}*** and consider the following
generalization of problem ([3.33)

min {£©lg6) < 0}, (3.36)

where f and g are convex and one-continuously differentiable. Indeed, according to Definition
the constraints defining Y C ) (represented by “g < 0” in (3.36))) are linear (thus convex)
and moreover, as it was proven in Proposition |3.5.6) when the proportions of fiber orientations
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{0,1} designs

Figure 3.5: Scheme of the Outer approximation method.

are fixed, G = )\fland G= )\]}}, (represented by “f” in (3.36])) are convex too.

Due to the convexity of the functions f and g, for each £ € ) there are linear under-estimators
such that

FE+VIE) - (E-&)

9(&) +Vg(&) (- &)

f(&), V&,
g(&), v¢e .

IN A

Let € > 0 be a decreasing parameter. Then the OA method reads

Algorithm 3.5.9. Let €0 be an initial feasible solution of , T C Y the set of generated
admissible solutions so far and £ the current best computed solution. Initialize T = {{0} and
set the upper bound constant UBD = +oo0.

For k>0,

1) If (f(€%) <UBD —¢), then update £ = ¢ and UBD = f(&F).
Otherwise, do nothing.

2) Solve the current master problem:

(M) min_{n|n< UBD—e f(&) + V) (€~ <mg() + Vg() - (€& <0 eT}.

£EY,mER

3) If the problem is infeasible: STOP. The optimal solution is £*.

4) Otherwise let £¥1 be the optimal solution of (M). Update T as T =T U {ka}
and return to 1).

It was proved in [I17], that for ¢ small enough, the sequence of points (¢¥); € ) generated
by the OA algorithm terminates in a finite number of steps at an optimal solution of (3.36)).

Remark 3.5.10. The algorithm can tackle also problems where Y is a general finite set and in
the worst of cases, the algorithm takes |)| steps before convergence.

Remark 3.5.11. Since all the constraints defining the set Y C Y in are linear, there is
no need of any under-estimator.
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Extension to the non-convex case

In the situation where the proportions of plies with a fiber orientation is not fixed, problem
(3.33) is not necessarily convex, hence an extension of the OA method must be introduced.
Attempts to generalize OA to solve non-convex problems are proposed e.g. in [177].

In our case we focus our attention on the convexification of by means of convex
under-estimators [194]. Even though a large family of under-estimators for MILP is available
in literature (see e.g. [247]), an important class when treating with binary or boolean variables
are the so-called a—under-estimators. In fact, taking advantage of the identity

a(y? —y) <0,Yy € [0,1],Va € R,
the following classical results stands

Lemma 3.5.12. Suppose f and g twice-differentiable, and introduce respectively the under-
estimators (also called a—under-estimator) of f and g on [0,1]V >4

FUO = FEO+ad (& —Emn)s 37 =9(©) +ad (&, — &mn).

m,n m,n

Then VE € Y, f(&) = f*(€), g(€) = §°(£) and for o large enough, f*,§* are convex.

Proof. Since Y = {0,1}¥*4, the first statement follows trivially. Now denote as V2f, V2g €
RANXAN the Hessian matrices of f and g, respectively. In such a case, the Hessian matrices of

f, g read R
V2f* = V2f 4+ 2add and V2§* = V%g + 2ald,

where Id € R¥V*4V ig the identity matrix. Then for large enough a the functions fo‘, g* are
convex. ]

Lemma [3.5.12| thus implies, that by choosing a large enough «, we can solve exactly (3.36))
through the application of Algorithm to the convex problem

min { F(€)15°(6) < 0}
ey

An optimal convex a—under-estimator can be computed as the smallest coefficient o for which
\& f“(ﬁ) and V2G(£) are positive semidefinite for every &. In the case of quadratic binary
problems, the optimal value of « is the absolute value of the smallest eigenvalue of the matrices
V2f and V2g. In general cases finding o is quite difficult, so several heuristics have been
proposed, e.g. in [247].

3.6 General decomposition framework

The optimization problem of finding the best shape and stacking sequence of a composite plate
corresponds to a mixed problem, i.e. a problem where there are two different types of optimiza-
tion variables. On one side, the shape optimization problem corresponds to a continuous infinite
dimensional problem, meanwhile on the other side, the stacking sequence optimization belongs
to the class of combinatorial programming problems due to finiteness of the set Y.

In the present section we address the interaction and articulation of continuous and discrete
techniques to solve the composite problem in the framework of decomposition methods
[139]. Decomposition techniques are used to solve large-scale (or complex) problems, replacing
them by a sequence of reduced or easier local problems called followers linked by a leader or
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master program. This gives rise to a bi-level optimization scheme [105]. These methods prove
efficient when the structure of the problem is naturally separable. This separability comes
for instance from the structure of the objective function and constraints (e.g. data is block-
separable) or when the variables can be split into “complicated” and “simple” ones, for example.
We present notably an infinite dimensional adaptation of the scheme Mazmargin (from maximum
margin or constraint margin) [141] [49].

3.6.1 Maxmargin technique

We start studying problem (3.5 through the general formulation

min J(0)|G(0O,¢) <0}, 3.37
o {T(O)[G(0.€) <0} (3.37)
where G : (Uyg X Y) — R™, is a regular general constraint function vector of m components.
Problem ([3.37)) turns out to be a quasi separable subsystem [I41], so thanks to this particular
structure, we can write this mixed problem as a bi-level optimization problem whose higher level
only relies on the variable O through a Maxmargin scheme

Proposition 3.6.1. Let O* be in U,q. Then OF is a global solution of if and only if it is
a global solution of

Juin {J(0)IM(0) <0}, (3.38)

where the vectorial constraint margin function M reads

M(O) := min max {G;(0,¢&)}. (3.39)

£€Y 1<i<m

Proof. Define the set
V ={0 € Uyq|3¢ € Y such that G(O,§) <0}.

It is straightforward that O* solves (3.37) if and only if it solves min {J(O)|O € V'}. Then,
O ¢ V if and only if
M(O) = min max {G;(0,¢)} <0.

£eY 1<i<m
]

Problem has the advantage with respect to optimize only over U,y and not
over Uy,q x Y. Unfortunately, from a numerical point of view, global optimality (as formulated
in Proposition is difficult to reach when e.g. no convexity properties are present. We
must thus conform ourselves with a local optimum. If we define a local solution of as
an element O € U,y satisfying the local optimality conditions of for a fixed assignment
of integer variables £ € Y, then one can demonstrate (see [141]) that the Mazmargin scheme
does not introduce any artificial local minimum. In other words, any local minimum of the
decomposition formulation is indeed a local minimum of the original problem (3.37)).

Remark 3.6.2. In the present work, local optimality in U,q will be understood in the sense of
Deﬁm’tion i.e. O is a local minimizer of J if and only if there exist & > 0 such that for
every collection of vector fields © = {0;}i—1,.n (where each 6; € Wh*°(Q;R?) corresponds to
the advection field of the ply i),

~ ~

J(0) < J((Id + t0)O), ¥t < 4.

For other kinds of local optimality conditions, see [67)].
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3.6.2 First order optimality conditions

As it was quoted in [I41], generally the constraint margin function M is non-smooth and is
not known analytically. The reason of this is that the optimization problem posed by M may
have many solutions. As a consequence the bi-level problem is usually non-differentiable.
There exits various strategies to tackle this kind of bi-level optimization problem [218] [105].
We can cite e.g. the construction of piece-wise continuous approximation or response surface
of M; non-smooth adaptations of classical algorithms (penalty, trust region, descent or feasible
direction methods); and non-smooth algorithms as bundle methods.

In order to write the first order optimality conditions (stationarity conditions) of problem
, we need to differentiate a non-differentiable shape function M. This problem has been
treated e.g. in [285]. The idea in our case is to invoke the notion of generalized gradient intro-
duced in [91] for Lipschitz functions (see for instance [99]).

Lemma 3.6.3. For a fized £ € Y and O € Uyq, let the constraint function G((Id + ©)0,€)
be continuously shape differentiable on U C WH®(Q;R?)N, a neighborhood (thus bounded) of
© = 0. Then the function M((Id+ ©)0O) is locally Lipschitz on U, i.e. there exists K > 0 such
that

IM((Id + ©1)0) = M((Id+ O2)0)| < K [|©1 = Ozlyy1.00 r2yv , V01,02 € U.

Proposition 3.6.4. Denote M(O,¢) := max Gi(0,¢), for a fized choice of O € Uyg,& €Y.

Then there exists a sub-gradient (generalized gradient) OM C (W12 (Q; R2)NY of M((1d+0)0O)
at © =0 and it reads

OM(0) = co{ IM(0,€).€ € Iy (0) | = o{ G(0,€).€ € Iy(0).j € [(0.€) |

where co{} is the convex hull and the sets Iy (O) and Ix(O,&) are respectively defined as

=
<

(o) = {¢ (0) = M(0,9)}
00,6 = {1<j<mM©O,8=G;0.6}. (3.40)

Proof. Apply Proposition 2.3.12 of [91] twice, using the fact that

rgrg/l 1%‘%);1{Gj} =— r&y—{lgf%%{(}'j}} and 0(sG) = s0G, Vs € R.

O]

Proposition 3.6.5. The directional derivative of M((Id + ©)O) at the point © = 0 in the
direction Oq exists and its reads

M'(0)(©9) = a G'(0,€)(Oy),
(O)(®0) =, dhax, e Gil0:€)(O0)

where the sets Iy (O) and I5(O, &) are given in .
Proof. Use Proposition and the definition of directional derivative [91]

M(0)(6y) = [6y) = G1(0,€)(6y).
(O)O0) = B80) ' O = ety (30,0 1O (O
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Thus, the necessary optimality condition for a Lipschitz optimization problem can be ex-
pressed by means of generalized gradients. In the case of problem (3.38)), they may be cast at
O* € Uyq as the existence of multipliers A\, u € R, not both zero, such that (Th. 6.1.8 [50])

0 € AJ'(O*) + poM(0%),
pM(O*) =0,

M(07) <0,

A p>0.

(3.41)

Remark 3.6.6. If there exists © € W (Q; RN such that M'(O)(0) < 0, then we can take
A = 1. This is the so-called Mangasarian-Fromovitz constraint qualification (MFCQ) .

3.6.3 Application of a descent direction method

In this subsection we propose the application of a theoretical descent direction method to
(3-38)). Generally speaking, a descent direction method searches at each iteration a descent
direction able to move from the current point to an approximation of a local solution of ,
by using the local information of the gradient of the objective function and constraints. The
proximity to the local solution is measured through the fulfillment of the stationarity conditions.
From now on we suppose J and G continuously shape differentiable. Let € > 0 be the stop cri-
terion tolerance. Then the descent direction algorithm reads

Algorithm 3.6.7. Let O € U,y be an initial feasible point of problem . Define the
sequence of designs {OF}y, generated by the following algorithm

( For k>0,

1) Fiz OF and solve M(OF) = min max G;(OF,€). Define &* € Iy (OF)
€Y 1<j<m

2) Via a descent direction method D(OF, &F) solve:
Find OF*L such that J(OF1) < J(OF) and G(OF+1 ¢k) < 0.

3) If | J(OF+1) — J(OF)| < ¢, then STOP. Otherwise return to 1)
(3.42)

Proposition 3.6.8. Let D be the descent direction method applied in step 2) for Algorithm
[5.67, such that for each iteration k

Ok+1 — (Id n Atk®k> ok,

where OF € W12 (Q; RN,
fulfilling J(OF*1) < J(OF) and G(OF*1,€F) < 0. Suppose that for a fizred € € Y the method
D(OF, €) generates a sequence whose limit point (’)Z 1s a KKT point.

Now consider additionally that there exists a positive constant C' < 1 such that for every k

@kHWLOO(QARQ)N <1 and At* € (0,1) is an adequate descent step

2

—C H@kH > J'(O%)(0V). (3.43)

Wl,oo(Q;RQ)N

Then if we set € = 0 in Algorithm the generated sequence {OF}y is convergent in the
sense of the LP norm for characteristic functions. Moreover, the limit point O of this sequence

satisfies the stationary conditions .
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Remark 3.6.9. Let {w*}, be a sequence of measurable subsets of Q. According to Theorem
1.1.6, we say that wr — w* C Q in the sense of the LP norm for characteristic functions if and

only if k:linc}o Hka — Xw*

Proof. First of all, the existence of a limit point O* of the sequence {OF}; follows from the
compactness of U,q. Then since {J(O%)}; monotonically decreasing, the continuity of .J implies
that the sequence {J(O¥)}}, is convergent. Define p € (0,1). One can easily show using
that there exists t* > 0 such that

J((Id 4 t0F)OF) — J(OF) < ptJ' (OF)(@F), Vvt e (0,tF). (3.44)

Choosing t = At*F < t¥ in (3.44) and passing to the limit
2
J((Id + AtPOF)OR) — J(OF) < —CpAtk H@kHW N

it follows that lim At* H@”“Hivl . = 0, since {J(OF)};, is convergent. Trivially lim At* H@kle - =
k—o0 ’ k—oo ’

0 and then the convergence of the sequence {O*} in the desired sense stems from the fact that
(Th. 2.4 1i)[279)])

dir ((1d+ A8 0F)0F, 0F) < 20¢* H@kme and df;((1d+At"0")OF, 0" ) < 2a¢ H@’“le,w’

where dj, d% are respectively the Hausdorff and complementary Hausdorff metrics (see Remark
and [104]), plus the property that the convergence in the sense of dy and d$, implies the
convergence in L in the sense of characteristic functions (Proposition 2.2.21 [144]).

Finally let be O* the limit point of the sequence {O*}. Since G is continuous w.r.t. the induced
topology of Theorem for k large enough, the solution ¢ of the step 1) in Algorithm
can be chosen constant and equal to a certain £* € Iy (O*). Hence by hypothesis, the method
D(OF, £*) generates a sequence whose limit point O* satisifes

0= J'(O*)+ZM¢G'(O*,£*), G(O*,&) <0 and wGi(O*&)=0,u;>0 Vi=1,..,m.
i=1

By its very definition M(O*) = M(O,£*) <0, so in order O* to fulfill the stationary conditions

(3.41)), it only remains to prove that

> G (0%, €%) € pdM(O), 1 > 0. (3.45)
=1

If M(O*) <0, p=0 and (3.45) is trivial. Otherwise, M(O*) = 0 and the result is enforced by
taking g = > " . O

3.7 Shape representation by the level set method

Consider 2 C R? a bounded domain in which all admissible shapes are included. In numerical
practice, the domain €2 will be uniformly meshed once and for all. We apply the level set method
described in Section [I.2] to implicitly represent the collection of shapes ; C Q of the composite
laminate. We define thus the collection of level set functions {t;}; such that

Yi(xr) >0 ifxe
Pi(r) <0 if x € Q\Q;
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The normal n; and the mean curvature k; of each ply are recovered thanks to equations
(1.31). In order to compute the extensional and the bending stiffness tensors in and
or , we rely on to approximate ;.

During the optimization process, the set of shapes {€;(t)}; is going to evolve according to a
fictitious time ¢t € R, which corresponds to the descent stepping. The evolution of each level
set function ¢; is governed by a Hamilton-Jacobi equation . The velocity advection field
is provided by the “partial” shape derivative of the cost functional, as it was explained in the
second part of Section [1.2

When computing the shape derivative w.r.t. each ply, notably at the initialization of the
algorithm where the shapes of all plies coincide, we avoid the non-differentiability problem
evoked in Remark by considering a smoothed version of the discontinuous elastic properties
(see Remark . Similarly to the smoothed framework introduced in Chapter [2, although
adapted to the composite problem at issue, the global extensional stiffness for two plies will read

accordingly to (2.49)), where

Ay = Ag+ A+ Ay

A = Ap+ A
Ay = Ap+ A
Az = A,

Thus, the shapes derivatives w.r.t. each ply stem from equations (2.52)) and (2.53]) and

0A 0A
ado Aibes(x)  and Dder,

- A2565 ($),

where the notations were adapted to d.; and dg,, respectively defined in (1.44) and (1.2.1)).
Finally, casting the equivalence quoted in Section between the sharp and smooth frame-
works when the bandwidth of regularization (measured by €5) around the interface is small, we

approximate the jumps within formulae (3.23), (3.25) and (3.29)) w.r.t. the ply i as
[A] = A;.

The extension to more than two plies and to the bending stiffness tensor D follows the same
strategy.

3.8 Optimization algorithm

At each iteration of Algorithm the current stacking sequence and collection of shapes of
each ply within the composite are updated. The optimization algorithm can be thus summarized
as two nested loops

— A higher level loop that solves (3.37)) for a fixed stacking sequence via a descent direction
method, which is based in a shape sensitivity analysis coupled to a level set method
described in Section [L.2l

— A lower level loop where the constraint margin function M is evaluated by solving
the integer programming problem (3.33)) via Algorithm

Let Ngqcr be the frequency at which the lower level is solved and € > 0 the stop criterion
tolerance. We propose the following iterative optimization algorithm for the composite design
problem
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Algorithm 3.8.1. Initialize O° € U,y through a collection of level set functions {1/)?}1 repre-
senting each layer, defined as the signed distance function of a chosen initial topology. Fvaluate
the constraint margin function M(O°) in and define the initial optimal stacking sequence

€.

For k>0,
1) Computation of u*, )\’f and w’f by solving problems , .

If the stiffness criterion is Arp, then only compute of u”.

2) Calculate in accordance to Section the discrete shape derivatives J; and G,

m w.r.t. each layer.

3) Definition of a set of descent velocities OF = {Vzknf}l and transport of wf,
pursuant to Section . The pseudo-time step Ati-C is chosen so as

OFHL = (Id + AtFOF)OF, J(OFH €F) < J(OF, ¢F) and M(OM1,F) <.

4) Depending if k is a multiple of Nstacr, €ither

(a) Compute 5+ through M(OFY) via the OA method.
(b) Set ¢kt = ¢k,

5) If | J(OFH1) — J(OF)| < ¢, then STOP. Otherwise return to 1)
(3.46)

Remark 3.8.2. Due to the structure of the optimization algorithm, steps 2) and 3) can be
parallelized e.g. via MPL

3.9 Numerical results
3.9.1 Test case description

The chosen problem consist in designing a composite fuselage skin panel, subjected to a shear
load, as illustrates Figure More specifically we try to determine the influence of the or-
thotropic plies oriented in 45° and —45% in the prevention of buckling. Due to the small curva-
ture of the cylindrical panel section, an approximative plate model is used. The hold-all domain
Q = {x €1]0,2] x [0,1]} is modeled as a multi-layered plate, in accordance to Configuration I
detailed in Section Each ply is composed of two phases where the “holes” are filled up with
a weaker material Ag. For numerical purposes the tensor Ag is equal to the main material of
each ply multiplied by a factor le — 3.

The panel boundary conditions are described in Fig. 3.6 namely € is clamped on I'p, the
upper and lower boundaries are free and a vertical in-plane load g is applied on the right side.

The elastic properties of the main phase of each layer are described through one of the fol-
lowing tensors: Coe,Cogo,Ca50,C_450. Each of them corresponds to the rotation of an orthotropic
material C, in accordance to relations and . The elastic parameters of the tensor C
are normalized to Young moduli £, = 1., E,, = 0.05, shear modulus G;,,, = 0.03 and Poisson
ratio vz,z, = 0.3. These values approximatively match the elastic parameter proportions of
carbon fiber/epoxy. The thickness of each ply is fixed to £ = 0.125.

The in-plane elastic and adjoint problems were solved via P! Lagrange finite elements,
meanwhile the bending problem was solved through Morley finite elements (Piecewise P? non-
conform). Even though the aforementioned FE is non-conform as assumed in Section it is
enough for numerical purposes.
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2l

(a) Fuselage panel (b) Approximative flat model due to the small cur-
vature of the cylindrical panel section

Figure 3.6: Composite test case.

As it was evoked in Section the composite optimization algorithm is made of two
loops, namely a lower level loop, which consists in solving the non-linear integer problem
so as to determine the best stacking sequence, and a higher level loop (see (3.46))) that defines
the best in-plane shape for each ply. The lower level loop is solved by means of the MILP
routine of the commercial software CPLEX (IBM-ILOG) [164] for MATLAB [210], meanwhile
the higher level loop is settled via a method of feasible direction for level-set [3] and the software
Freefem++ [I18]. Freefem++ stands as a versatile non-commercial programming language and
software oriented to the resolution of PDE’s by means of the finite element method.

Remark 3.9.1. For the interested reader, we can cite as efficient alternatives to CPLEX the
solvers Gurobi [13]|] and SCIP [330)], being the latter one non-commercial. Generally speaking,
the aforementioned solvers (also CPLEX) perform a combination of the branch-and-cut method,
cutting planes, heuristics, etc., to solve very efficiently mized integer linear and semi-definite
positive quadratic programming problems.

3.9.2 Previous comments about the algorithm

Before describing the numerical results for the preceding test-case, three issues regarding the
proposed algorithm are discussed:

1) Perimeter penalization. Even though the level-set method leans on a sharp inter-
face description for each phase, according to the smeared-out version of the Heaviside function
, there always exists a bandwidth of intermediate elastic material between one phase and
another. It is well known in structural optimization (see e.g. [4]), that optimal structures favor
intermediate or mixed materials. Hence when dealing with a multi-phase framework, during the
optimization process, we observe that each phase attempts to increase the interface length in
order to foster intermediate zones along other interfaces. However, from an engineering point of
view, one looks for shapes as much smooth and convex as possible, in order to limit the manu-
facturing cost. Therefore, owing to the foregoing issue plus the existence condition established
in , a small perimeter penalization is added to the objective function (weight). Denoting
P(O) the total perimeter of the laminate (i.e. the addition of the perimeters of each ply), the
penalization term reads yP(QO), where v = 0.1 max(Az, Ay). See also Remark

2) Uniform distribution of fiber orientations within the laminate. During the
optimization process, one also remarks that the proposed algorithm tends to empty (or rather
to fill up with the weaker material 4g) the closest laminae to the composite core. Taking as
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analogy an Euler-Bernoulli beam, the outer layers contribute more to the inertia moment of the
structure than the inner ones. Hence they are preferable to avoid buckling. Additionally, due
to the vertical direction of the surface load ¢ for this particular test-case, the principal stress
lines promote the use of reinforced fibers in 0° and 45°, which tends to eliminate the rest of
reinforcement orientations (especially in 90°).

The foregoing features might be undesirable when e.g. we expect the total mass of the struc-
ture to be distributed “uniformly” through the laminate, or minimum proportions of each fiber
orientation are required within the composite. In order to limit the above bias, a constraint on
the minimum volume of each fiber orientation is applied.

3) Stacking sequence optimization. So as to reduce the numerical cost, the constraint
margin function is exactly evaluated only during the first 10 iterations of the algorithm, with a
frequency of 5 iterations.

Now we present the optimization problem at issue subjected to different constraints. Since

we deal with symmetric laminates, we only present half of the stacking.

3.9.3 Mass minimization with a compliance constraint

We solve the problem

min V(O)
OEUyq
s.t.
[ Ae(u) : e(u)dV < Cy,
Q

where O is a 4-layered composite with fiber orientations 0°,90°, —45% 45°. We remark that
according to Lemma and Lemma the stacking sequence does not play any role. The
constant Cp is chosen as twice the initial compliance of the structure and the load g = (0, —1)
is defined according to Fig (b) throughout the right boundary of Q2. The “hold-all” domain
Q is meshed with 30 x 60 elements. The optimal results between the level-set method and the
SIMP method are presented in Fig.

3.9.4 Mass minimization with a bending constraint: \;

We solve the problem

in  V(O)+~P(O
ol (0) +~vP(0)

S.t.
AH0,€) <1,

where O is a 8-layered composite laminate whose optimal stacking sequence and in-plane shape
of each ply must be determined. The load g = (0, —1) is defined according to Fig (b), but
this time on the segment x = 2,y = [0.75,1.25]. 2 is meshed with 51 x 102 elements. Due to
the tendency of the algorithm to eliminate the plies with certain fiber orientations, even if we
increase the modulus of the applied load, a volume constraint is applied to the orientations —45°
and 90° . The optimal results and the convergence curve are respectively exposed in Fig.

and Fig
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(a) Topology optimization via a SIMP method with the software Optistruct. The red and blue colors represent
the highest and lowest densities of material, respectively.

(b) Initial configuration and optimal structure. The black color stands for the material meanwhile white is “void”.

Figure 3.7: Comparison between the SIMP method and the level set method for the optimal design of a
4-layered composite according to Problem The fiber orientations for each set of four
figures reads: 90° upper-left, 0° lower-left, —45° upper-right and 45° lower-right.

3.9.5 Mass minimization with a bending constraint: \rp

The last problem we intend to solve is

min _ V(O) +~P(0)

OEU,q,£€Y
s.t.
X(0.6) <1, (3.47)
[ Ae(u) : e(u)dV < Cy,
Q

where

_ 1/p
-y Azl
o (32v/D11Dg2 + D12 + 2D33)P
is a LP-approximation of )\1}}7, which according to (3.8) satisfies

|(Ae(u)) |

<1
(22/D11D22 + D12 + 2D33)

-1 _
)‘RF -

L=o(Q)

We will take p = 2, assuring in this way the differentiability of |Ae(u)),,| at 0 (in fact we
could have taken any even exponent p). The need of adding a compliance constraint to the
problem, is due to the nature of Arp, which penalizes only the compressed zones inside the
solid, allowing the generation of zones under critical positive tensile strains (which indicate that
the structure is close to break). 2 is meshed with 51 x 102 elements. We consider two load
cases, namely
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First load case

The surface load g = (0,—1) is applied on the segment x = 2,y = [0.75,1.25] and Cj equal
to three times the initial compliance. The numerical results and the convergence curves are

exhibited in Fig. and Fig. respectively.

—

Second load case

The surface load g = (0, —0.5) applied all over the right boundary of Q and Cj defined as twice
the initial compliance. The numerical results and the convergence curves are exhibited in Fig.

and Fig. respectively.

y

We remark that in both configurations, the constraints within (3.47) are active at the opti-
mum. Moreover, the optimal design favors the fiber orientations in 45° and —45°.
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(a) Total density, iteration 0 (b) Total density, iteration 5

(c¢) Total density, iteration 10 (d) Final total density (iteration

(e) Optimal stacking sequence and shape of each ply. The outer layers are upper
in the figure.

Figure 3.8: Results of Problem (a),(b),(c),(d): Evolution of the total addition of densities of
each ply (darker gray means more plies superposed). (e): Optimal stacking sequence and
in-plane shape of each ply (black represents material). We remark the presence of the four
fiber orientations within the laminate thanks to the imposed constraint on their minimal
volumes. Sub-figure (d) looks thicker than the superposition of plies in (e¢) due to the
regularization between the the densities and the level-sets.
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(b) Evolution of the value of A

(a) Evolution of the objective function

Figure 3.9: Convergence curves for Problem |3.9.4
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(a) Total density, iteration 0 (b) Total density, iteration 5

(c) Total density, iteration 30 (d) Final total density (iteration
167)

e o ) L7/

=

(e) Optimal stacking sequence and shape of each ply. The outer layers are upper
in the figure.

Figure 3.10: Results of Problem under the first load case (concentrated vertical force).
(a),(b),(c),(d): Evolution of the total addition of densities of each ply (darker gray means
more plies superposed). (e): Optimal stacking sequence and in-plane shape of each ply
(black represents material). We remark that the optimal “long cantilever-type shape” in
(d) is due to the compliance constraint. Sub-figure (d) looks thicker than the superposition
of plies in (e) due to the regularization between the the densities and the level-sets.
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(a) Total density, iteration 0 (b) Total density, iteration 5

(c) Total density, iteration 30 (d) Final total density (iteration
167)

.-1 [ 450
Py | -_/—

(e) Stacking sequence and shape of each ply. The outer layers are upper in the
figure.

Figure 3.12: Results of Problem under the second load case (uniform vertical force).
(a),(b),(c),(d): Evolution of the total addition of densities of each ply (darker gray means
more plies superposed). (e): Optimal stacking sequence and in-plane shape of each ply
(black represents material). Sub-figure (d) looks thicker than the superposition of plies in
(e) due to the regularization between the the densities and the level-sets.
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The topological derivative DJ of cost functionals J that depend on the stress and the dis-
placement (assuming a linearly elastic material behavior) is considered in a quite general 3D
setting where both the background and the inhomogeneity may have arbitrary anisotropic elastic
properties. A small-inhomogeneity expansion of J is mathematically justified for a wide class of
displacement and stress-based cost functionals having smooth densities and computational pro-
cedures are then discussed. Several 2D and 3D numerical examples are presented, in particular
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demonstrating the proposed formulation of DJ on practical cases involving anisotropic elasticity
and non-quadratic cost functionals.

This chapter is a joint work with Marc Bonnet and was published and submitted for publi-
cation through the following articles

e M. BONNET, G. DELGADO, The topological derivative in anisotropic elasticity, The Quar-
terly Journal of Mechanics and Applied Mathematics (2013)

e M. BONNET, G. DELGADO, The topological derivative of stress-based cost functionals in
anisotropic elasticity, submitted (2014)

4.1 Introduction

The concept of topological derivative was rigorously introduced by Sokolowski and Zochowski
in [284] and Masmoudi in [208]. In particular, it can be seen as a mathematical justification for
the topological optimization algorithm proposed by Céa et al. [76} [77], based on the combina-
tion of the shape gradient and a fixed point method, and the bubble method of Schumacher et
al. [113] 268]. The topological derivative D.J(z) quantifies the perturbation induced to a cost
functional J by the virtual creation of an object By(z) (e.g. a cavity or an inhomogeneity) of
vanishingly small characteristic radius a at a prescribed location z inside the solid. In structural
optimization, computing the field DJ(z) directs the algorithm towards optimal topologies by in-
dicating where creating new holes is most profitable from the featured cost functional viewpoint,
an approach used by e.g. [263] 25], and also [§] in conjunction with the shape derivative. More-
over, computational evidence [116], 209, [37] as well as more recent theoretical and experimental
studies [17, [38], B08] show that the topological derivative is also effective for flaw identification
problems. Such optimization or inverse problems usually feature cost functionals that involve
volume or surface integrals of densities that depend on the displacement solving (in the present
context) an elastostatic equilibrium problem on the reference solid. Moreover, constitutive or
flaw identification problems are sometimes formulated in terms of energy cost functionals (e.g.
of the Kohn-Vogelius type [I81] or error in constitutive equation functionals [187, 106]), whose
densities depend on displacement gradients.

To establish the expression of the topological sensitivity for a given cost functional and a
chosen set of underlying geometrical and physical assumptions, one needs information about
the asymptotic behavior as a — 0 of the perturbation induced to the physical field variable
(e.g. displacement) by the virtual creation of B,(z). An abundant literature is available on
such asymptotic analyses, see e.g. [79, B314) 212] 165, 19]. A key component for computation-
ally efficient topological derivative formulations is the adjoint solution method which, like with
other types of sensitivity analysis, provides a valuable computational shortcut by replacing the
computation of many sensitivity fields (in the present context, one sensitivity field for each vir-
tual nucleation site z used in the computation) by that of just one adjoint solution. Adjoint
solutions for topological sensitivity appeared in [123] [75] and thence found more widespread use,
see e.g. [b4l 140}, 116, 37]. Another important component of topological derivative formulae is
the elastic moment tensor (EMT), whose definition and properties are extensively studied in
e.g. [22] for the isotropic case and [239] 46| for the anisotropic case.

Within the present framework of linear elasticity, results available for small-inhomogeneity
asymptotic expansions, as well as their application to the concept of topological derivative,
often assume isotropic elasticity, see e.g. [284] 127, [123], 278, [54]. Comparatively scarce material
is available for the topological derivative in the more-general case of anisotropic elasticity. It
includes the formulation of the elastodynamic topological derivative for arbitrary surface-integral
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cost functionals [136] [137] and that of small-inhomogeneity solution asymptotics for anisotropic
materials [238], 193, 239] 46].

Furthermore, most of the studies so far devoted to the topological derivative and its appli-
cations consider cost functionals that depend on the primary variable, namely the displacement
field in the solid mechanics context of this work. However, some optimization problems in-
volve stress-based cost functionals, which is equivalent (for the present context of linearly elastic
solids) to considering functionals that depend on strains or displacement gradients. Examples
include topology optimization of composite structures with materials constrained by yield cri-
teria, energy-based cost functionals (e.g. [40] for Stokes flows) and flaw identification using
full-field kinematical measurements. All these types of problems may be cast as minimization
problems involving stress-based cost functionals. The asymptotic behavior of such cost func-
tionals is quite different from those depending exclusively of the displacement, due to the fact
that the strain perturbation inside an elastic inhomogeneity has a finite, nonzero limit as a — 0,
while the asymptotics of displacement-based functionals rests upon the fact that the magnitude
of the displacement perturbation vanishes as a — 0.

So far, only few works have investigated the small-inhomogeneity asymptotics of stress-based
functionals. The 2D isotropic case is addressed for specific stress-based functionals (elastic en-
ergy, von Mises and Drucker-Prager yield criteria) in [284] 27, 28]. Moreover, results for general
quadratic stress-dependent functionals are given in [267] within a 2D and 3D anisotropic frame-
work. The main purpose of this chapter is to formulate and justify the topological derivative for
stress-dependent functionals, in a quite general three-dimensional framework where the func-
tionals are defined in terms of domain integrals of arbitrary sufficiently smooth densities while
both the background material and the small trial inhomogeneity are allowed to have anisotropic
elastic properties. The results given herein for topological derivatives thus contain expressions
given in [284) 27, 28] as special cases. They are illustrated by computational experiments on 2D
and 3D examples involving anisotropic elasticity and stress-based quadratic or non-quadratic
cost functionals, and inspired by topology optimization or flaw identification.

The chapter is organized as follows. Section introduces notation, collects the main facts
on the elastic transmission problem and elastic moment tensor and defines the cost functional.
The asymptotic behavior of the perturbation of the elastic transmission problem, the concept of
topological derivative and the main result are stated and established in Sections and
respectively. The numerical evaluation of D.J is addressed in Section [4.5] and Section [4.6]is then
devoted to the presentation and discussion of computational experiments.

4.2 Elastic transmission problem and cost functional

In order to make the contents presentation straightforward, only the 3D framework will be
thoroughly described. Remarks on the 2D case will be furnished only when a clarification is
required.

4.2.1 Notation, elastic transmission problem

Consider an elastic body occupying a smooth bounded domain 2 C R3. The anisotropic elastic
properties of the background material (against which the effect of small inhomogeneities will be
considered), assumed to be homogeneous, are characterized by the fourth-order elasticity tensor
C. The boundary 0f2 is split according to 92 = I'pUT'y (where I'pNI'y = 0 and |T'p| #0), so that
a given force density g € L?(I'y; R3) is applied on I'y while a given displacement % € H 1/2 (I'p; R3)
is prescribed on I'p. Additionally, a body force density f assumed (for reasons given later) to
have C%#(Q) Holder continuity for some 3> 0 is applied to .

The background solution, i.e. the displacement field arising in the reference solid due to the
prescribed excitations (f, g, u), is defined as the solution to

div(C:e(u))+ f=0inQ, t(u)=gonly, u=uonlp (4.1)
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where e(w) and ¢(w) denote the linearized strain tensor and the traction vector associated with
a given displacement w, respectively defined by

(a) e(w) = %(Vw + Vuw™"), (b) t(w) = (C:e(w))-n (4.2)

(with n the unit outward normal to ). In ({#.2b) and hereinafter, symbols *-” and ’:’ denote
single and double inner products, e.g. (E-x); = Ejjx; and (C: E);j = CjjreEre, with Einstein’s
convention of summation over repeated indices implicitly used throughout.

Alternatively, the background displacement is governed by the weak formulation

Find u € W(a),  (u,w)$ = F(w), YweW, (4.3)

where (u, w)% denotes the bilinear elastic energy form associated to given domain D C R? and
elasticity tensor C, i.e.:

¢ .= elu):Celw = u:C:vw .
<u,w>D.—/D()C (w) AV /Dv C:Vw dV (4.4)

(with the second equality holding by virtue of the well-known major symmetry of C), the linear
form F' associated to the loading is defined by

F(w)—/gf-w dV—l—/PNg-wdS, (4.5)

and having introduced, for given @ € H'/?(I'p; R?), the spaces W () and Wy of displacement
fields that are kinematically admissible with respect to arbitrary and homogeneous prescribed
Dirichlet data, respectively, i.e.:

W(a) = {ve H'(Q;R*), v=uon I'p}, Wy := W(0). (4.6)

The COFP (£2; R?) regularity assumption on f, which is stronger than the more-usual assumption
f € L*(Q;R3), ensures (e.g. from the properties of elastic volume potentials, see [I86], Thm. 10.4)
that u is in C2#(D;R?) for any subset D € Q. It is made in order to later permit Taylor
expansions of displacements or strains about selected internal points.

Well-known properties of elasticity tensors are now recalled for convenience. For general
anisotropic materials, the elasticity tensor C is positive definite (in the sense that E:C: E >0 for
any symmetric second-order tensor F € RS},XIE, E #0) and has the major and minor symmetries
(i.e. Cijre =Creij = Cjire = Cijer); it may thus involve up to 21 independent elastic constants. For
isotropic materials characterized by their bulk modulus x and shear modulus p, C is given by

where J, K are fourth-order tensors respectively defined by J = (1/3)I®1I and K = Z—J (with

I and Z denoting the second-order identity and the fourth-order identity for symmetric tensors,
respectively), so that £ = J:E+K: E is the decomposition of a symmetric second-order tensor
Ee Rg’;ﬁ into its spherical and deviatoric parts.

4.2.2 Transmission problem for a small trial inhomogeneity

Now, consider a single small elastic inhomogeneity located at z € 2, of characteristic linear size
a, occupying the domain
B, =z+ab, (4.8)

where B C R? is a bounded smooth domain and a is small enough to have B, € Q. The
inhomogeneity has anisotropic properties characterized by the elasticity tensor C*, so that the
elastic properties of the whole solid are defined by the tensor-valued field C, given by

Co = (1—x(Bq))C + x(Bq)C* =C + x(Bq)AC, (4.9)
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X(D) being the characteristic function of the domain D and AC := C* —C denoting the elastic
tensor perturbation.

The displacement field u, € W (@) arising in the solid containing the small inhomogeneity
due to the prescribed excitations (f, g, @) solves the transmission problem

div(Cy:e(uq)) + f=0in Q, (C:e(uq)) n=gonly, wus=1uonIp. (4.10)
or, equivalently, the weak formulation
Find u, € W(@),  (uq,w)iy = F(w), Ywe W. (4.11)

Either formulation or implicitly enforces, by virtue of its distributional inter-
pretation, the perfect-bonding relations ug,|+ = uq|— and (C : e(ug)) -nl+ = (C* : e(uq)) -n|-
on 0B,, where the + subscripts indicate limiting values from outside and inside B,, respec-
tively, and n is the unit outward normal vector to dB,. The solution u, of a priors
belongs to HZ . ( (2\B,)UBq;R3) for f € L?(Q;R), however, since we suppose f € C%(Q;R?),
ug € C%P(D;R?) for any subset D € ((2\ Ba)UB,).

The transmission problem can alternatively be formulated in terms of the displacement
perturbation v, := u, —u rather than the total displacement u,. Subtracting from the
corresponding weak formulation of yields the following weak formulation for v,:

Find v, € Wy, (va,w>€f = —(u,w>§f, Yw e Wy. (4.12)

C

C*

Figure 4.1: Transmission problem for a small inclusion.

Free-space transmission problem (FSTP). The auxiliary problem of a perfectly-bonded
inhomogeneity (B,C*) embedded in an infinite elastic medium Q = R3 subjected to a uniform
remote stress will play an important role in the sequel and is thus given now for later reference
together with some additional useful notation. For an arbitrary constant second-order tensor
E €R33, let ¢[E] denote the linear vector-valued function defined by

p[E|(§) = E"¢. (4.13)
Let the background solution u be chosen as u = ¢[E], noting that div(C:V¢[E]) =0. The FSTP
consists in finding the displacement field ug[FE] such that
div(Cp:e(up[E) =0 in R, uplE](€) - ¢[E](€) = O(I€]?) (|¢] = o0) (4.14)
where
Cs=(1—-x(B))C+ x(B)C*=C+ x(B)AC

It can be recast into the following weak formulation for the displacement perturbation vg[E] :=
uglE] — o[ E:

Find vg[E] € Weo, (vs[E], w)58 = —(p[E],w)g¢, Vw € Wi, (4.15)
with the function space Wy, defined by Woo = {w € LE (R R?), Vw € L*(R3;R3*3) }. Note

that (p[E], w)5¢ = (p[E"], w)5¢, implying that vs[E] solving ({.15)) depends only on the sym-
1
metric part Egym = §(E +ET) € R3X3 of E. The FSTP (4.14) is analytically solved for an

sym

ellipsoidal inhomogeneity in Eshelby’s landmark paper [114].
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4.2.3 Elastic moment tensor

The elastic moment tensor (EMT) [22] 239], which will be seen to play an important role in the
small-inhomogeneity asymptotics of cost functionals, is now defined.

Definition 4.2.1 (elastic moment tensor). Let vg[E] denote the solution to the FSTP (4.15)
for given E €R3*3. The (fourth-order) elastic moment tensor (EMT) A is defined by

A:E:/AC:VuB[E] dV:/AC:(EJerB[E]) v VEcR¥S3, (4.16)
B B

Remark 4.2.2. In [22,[19], the EMT is defined, for isotropic materials, in terms of the densities
of two elastic layer potentials that are used there to formulate the FSTP (4.14). That definition
in fact coincides with the present definition (4.16|). To see this, integrating (4.16|) by parts, one
finds

E:AE= (E/:(C*—C)'n)-uB[E] s =

(£ (¢lE) — t(¢[E") ) -uslE] S.
oB

oB

This identity coincides (upon adaptation to the present notations) with the left and right con-
traction of eq. (10.12) in Lemma 10.3 of [19] by two tensors E, B’ € R3*3.

Properties of the elastic moment tensor. The main known properties of the EMT are
now collected.

Proposition 4.2.3 (symmetry). The elastic moment tensor A has major and minor symme-
tries: for any pair of second-order tensors E, E' € R3*3, one has the major symmetry

E:A:E=E:A:F (4.17)
and the minor symmetries
(i) EZA:E=FE":A:E", (i) E":"A:E=FE":A:E. (4.18)
Proof. First, taking the left inner product of Eq. by E’, one obtains

E’:A:E:E’;{/BAC:WB[E] dV}+E’:{/BAC dv}:E (4.19)

The second term of the above right-hand side is clearly symmetric in E, E' due to the major
symmetry of AC =C*—C, so the symmetry of the first term remains to be proved. To this aim,
one starts by noting that, by virtue of definition (4.4)) of (-, ->§C, one has

£ /3 AC: Vus[E] dV } = (o[E'] vs[E])AC. (4.20)

Then, using variational formulation (4.15) for vp[E] with w =vg[E'], one has

—(@lE"), vs[ED)5C = (vs[E"], vs|E])gS

= (vs[E], vs[E'))§5 = —(¢[E], vs[E'))5°

(using the symmetry of (-, ->HC£) which, combined with |i written for F, E’ and E’, E, yields
the desired remaining symmetry

E’:{/ AC: Vog[E] dv} - E{/ AC: Vo[ E'] dv} (4.21)
B B
The major symmetry (4.17)) follows from (4.19)), (4.21) and the known major symmetry of AC.

Moreover, the minor symmetry (4.18) follows immediately from the corresponding minor
symmetry of AC. Finally, (4.17)) and (4.18}) imply (4.18}i). O
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Proposition 4.2.4 (scaling). Let By have the same shape as B and unit volume (i.e. By =
IB|='/3B), and assume that the contrast AC is uniform. Then, one has

A(B,C,C*) = |B|A(Boy,C,C*) (4.22)

Proof. Denote by vp, the solution to problem for the inhomogeneity By, and let A =
|B|'/3 be the linear scaling parameter such that B = AB3y. Then, on setting (£, %) = A(&o, Zo)
in , invoking the homogeneity of VG and essentially repeating arguments already used
in the asymptotic analysis of Sec. one easily finds that vg(£) = Mvg, (&), and hence
Vus(€) = Vug,(&). Exploiting this remark, and setting £ = A\, in then yields the
desired result (4.22). O

The next important property of A to consider is its sign-definiteness. It can conveniently be
formulated in terms of the generalized eigenvalue problem

(C*—AC):E=0 (EeR¥3), (4.23)

sym

which admits six real and strictly positive eigenvalues A1,...,Ag and associated eigentensors
Eq,...Eg € Rg’yxn?l’ , by virtue of C* and C defining positive-definite quadratic forms over the six-

dimensional vector space R3X3 (i.e. (#.23)) could be recast as a generalized eigenvalue problem

Sym
for two symmetric positive definite 6 x 6 matrices, see [215]).

Proposition 4.2.5 (sign-definiteness). The elastic moment tensor A is positive definite if A; >
1(1<i1<6), and negative definite if A; <1 (1 <i<6). Moreover, if \; =1 for some i, then
A:E; =0, i.e. E; isin the null space of A.
Proof. From definition (4.16]), for any E € R3*3, one has E: A: E = |[B[E: AC : E +
(p[E],vp[E])g¢. This proof now exploits two different reformulations of £ : A: E. For a
first reformulation, setting w =vp in (£15), one has (p[E], vgE])5¢ = —<’UB[E],’UB[E]>%B, and
hence

E:A:E = |B|E:AC:E — (vp[E], vs[E)). (4.24)

For a second reformulation of E: A: E, let Z :=C*"1: AC: E € R3X3, so that <cp[Z],w>%B =

sym>

(p[E], w)2C€ holds for any w € H'(B;R?), and define 0p[E] := vg[E] +¢[Z] in B. Then:
(elB), vs[EDC = (o[Z], vl D)
= (0p[E] —vp|E), vs[ E])
= (05[E), 05[E))" — (08[E], ¢[2])° — (o[ E] vs[EDE®  (4.25)
Now, setting again w =vp in , one obtains
(vs[E], vs[E))§ = —<UB[E]7UB[E]>f£\B — (plE], vB[E])5E.

Inserting this identity in the last equality of (4.25)), using (0g[E], @[Z]}%B = (08[E], p[E])5€ and
noting that |B|E:AC: E = (p[E], ¢[E])5°, the sought reformulation is finally:

E:A:E = (o5]E], os[EDSE + (uslE], v[EDE 5+ (elE] ol E-ZDS  (4.26)

Let now E be an eigentensor associated vith eigenvalue A for problem . First, then
implies E:AC: E = (A—1)E:C: E; moreover, the last term in the right-hand side of is
non-positive. Therefore, F': A: E <0 for any eigenvalue A < 1.

Then, to exploit the second reformulation , a simple derivation yields

(plE), p[E— Z))® = |B|E:AC:C*1:C:E = |B|(A—1)E:C:C*"':C: E.

The above quantity is positive for A > 1 while the other terms in the right-hand side of
are non-negative. Therefore, F: A: F > 0 for any eigenvalue A > 1.

Finally, the proof of Proposition is completed by noting that if A =1, an eigenvector
E verifies AC: E=0. This implies that E: A:E = |B|E:AC: E + (p[E],vs[E])5¢ = 0. O
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Remark 4.2.6 (isotropic materials). If both matriz and inhomogeneity materials are isotropic,
C and C* are of the form (4.7) with respective moduli pairs k,p and &*,p*. The generalized

etgenvalue problem then reads
[3(k* — Av)T +2(u* — Ap)K]:E =0
or, using the relations J:J =7, K:K =K and J:K = 0 verified by J and I,
(K" —AR)T:E=0 or (u"—Ap)K:E=0.

Hence there are two distinct eigenvalues: (i) A = k*/k (multiplicity 1) with eigentensor E1 = 1
since J : E = (1/3)tr(E)I for any E € R332 and (ii) Ay = p*/u (multiplicity 5). Proposi-

sym?

tionfor this case essentially correspond to Theorem 5.4 of [22)].

Remark 4.2.7. Proposition together with the inequalities

E:C:C*"V:AC:E<E:A:E<E:AC:E VE e R3%3

sym

which imply Proposition constitute Proposition 1 of [{6]. Moreover, it is shown in [239]
that (i) positive definiteness of C — C* implies that of —A (Theorem 2.7) and (ii) positive def-
initeness of C~1 — C*~1 implies that of A (Theorem 2.8). One easily check that cases (i) and
(ii) are respectively equivalent to the condition A; > 1 (1 <i1<6)orA; <1 (1<i<6) of

proposition [{.2.5.

4.2.4 Cost functional

Cost functionals of the form

J(Cy) = Ja(ta, Vug) with  Jo(u,d) = Awa(x,u(x),d(x)) dV(z) + Ys(z,u(x))dS(x)

onN
(4.27)
are considered, where g : Q x R? — R and the density 1, : @ x R? x R3*3 — R is defined by

Ya = (1= X(Ba))¢ + x(Ba)¥™ = ¢ + x(Ba) At), (4.28)

with functions 1, ¥* (hence also At := 1*—1) and g assumed to be twice differentiable in all
their arguments. Moreover, all second-order derivatives of ¥g are assumed bounded meanwhile
those of ¥ and 1/* are assumed to have C%7(Q xR3 x R3*3) Hélder regularity for some v > 0.We
will denote by x € Q, u € R3, d € R3*3 the generic arguments of a density 1 (z,u,d). Then,
O, Oytp, Ogyp will denote the partial derivatives with respect of the corresponding arguments,
with higher-order partial derivatives denoted similarly, e.g. 92,1 (with similar notations for ¢*
and ¥g). The assumed Hoélder regularity of ¢ can thus be expressed as the existence of a finite
constant K such that, for every combination of indices i,j = x, u,d ,

|8i2j7/1(9307U0,d0) - 812] (ﬁl,Ul,dl)’

2
sup |99 (zo,u0,do)| +  sup <K
20€Q 9059 (o, o, o) @oanee (1o — 217 + luo — wa|Y + |do — da|7) ’
up€R3 (uo,u1)ER3
do€R3*3 (do,d1)ER3*3

with a similar inequality holding for 1/*. We note that as well as 9%1g, the above assumption

J
implies that 8%1/} and 8% * are bounded over © x R? x R3*3. Moreover, applying repeatedly
Taylor theorem to g (w.r.t. u) on both sides of the inequality |02,1s| < C, 1g obeys the

following growth conditions

[Ws(z,uw)| < C(L+[ul?),  [ups(e,u)] < OO+ |ul)  |Butbs(z,u)| < C. (4.29)
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Owing to the above hypothesis, we state that the criterion J,(uq, Vug) is well defined. In-
deed, u, is continuous in © (thus bounded), so the volume integral in is finite in virtue
of the continuity of v,. Besides, u, € H2(Q\B,), so since 9B, N 9 = (), the trace of u, on O
is square integrable. The finiteness of the surface integral in thus stems from estimates
(14.29).

The partial directional derivatives 0,J, and 9,J, of J, with respect to its first and second
arguments for all w € Wy and h € L?(Q; R3*3) are defined, for later use, by

(0.1l dw) = [

O\B,

(8uJa(u, d), B = /

Q\Ba

Ou(x,u,d)-w dV+/ O™ (x, u, d)-w dV+/ sz, u) - wdsS,
a 0N

g (z,u,d):h dV+/ O™ (x,u,d):h dV.
B,

(4.30)
These two directional derivatives will play an important role in the definition of the adjoint
state.

Remark 4.2.8. The choice of the variable Vu instead of the classical strain e(u) in (4.27) is
completely arbitrary. One could have perfectly chosen e(u) instead. The only mayor difference
stands for rigid body motion (translation and rotation) for which e(u) = 0.

Remark 4.2.9. The reason of why the density g does not depend on d is due to the fact that
the hypothetic term of the partial directional derivative 044 (u,d) involving 1¥s would read

Oqs(z,u,d) : hdS(x), (4.31)
o0

which is not properly defined for h € L?>(Q;R3*3) (in fact one can not define the trace of h
on ON!). As a consequence, the regularity of the adjoint state, as it will be defined in Section
[44, would be lesser than required. We avoid this unnecessary complication by removing the
dependence of Vg w.r.t. the variable d. However, cases when the adjoint state is not reqular
have been treated in classical control theory [198], notably when the observations depend on the
normal gradient of the state variable on the boundary.

Remark 4.2.10. The assumed Holder and boundedness conditions on the cost functional den-
sities might seem restrictive, but are satisfied by a number of cost functions often used in appli-
cations (compliance, energy based functionals, least squares misfit functionals, yield functions).
Ezamples include (i) all quadratic functions of d, and (ii) the useful penalization function

¥(d) = Uo(q(d), Ta(t) := (147" =1 (4.32)

(where q is any quadratic function of d), introduced in [2])] to approximate pointwise yield func-
tions with thresholds, whose deriwatives U, and U, are bounded over RT (one finds e.g. that
0<|U| <2Y"(n—1) for any t >0, n>1). Case (i) is typically used with q(Vu) chosen as
the appropriate squared (von Mises, Hill-Tsai, Drucker-Prager...) yield function, normalized
so that the criterion reads q(Vu) <1.

4.3 Asymptotic behavior of the displacement

In the present section, some results on the small-inhomogeneity asymptotic behavior of u,
[12, [46] are exposed. To facilitate this task, the transmission problem (4.12)) is first reformulated
as a domain integral equation involving a domain integral operator whose support is the small
inhomogeneity B,.
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4.3.1 Elastostatic Green’s tensor

Let the elastostatic Green’s tensor G(&, z) be defined by

diV(C:e(G(-,x))) +(-—2)l =0 in Q,
G(,z)=0 onT'p, t(G(,z))=0onIn (z€Q), (4.33)

i.e. G(-,z) = e,®G¥(-,x) gathers the three linearly independent elastostatic displacement fields
G*(-, z) resulting from unit point forces d(-—x)ey applied at = € Q along each coordinate direction
k and fulfilling the homogeneous boundary conditions on 92 implied by the definition of Wj,.

Moreover, the ensuing analysis will be facilitated by splitting the elastostatic Green’s tensor
according to

where G (7) is the (singular) elastostatic full-space Green’s tensor, such that
div(C:e(Goo)) +6I =0 (in R?), |G ()| = 0 (|r| = 00), (4.35)

and the complementary Green’s tensor G¢ is bounded at £ =z (and in fact is C* for £,z € Q
by virtue of being the solution of an elastostatic boundary-value problem with regular boundary
data and zero body force density). The full-space Green’s tensor is given by the inverse Fourier
integral [227]
Goelr) = i3 [, explinr)N(n) V() (RO {0)), (4.36)
(27T) R3

where, for given € R3, the second-order tensor N(n) is given by N(n) = K~!(n) in terms of
the Christoffel acoustic tensor K(n), defined by

Kir(n) = Cijren;ne- (4.37)

K(n) is invertible for any 1 # 0 and positive definite elasticity tensor C. Moreover, G, has the
following homogeneity property, which plays an important role in the sequel:

Lemma 4.3.1. G, is a positively homogeneous tensor-valued function of degree -1. Hence, for

any r €R3\ {0} and A € R\ {0}, Goo and VG, verify
Goo(Ar) = [A|7'Goo(r),  VGoo(Ar) = N[ PAVG (1) (4.38)

Proof. Replacing r with Ar and performing the change of variable n = A~ !7/ in , the
homogeneity property of G follows from using (i) N(n) = A2N(n') by virtue of K being
homogeneous of degree 2 in 1 (and hence N being homogeneous of degree -2), and (i) dV(n) =
A2 dv (). O

4.3.2 Domain integral equation formulation

Lemmaimplies that both G(-, z) and VG(+, x) have an integrable singularity at z. By virtue
of decomposition and the known C'*° regularity of G, away from the origin, G(-, z) hence
belongs to W11(Q; R3*3). On applying equations in the sense of distributions for a trial
displacement w € Wy N C!(w) (where w is a neighbourhood of x) and integrating by parts the
resulting first term over €2, the Green’s tensor is found to verify the identity

(G(-,z), w)§ = w(x) r€Q, Ywe CHQ), (4.39)

whose left-hand side is well-defined. Now, take x € B,U(Q\ B,). Setting w=G(-,z) in (4.12)
(noting that the bilinear strain energy integral remains well-defined by virtue of u and v, having
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C' regularity close enough to z) and using identity (4.39) with w = v, (by the same latter
argument), the displacement perturbation v, is found to satisfy

Find v, € Wy, Lg[ve(z) = —(u, G(-,x))%f, Vz € B,U(Q\ B,) (4.40)
where the linear integral operator £, is defined by

La[v](z) = v(z) + (v, G(-,2))5S (4.41)

a

Equation is readily recognized as a compactly-written form of the Lippmann-Schwinger
domain integral equation governing the elastostatic inhomogeneity problem. If x € B,,
can be solved for v, inside B,. Then, if z € Q\Ba, becomes a representation formula,
expressing v, outside of B, explicitly knowing v, inside B,.

Domain integral equation formulation for the FSTP. In a similar fashion, the free-space
transmission problem (4.14)) can be recast as a domain integral equation by setting w = G (- — )

in , to obtain
Find vg € Weo,  Lg[vs[E]](z) = —(¢[E], Goo(- — 2))5°, Yz € BU(R?\B) (4.42)
with the linear integral operator £z defined by
L[o](@) = v(a) + (v, Gool- —2))BC. (4.43)
The EMT (Sec. then manifests itself naturally when considering the far-field behavior of
vg[E]. Indeed, from (4.42), vg[E](Z) is given, for T ¢ B, by the representation formula
vslE]() = — /B VGl — 7):AC: (E + Vug[E]) dV (4.44)

(having used Vp[E] = E). Applying a Taylor expansion to VGog (€—2) about ¢ = 0 and invoking
the homogeneity property ([4.38)) yields VGoo(é — Z) = —VGoo(Z) + O(J2]73) (Jz| — +o0).
Consequently, the far-field behavior of vg[E](z) as given by (4.44]) is obtained as

vg|E)(z) = —VGo(x): A: E + O(|z|3) (|x] = 400) (4.45)

4.3.3 Asymptotic behavior of v,

The leading asymptotic behavior of v, is now investigated, which naturally leads to seek the
limiting form for a — 0 of integral equation . Moreover, since equation involves
integrals over the vanishing inhomogeneity B,, it is convenient to rescale points &,z € B,, and
consequently the differential volume element, according to:

(2) (&2)=z+aEx), (b) AV(§) =a’dV(E) (€ By, £€B). (4.46)

This scaling is then introduced into (4.40)). Invoking the decomposition (4.34)) of G(&,z), the
homogeneity property (4.38) and the boundedness of G¢ in B, one has

ViG(&,2) = a *VG (€ — ) + V1Go(z, 2) + o(1) (4.47)

Moreover, introducing the rescaled coordinates (4.46p) into v, and u and setting Ua (&) = va(z+
af), one obtains Vv, (£) = a71V1,(€) and Vu(€) = Vu(z) + O(a). Using these expansions,
together with (4.47)) and (4.46pb), in both sides of equation (4.40)) then yields the expansions

La[va] () = a(T) + (U0, Goo (-, 2))5 + O(®[Vall2()) + oI VTall12(5))
= Lp[0a](7) + o[ Val| 22(5)) and
(u, G(-,2))5S = a{p[Vu(2)], Goo (-, 2))5° + o(a).
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By virtue of the above expansions, the integral equation resulting from retaining only the contri-
butions of lowest order in a in (4.40) is thus found to coincide with the integral equation (4.42))
governing the free-space transmission problem with £ = aVu(z). This suggests setting v, in

the form
T—z

Ve () = GUB[VU(Z)](

The function avg[Vu(z)]((z—2)/a) indeed defines the leading contribution to the so-called inner
expansion of v,, with the remainder J, only contributing higher order terms in the limit a — 0,
as stated in Lemma 4.3 in [12] (we retrace the proof of the 3D case for the sake of clarity)

) +6u(z) w€B.

a

Lemma 4.3.2 (asymptotic behavior of v,). Let the inner approzimation 0, to v, be defined by

Va(z) = avp[Vu(z)] (x — Z), (4.48)

a

where vg[Vu(z)] solves the FSTP (4.15) with E = Vu(z). Moreover, for any cut-off function
6 € C(Q) such that 0 = 1 in a neighborhood D of z, let 5, € H'(2;R?) be defined by

Vo = 034 + 84 (4.49)

Assume also that f has C*P regqularity for some B > 0 in a neighbourhood of z. Then there
exists a constant C' > 0 independent of a such that

(a) |Vl r2@psxsy < Ca®2, (b) ||Tall2ms) < Ca®?, (¢) 6ol oms) < Ca®? (4.50)

and
(a) |Vvallr2imsxs) < Ca®?, (b) [vallp2ms) < Ca®?. (4.51)

Moreover
(a) [Vl @pizans) < Ca, () [lvall2onensy < Ca (452)

Proof. Estimates (4.50)) of 0, are found first by rescaling (for a small enough)

E—z

a

~ 2 _ _
Jeull ey = a? [ [oel v (S55) [ avie) = o /(Q_Z)/a [0sVu(2)] (€)1 4V (€)
<o [ JoalVuI@F avE) = Ca®
R3

(since the far-field behavior (4.14]) implies that vg is square-integrable). Similarly,

IVinliam = [ [Veon(Tu] (S5) [ avie) < a® [ [Voslu()@)F av(e) = ca?

a

The estimate on the boundary [|va| 1290 < a® follows from 1) thanks to the C'*° regularity
of G on 9 when = ¢ B,. Furthermore, since vg = O(|z|72) and Vog = O(|z|~3) at infinity by
virtue of (4.45)), one also deduces by rescaling that

H’DGHLO"(Q\D) S CCL3 and HV’DGHL‘X’(Q\D) S CCL3. (453)

Attention is now directed towards the estimate (4.50)) on J,. Combining (4.12)) and a rescaled
version of (4.15]), the weak formulation satisfied by d, is found as

Find 4§, € Wy, <5a,w>g‘l = —(u— ¢[Vu(z)], w>§ac - G(w), YweW
where G(w) is defined as

G(w) = (00, W) + (p[Vu(2)], w)FE
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(having used that § = 0 in R3\Q and 6 = 1 in B,). Taking w = §,, one then has the following
estimate using the coercive bilinear form (4.4]) and the triangular inequality

ClIVoallFa) < {0, 0a) | < [{u = @[Vu(2)], da) 5] | + G (0a)]. (4.54)

The local smoothness assumption on f implies that u is C? at z. Applying the mean value
theorem, one then has

|Vu(z) — Vu(z)| < Ca in By,
so the first term in the right-hand side of (4.54) can be bounded as

| (w = @[Vu(2)],80) 50 | < Ca®?(|Véal L2

Moreover, one has

G(0a) = (050,02)5 — (4, 06,)% = / {V02:Cai (5.2 V0) = Via:Ca: (0,2 V0)) | aV.

Q
Hence, since V@ vanishes in a neighborhood D of B, by estimates (4.53)), it follows that
1GGa)| < C{ oall @by + [95all =00y HIV8] 2200 | Vallz2(ey
< C’a?’HVéaHLz(Q).
Finally, from (4.54)), the following global estimate holds:
V04l z2() < C(a® + a®/?) < Ca®?,

completing the proof by the Poincaré inequality. O

We finish this section with the following lemma that relates u, and the elastic moment tensor

A

Lemma 4.3.3. For any vector field w € C?*(D;R3), where D C 2 is a neighbourhood of By, one
has

(w, ud%{f = a®*Vw(z): A:Vu(z) + o(a®) (4.55)
where A is the elastic moment tensor defined by .
Proof. one notes that the following expansion is available for Vw:
Vuw(§) = Vw(z) + O(|§ — z]) = Vuw(z) + O(alé])  (§ € Ba).
Moreover, a similar expansion is available for u, while yields

Vua(§) = Vup[Vu(2)](€) + Via(€) (€€ Ba,E€B).

Using the above expansions and rescaling (|4.46[), one obtains

(w,ua) 53¢ = a®Vw(z): { /B AC: (Vu(z) + Vog[Vu(2)](€)) dV(g‘)} + (w,0q) 35 + O(a?)

= a®*Vw(z): A: Vu(z) + (w,54) 5 + O(a?)

using definition of the EMT. Finally, the estimate
(w,62)55 < ClIVwll2(8,)IV8all2(8,) < Ca®?[[6all 10y < Ca*?a®? = Ca* = o(a?)

holds for some constant C' by virtue of (4.50|). This completes the proof. O
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Remark 4.3.4. As also remarked in [12], ¥, provides the leading contribution to the inner ex-
pansion of v, in the sense that (i) @ = 1 in B, and can be made to vanish outside of an arbitrarily
small neighbourhood of B, and (ii) ||Véalr2(0) = O(a®/?) while Vol 2y = O(a®?).

Remark 4.3.5. Lemma established assuming C to be constant (homogeneous background
material), is expected to also hold for heterogeneous elastic properties that are smooth in a fized
neighbourhood of z (with the EMT then defined in terms of C(z)). Both [T9] for the electrostatic
case and [46] for the elastic case assume smooth heterogeneous background properties in ), the
former emphasizing that the assumption may be significantly weakened. A numerical experiment
involving a piecewise constant C for non-destructive testing is shown in Section [{.6,

Remark 4.3.6. Ezxpansion 1s the specialization to diametrically-small inhomogeneities
of expansions obtained by [[6] for more general classes of anisotropic inhomogeneities with van-
ishing measure |B,| (e.g. thin or elongated inhomogeneities).

4.4 Topological derivative

In this section, we state our main result (Theorem [4.4.2]) and give its proof in Section The
generalization to piecewise-regular densities ¢ and the regularity of the adjoint state are then

addressed in Sections [£.4.2]and [1.4.3] respectively. Finally, particular instances of Theorem [4.4.2]
are discussed in Section In order to ease the exposition, we recall Definition [1.1.22] but
this time, making explicit the dependence w.r.t. the elastic tensor C,.

Definition 4.4.1 (Topological derivative). Assume that J(C,) in (4.27) can be expanded with
respect the inclusion By (@ in the form

J(Ca) = J(C) + 6(a)DJ(2) + 0((a)), (4.56)

where z is the center of the inclusion By, the elastic tensors Cq,C correspond to the perturbed
and non-perturbed transmission problems and , and 0(a) is assumed to vanish as
a — 0 and characterizes the small-inhomogeneity asymptotic behavior of J(C,). Then, the
coefficient DJ(z), which also depends a priori on the shape B and the moduli C,C*, is called the
topological derivative of J at z € (2.

Theorem 4.4.2. Assume a three-dimensional setting as laid out in Section[{.3 and so as to ease
the notation, denote vp := vp[Vu(z)]. Any cost functional J of the form and fulfilling
the assumptions made in Section admits an expansion of the form , with §(a) = a*
and the topological derivative DJ(z) of J at z € Q given by

DJ(z) = |B|AY(z,u(2), Vu(z)) — Vp(z): A: Vu(z)

+ 0g(AY)(z,u(2), Vu(z)): ; Vup(z) dV(z)

+ G(z,Vog(z)) dV(z) + | G*(2,Vup(Z)) dV(Z). (4.57)
R3\B B

The functions G and G*: R3 xR3*3 = R are defined, for a given background solution u, by

G(z,d) :==(z,u(2), Vu(z) +d) — Y(z,u(z), Vu(z)) — 0gtp(z,u(z), Vu(z)):d (4.58a)
G*(z,d) == ¢*(z,u(z), Vu(z) +d) — *(z,u(2), Vu(z)) — g™ (2, u(z), Vu(z)):d, (4.58b)

and p € Wy is the adjoint state, defined as the solution of the weak formulation
<p,w>f2 = (0udo(u, Vu), w) + (94J0(u, Vu), Vw) Yw € Wy, (4.59)
with 0yJo and 0,Jo as defined by (4.30)).
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When the densities 1, 1" are linear or quadratic in their third argument (i.e. when asdd} and
9% * are independent on d), letting D(z) := 03,4(z,u(2)) and D*(z) := 83,0*(z,u(z)), the last
two terms in (4.57) are given by the more explicit expression

1 - _
3 s Vug(z):D(z): Vug(z /VUB z):D*(2):Voup(z) dV(z)

Moreover, under two-dimensional plane-strain conditions (where only in-plane displacements
are nonzero), the result ([£.57) still holds (with Q C R?, BCR? and the next-to-last integral now
taken over R?\ B), while §(a) = a® in expansion (4.56)).

4.4.1 Proof of the main result

The detailed proof to follow concentrates on the 3D case, its adaptation to the 2D case being then
outlined in a comment. The proof consists in finding the leading contribution to the difference
J(Cq) — J(C) = Ja(ua, Vug) — Jo(u, Vu) as a — 0. To this end, we write

Ja(tta, Vta) = Jo(w, Viu) = (Ja(u, Vr) = To(u, V)
 (Jaltta, Vi) = Ja(u, Vita) = (0uJa(, Vir) )
+ (Jal, Vita) = Ja(w, V) = (Dalav, V), Vo))
+ ((auJa w, V), va ) + (Dala(u, Vu),Vva>>, (4.60)

with 0,J, and 0,J, as defined by (4.30), and separately evaluate the leading contribution of
each bracketed term in the right-hand side of (4.60)); this is done in the following Lemmas
to Using the results of the lemmas in the above decomposition then directly establishes

both the expansion (4.56]) and the expression (4.57)) of DJ(z) stated in Theorem [4.4.2]
Lemma 4.4.3. Let A be defined as in (4.28). One has

Jao(u, Vu) — Jo(u, Vu) = a3]B\Aw(z,u(z), Vu(z)) + o(a®).

Proof. By interior regularity for u and the assumed smoothness of v, ¥*, AY(z, u(z), Vu(x)) is
continuous at x = z. Therefore, the Lemma follows easily from:

Ja(u, Vu) = Jo(u, Vu) = /Q (wa(x,u, Vu) — (x,u, Vu)) dV (z)

= ; AY(z,u, Vu) dV (z) = a3|B|A1/J(z,u(z),Vu(z)) + 0(a3),

where the last step exploits the fact that the volume of B, is |B,| = a®|B. O
Lemma 4.4.4. Let the displacement perturbation v, solve problem . One has

Ja(ta, Vg) — Ja(u, Vug) — (0uda(u, Vi), ve) = o(a?),
with Oyl as defined by

Proof. The proof is based on Taylor expansions. A first-order expansion of ¢ with respect to
its first argument first yields

V(x,uq, Vug) — P(z,u, Vug) = 0ytb(x, u, Vug) -vg + %vaﬁguw(az, U~ Oy Vg, VUg) Vg
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for some d,(z) € [0,1]. Moreover, a zeroth-order Taylor expansion of 9,1 with respect to its
second argument gives

O (z,u, Vug) - vg — Oyt (,u, Vu)-vg = Vu, :83u¢(:c, u, Vu~+64Vug)-vg

for some 04(x) € [0,1]. Both expansions are valid due to the assumed regularity of 1. Similar
expansions also hold for the densities ¥*, g, for some 67 (x), 85(z), 64(x) € [0,1]. Combining all
of these expansions, one finds

Ja(ta, Vg) — Ja(u, Vug) = (0uda(u, Vu),va) + Ra (4.61)

with the remainder R, given by
R, = / [%’Ua'a?mw(l‘, U~ Oy Vg, VUg) Vg + Vva:8§u¢(:n, u, Vu—l—&dVva)-va} dv
Q\B,

—i—/ [%va-ﬁguw*(x,u—i—(?;va,Vua)-va +Vva:8§u¢*(m,u, Vu+52Vva)-va] dV
B

a

+ / %va -8§u¢5(az, U~+0gUq) Ve dS
oN

Next, thanks to the boundedness of the second-order partial derivatives of 1, ¢* and g, there
exists a constant C' > 0 such that

R, < O HUGHiQ(Q) + [[Vall 20y vall 20y + HUGHQLQ(aﬂ))
Finally, estimates and imply that there exists a constant C' > 0 such that
R, < Ca* = o(a®).
Using the above estimate in completes the proof. O

Lemma 4.4.5. One has
Ja(ua Vua) - Ja(u, VU) — <aduﬂa(u, VU), VUCL>
—a{ [ G Vus(@) V(@) + / G* (2, Vo)) dV(®)} +o(a®) (4.6
R3\B B

where 03], is defined by ([4.30) and the functions G and G*: R3 x R3*3 — R are defined
by b).

Proof. We remark that since ¥g has no third argument, we omit the terms involving ¥g in J,
for the following analysis. The combination to be estimated is first recast in the form

Ja(u, Vug) — Jo(u, Vu) — <8dJa(u, Vu), Vva>

_ / Gz, Vva) AV(z) + [ G*(x, Vva) dV(x)
O\B, Ba

= (Ja(u, Vo) = Ja(u, Vut Viia) = (Qada(u, Vu+ Vi), Vo) )
+ ((aa(u, Vu+V5,), Via) = (9aa(u, V), Vi) )
+ (La(w, Vit Via) = Ja(u, Vu) = (0ala(u, Vu), Vi) ) (4.63a)

having used functions G, G* defined by (4.58alb) for the last equality, and with 0, defined
(using (4.49)) in the second equality below) by

Bg = Vg — Dg = 0q + (0 —1)Ty. (4.63b)
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Since Vo, = Vi, + (6 — 1)V, + VOR7,, we note for later use that estimates (4.50|) and (4.52)
(together with the fact that the support of (6 —1)Vo, is 2\ D) imply

IVdall 20y = O(a®/?). (4.63c)

We first focus on contributions of integrals over Q\ By, i.e. of the density G, to (4.63al). To
begin, each bracketed combination in (4.63a)) is reformulated by exploiting Taylor expansions
(of first-order with respect to its third argument, with integral remainder) of v, to obtain

/ (e, Vo) V(@) = [ Véa(@):Ds(e,ut b, Viu(a)): Via(z) dV ()
O\ B, O\Bg

+ Voo (z): Dy (z, Vig(z)) : Vig(z) AV (z)
O\Ba

+ Via(z): D3(z, Vig(z)) : Vig(z) AV (z), (4.63d)
O\Ba
with .
Du(yd) = [ dust (. u(s). Tuly) ) )

1
Da(y, w, d) :/0 Aaah (y, u(y), Vw(y)+td) (1—t)dt, (4.63e)

D3(y7 d) = DQ(ya uvd)

Both D (2, Vi(2)) and Da(z, u(x)+04(z), Voa(z)) are bounded over 2, due to the boundedness
of the second-order partial derivatives of 1. This remark is exploited by applying the Cauchy-
Schwarz inequality to the first two integrals I; and Is of the right-hand side of (4.63d)) and

invoking estimates (4.50p) and ([4.63d), to obtain I} = O(a®) = o(a?) and Iy = O(a*) = o(a?).
Using these estimates, applying the change of variables z = (x—z)/a to the third integral of the
right-hand side of (#.63d]) (whereby dV(z) = a? dV(Z)), and recalling definition (4.49)) of o,

we obtain

/ G(z,Vi,) dV(x) = a3/ Vog(z): D3(z+az, Vog(z)): Vos(z) AV (Z) + o(a®)
O\Ba ((9=)/a)\B

a® / Vus(Z): D3(z, Vog(z)): Vus(z) dV(Z) + R + o(a?)
((Q=2)/a)\B

a® / G(2,Vug(z)) AV (z) + R + o(a®) (4.63f)
((Q=2)/a)\B

(having noted that Vug(Z): D3(z, Vup(Z)): Vug(z) = G(z, Vup(Z))), where the remainder R is
such that

R:= a3/ Vug(Z): [Ds(z+az, Vug(z)) — Ds(z, Vug(z))] : Vug(z) dV ()
((Q=)/a)\B
<ca | Vos(e)Pal” 4V(@) < Ca** [ Vup(@)Plal dV(), (463)
((Q=2)/a)\B R3\B
by virtue of the inequality

|Ds(z+az,d) — D3(z,d)| < Ca”|z|" (4.63L)

stemming from the assumed C* Holder regularity of 4% and the known C? interior regularity
of u in Q, which implies that there exists 7/, 7" € [0, 1] such that

u(r) —u(z) = aVu(z+1'az) 7, Vu(z) —Vu(z) = aVu(z +7"az) z. (4.631)
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The known O(|z|~3) far-field behavior of Vug(z) [227] implies that the last integral in
over the unbounded domain R3 \ B is finite for any v < 3, and hence that R = O(a®*™7) = o(a?).
Finally, taking the limit ((2—2)/a)\ B — R3\ B in (which is legitimate as the integral
over the limiting unbounded domain R3 \ B is finite), the desired asymptotic form of is
obtained:
/ G(x,Vv,) dV(z) = a® G(z, Vog(z)) AV (z) + o(a®). (4.63;)
O\Ba R3\B
The second integral in the right-hand side of can be estimated following similar
arguments. A representation similar to holds, with integrals taken over B, and v
replaced by ¥* in . Noting in addition that now 0, = d, since § =1 in B,, the first two
integrals in the right-hand side of the counterpart of are easily established to be of order
o(a®) using estimates (4.50). Using again the change of variables Z = (z—2z)/a in the remaining
integral, one then finds

G (z, Vug) AV (z) = a3 / G* (2, Vos(2)) AV (7) + R* + o(a®), (4.63K)
B B

where, exploiting through (4.63h|) the assumed Holder regularity of ¥*, the remainder R* is such
that

R* = o /B Vus(@): [D(z +az, Vos(z)) — D(z, Vos(#))] : Vos(@) dV (2)
< CaPt / Vos@) Pz AV (z) = O(a3).
B

The desired asymptotic form of (4.63k|) is therefore obtained:

G (2, Vo) AV (z) = 6 / G* (2, Vous(2)) AV (7) + o(a®) (4.631)
B, B

The lemma finally follows from using expansions (4.63j) and (4.631) in (4.63a)). O

Finally, the leading contribution to the last bracketed combination of (4.60|) is given in the
following lemma in terms of an adjoint solution.

Lemma 4.4.6. Let the adjoint solution p € Wy be defined by the weak formulation
{p, w>?2 = (Oudo(u, Vu),w) + (8alo(u, Vu), Vw) Yw € Wy, (4.64)
with OyJo and O4lly as defined by (4.30). One has
<8uJa(u, Vu), va> + <8dJa(u, Vu), Vva>
= 1B — Vplz): A Vu(z) + 0(A) (2, u(2), Vu(2)) : / Vg dV(z) } +ofa®) (4.65)
B
Proof. One has

(0uda(u, V), vq) + (04Ja(u, Vu), Vug) = (8uJo(u, Vu),va) + (9alo(u, Vu), Vg )
+ (0uAT(u, Vu), va) + (94AT(u, Vu), Vug)  (4.66a)

Invoking the definition (4.64]) of the adjoint solution, the identity

(vasw)g, = —(uq,w)pe . Yw € Wo
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verified by the transmission problem, one finds

(0ulo(u, V), va) + (Dalo(u, Vi), Va) = (p, va)gy = —(tta, p) 5y

= —a®|B|Vp(2): A:Vu(z) + o(a®), (4.66b)

where the last equality holds by virtue of Lemma and p having C? interior regularity
(see Section . Next, using decomposition of v, and the fact that AJ has B, as its
geometrical support (implying in particular that no surface contribution of g is present and
0 =11in B,), one has

<8UAJ(U, Vu), ’Ua> + <8dAJ](u, Vu), Vva>
= <8UAJ(U, Vu), (ﬁa+5a)> + <8dA.,]I(u, Vu), V(0, —|—<5a)> (4.66¢)

The partial derivatives of A (z,u(x), Vu(z)) being bounded by virtue of the assumptions made
on 1, ¢* and the C? interior regularity of u, there exists a constant C > 0 such that

<0uAJ(u, VU), (’Da+(5a)> + <8dAJ(U, VU), V5a> S a3/2(H1~2aHL2(Q;R3) + ”CSCLHHl(Q;R?’)))
< Ca?, (4.66d)

the last inequality stemming from estimates (4.50)).
The term <8dAJ] (u, Vu), Vf)a> remains to be estimated. By the mean value theorem applied
to O4(AY)(z,u(x), Vu(z)), there exists t(x) € [0, 1] such that

Da(AY) (z,u(x), Vu(z)) = 0g(A)(2,u(2), Vu(2)) + 02480 (x4, ug, Vug) - (x — 2)
+ 02 A (24, ug, V) - [u(z) —u(2)] + 0% Az, g, Vug) : [Vu(z) — Vu(2)]

where x4, u;, Vu; are defined by

ry =2z +t(r—2),
ug = u(z) + tlu(x) —u(z)], (4.66¢)
Vug == Vu(z) + t[Vu(z) — Vu(z)].

Introducing = —z = aZ and expansions (4.63i), stemming from the C? interior regularity of u, in
the above definitions, one obtains for = € B,

Oa(AY)(z, u(x), Vu(z)) = 04(A¢) (2, u(2), Vu(z)) + O(a)

which in turn implies
(0aAT(u, Vu), Vig) = a30q(AY)(z,u(z), Vu(z)) :/ Vug dV + o(a®) (4.66f)
B

The lemma finally follows by substituting (4.66d)) and (4.66f)) into the right-hand side of (4.66¢])
and then using the resulting estimate together with (4.66b)) in (4.66al). O

Remark 4.4.7. The foregoing analysis still holds if the cost functional format (4.27)) is extended
to also allow integrals of the form

/ s(au) dS(z)
I

where T' C Q is an arbitrary surface, provided DJ(z) is evaluated at points z €T .
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The two-dimensional case. The proof for the two-dimensional plane-strain case is identical,
except for the fact that estimates (4.50) to (4.52) must be replaced by their following two-
dimensional counterparts:

(2) [IV@allr2me) < Ca, (b) |[#allr2ime) < Ca*v/|logal,  (¢) [|0allgrom2y < Ca?,

(4.67a)
(a) [Vvallz2amre) < Ca, (b)) [|vallp2(rey < Ca. (4.67b)
(&) VallLe@p) < Ca®, () [vallp2(o0m2) < Cd®, (4.67c)

which can be established e.g. by adapting to the two-dimensional case Lemma (see [12]).

4.4.2 Case of piecewise-regular cost functional densities

Now we extend the previous results to the topological derivative of functionals J, defined by an
integral over a portion w C 2 of the elastic body €2, of the form

Jw(Ca) = Ja(ta, Vug;w), with Jg(u,d;w) = / Yoz, u, Vu) dV (z),
w
where the trial inhomogeneity B, is assumed to satisfy either B, €w or B, € (2\w) (the case
where B, N 0w # () not being considered). If B, €w, the previous analysis remains valid, with
D.J still given by (4.57)) and the only change concerning the adjoint solution, which now satisfies
the weak formulation

/Qe(p) :C:e(q) dVZ/QXw{adwqu-i-auw-q} dv,  Yqe Wo(Q). (4.68)

On the other hand, if B, € (2\ @), ¥ — % = 0 in w and the cut-off function § in decomposi-
tion (4.49)) can be chosen, for any sufficiently small a, such that # =0 in w. This choice implies
that vg = 0, in w for any z € Q\w, and hence, by estimate (4.50c), that

HUGHHl(w;R3) < Ca5/2.

Consequently, retracing the proof of Theorem contributions to DJ arising from dgqt) and
Ogq?0* in Lemma are o(a3), and DJ is simply given, in terms of the solutions u of (4.3)

and p of , by
DJ(z) = —=Vp(z) : A: Vu(z). (4.69)

4.4.3 Regularity of the adjoint solution

As it was previously seen, the point-wise evaluation of DJ at some z € €2 requires the background
displacement uw and the adjoint solution p to have some local regularity at z, namely u,p €
C?%(D;R?) for some neighborhood D € € of z and o € (0,1). The needed regularity for u
follows directly from the regularity of the body force density f € C%“(€;R3). When the cost
function J depends only on u, the adjoint state p solves

Find pe Wy, (p,w)$ = (0udo(u),w), Ywe Wy.

Then, if 9, (z,u(z)) € CO*(Q;R3), p fulfills automatically the required interior regularity in
). On the contrary, the case when the cost functional depends on Vu is slightly more delicate.
In such a case p solves

Find peWy,  (p,w)§ = (9ado(Vu), Vu), Ywe W
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Thus if 949 (z, Vu(x)) € CH*(Q;R3*3), p fulfills the required regularity. We remark that the
components of the tensor (Vu);; € C1%(Q2) so we can take any function ¢ (-,d) € C1(R3*3) for
this purpose. Finally when the cost function J is defined in a sub-domain w of €2,

(0ado(Vu), Vw) = / g (z,Vu):Vw dV = / XwOq¥(z, Vu(x)): Vw dV,
w Q

the adjoint state p solves

—div(Ce(p)) = —div(xwOatp(z, Vu)) in £,
p=20 on I'p,
C:e(p)n=0 on I'y,

where I'y Nw = () is assumed. We can easily check that div(x,04¢(z, Vu(z))) € H1(;R3) if
Oqp(x, Vu(z)) € CH(Q;R3*3). Then by the Lax-Milgram theorem p € Wy(€2). To achieve the
required C*< local regularity of p at z € Q, we only need to select z ¢ dw.

Indeed, if z € (2\w), there is a smooth neighborhood D C Q\w of z such that div(C:e(p)) =
0 in D. Therefore (e.g. [213, Theorem 4.16]), there exists a neighborhood D" @ D of z where
p € C22(D';R3).

Otherwise if z € w, there exists a smooth neighborhood D € w of z where p solves the
problem

—div(Ce(q)) = —div(0q¢(x,Vu)) in D,
q=0p on 0D.

The adjoint state p can be decomposed as p = p; + p2, where p; solves the problem

—div(Ce(q)) =0 in D,
qg=p ondD

and po solves

—div(Ce(q)) = —div(dg¥p(x, Vu)) in D,
g=0 on 0D.

Therefore, there exists a neighborhood D’ € D of z where p; € C%%(D’;R3). Moreover ps €
C?*(D;R3) if 9y (x, Vu(z)) € CH*(D;R3*3), thanks to the interior regularity of py. Hence
peC**(D;R3).

4.4.4 Particular cases

A few particular instances of the general result given by Theorem and their connections
to previously-available results, are now discussed.

Displacement-based functional. In this case, 059 = 949* =0, and hence G =G* =0. Only
the first two terms in the expression @ of DJ then remain; moreover the second term in the
right-hand side of the adjoint problem (]@ vanishes. As a result, formula reduces to
known results for displacement-based functionals.

Quadratic stress-based functional. This case is such that 03,1 = D(z), 92* = D*(z),
where D and D* are symmetric fourth-order tensor fields. It is studied in [267], where D and
D* are constant, and otherwise arbitrary, tensors. Expression of DJ for this case is
indeed found, after adjusting for notational differences, to coincide with [267, Theorem 3.1].
Reference [267] also gives a number of useful explicit formulae on Eshelby’s solution and its use
in evaluating DJ for quadratic stress-based functional, including one for the evaluation of the
last two integrals in when B is the unit sphere and the tensor D is isotropic.
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Drucker-Prager penalty functional. The penalty functional considered in [28] is based
on the following assumptions: (a) two-dimensional isotropic elasticity, plane-strain conditions,
identical Poisson ratio in background and inhomogeneity materials, (b) circular trial inhomo-
geneities (i.e. B taken as the unit disk), (c¢) ¢¥(d) = ¥, (ap(C : d)), with afp denoting the
yield function associated with the Drucker-Prager criterion, and a similar definition for ¢* in
terms of the inhomogeneity material. Using these assumptions in equation , we recover
equation (44) of [28] as a special case.

Quadratic energy-like functional. Due to their importance in practical applications and
the possibility to greatly simplify the general expression , two examples of energy-based
functionals are now presented.

The first kind of energy functional measures the error in strain energy between u, and a given
vector field ug € H'(€;R?), and is defined by

1
E1(Co) = Eq(ug,Cq) = §<ua—u0,ua—uo>§; (4.70)

The particular case of the strain energy of u, corresponds to setting ug =0 in (4.70)).

The second kind of energy functional is the elastic counterpart of the functional used in [I8]1]
for electric impedance tomography. It is used for e.g. material or flaw identification from
overdetermined boundary data. Let I'y = I'o UI'y, assuming that a measurement ugps of the
displacement induced in the solid by the excitation (f, g, u) defined in Sec. is available on
I's. One can then define 'Neumann’ and "Dirichlet’ displacement fields that differ only by their
boundary data on I',, on which either forces or displacements may be prescribed (the remaining
data being as in Sec . The '"Neumann’ and ’Dirichlet’ fields coincide for perfect measurement
Uohs and a flawless solid with correctly known material characteristics, whereas a discrepancy
between them reveals that the model for the reference solid is incorrect, e.g. due to the presence
of a hidden defect. The 'Neumann’ and 'Dirichlet’ background fields u~ and uP are defined by
the following weak formulations:

Find v € W"(a), (u™, w)
Find u” € WP"(a), (u®, w)

= F(w), Vw e Wi, (4.71a)
= F(w), YVw e W (4.71b)
having set WP(a) = {v € HY(Q;R?), v = aonTp, v = ugps on o}, WP := WP(0) and

WN(u) = W(a), W' = Wy in terms of definition (4.6)). Moreover, the 'Neumann’ and "Dirichlet’
fields u) and u} for a small trial inhomogeneity B, located at z are defined by the following

weak formulations for the perturbations v} := u, —u"™ and v := u] —u":
Find v} € W[, (WY, w)G + (WY, w) ¢ = — (™, w)5°, vw e W[ (4.72a)
Find v)) € W, (W2, w)G + (Wl w)5¢ = —(uP, w)5E, Vw e W (4.72b)

The energy functional E5(C,) is then defined so as to evaluate the 'Neumann’-’Dirichlet’ dis-
crepancy through the strain energy of the difference u) —u?) defined in terms of the perturbed

material Cg, i.e.:

1
E2(Ca) = EQ(ugvuaD>Ca) = §<u§ _uaD7u§ —UaD>gza (4'73)

Now we express the topological derivative of F1, Fo through the following Proposition via
an alternative argument to Theorem [£.4.2]

Proposition 4.4.8. The topological derivative of the energy functional E1(C,) is given by

DE;(z) = ’lje(uo)(z):AC:e(uo)(z) - %e(u)(z) cAze(u+2qg)(2) (4.74)
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where the adjoint solution q is defined by the weak formulation
Find ¢ € W(yp(ug—u)), (q,w)$, =0, Ywe Wy, (4.75)

(with yp(w) denoting the trace on T'p of w € H*(Q;R3)).
The topological derivative of the energy functional Eo(Cy) is given by

DEs(z) = %e(uD)(z) :Aze(u”)(z) — %e(uN)(z) tAze(u™)(2) (4.76)

In both and (4.76), A denotes again the elastic moment tensor (4.16).

Proof. The functional F4(C,) depends quadratically on v,. Expanding E;(C,) into terms of
order 0, 1 and 2 in v,, one obtains the following, exact, expression:

2E1(Ca) — 2E1(C) = (u—ug, u—1up)3S + 2{u—1g, va) + (Va, )5 (4.77)

The definition (4.75)) of the adjoint field ¢ implies that ¢+ u—wug € Wy. Hence, one may set
w = q+u—ug in (4.12)), to obtain after some manipulation:

(u—0,v0)% = (q+u—1u0,va)% = —(g+u—ug, ua) 5"

(where the first equality exploits (4.75)) with w=1v, € W))), and thus

(u—uo,va) G = (u—10,va) 55 — {q+u—uo,ua) 5 = —(u—uo,u)5e — (¢,ua) B

Next, weak formulation (4.12)) with w = v, yields

(Uaa Ua>(§jza = _<ua Ua>%f

Finally, inserting the last two equalities into (4.77) and rearranging terms, one finds

2E1(Co) — 2E1(C) = —(u—uo, u+uo)5" — 2(¢,ua) 5 — (4, va) 5

a a

= <u07 u0>§f - <u+2% ua>§fa
with the desired result (4.74) following by applying (4.55)) for the last term of the right-hand
side.
The functional E5(C,) depending quadratically on v
sion:

o, vy, one obtains the alternative expres-

2F5(Cq) — 2E5(C) = (uN —u”, u” —uD)%f

+ 2(uN =P, o) — o)+ (o) — g, vy —ug)g (4.78)

Now, using weak formulation (4.12)) with (v,,w) replaced in succession by (v, v)) € W' x W[,

(vD,v)) e WP x WP and (vy,vy) € Wi x Wy (noting for the last case that v, € Wy C W(), one

a’ va a’-a
obtains the identities

W, oG ==, vNBEE, (R u)G = —wP uD)EE, (v = — (N, D) B,
and hence
(Ug _UaD?Ug_’U(]zD>8a = _<quvS>§f - <uD_2uN>UaD>%S (479)

Next, using again weak formulation (4.12)), this time with (v, w) replaced by (v}, uN —uP) €
Wy x W, one has
(uN —uP®, v§>8‘1 = —(uN,uN —uD>%f
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while invoking weak formulations (4.71a)) and (4.71b]) with w=v) € W C W' yields

(uN =P, ug)G =0
Combining the last two identities, one obtains
(uN—uD,vN—vD>g — (N —uP D) 5C — (U, uN —uP)FE (4.80)
Substituting (4.79) and (| into (| and rearranging terms yields
2F5(Cq) — 2E2(C) (WP, u >AC (u™, ™) BE + (P, )5 — (uN, v))5E
= (WP, ug)5e — (u™,ud) 5.

The sought result (4.76|) finally stems from applying (4.55)) to each term of the right-hand side
in the above equality. O

We can easily check that the above expressions of the topological derivative are particular
instances of (4.57). Indeed, consider

Ju(Vu) = E(Ca) = (u—ug,u—1ug)r.
Then taking D = C and D* = C*, the application of (@57 yields
DJ(z) = [Ble(u—uo)(2) : AC:e(u—up)(z) — e(p)(2): Are(u)(2)
+1Ble(u — 2u0)(2): AC: / e(vg)
= [Ble(uo)(2): AC:e(uo)(2) + e(u—2up—p)(2) : Are(u)(2). (4.81)

We have used identities
/R3 e(vp):Cq:e(vp) AV = —|Ble(u)(z): AC: / e(vp)
(obtained from with w=wvg) in the first equality of (4.81]), and
|Ble(u — 2u0):AC:/Be(vB) dV = e(u — 2up): (A — |BJAC) :e(u)(z)
(resulting from left multiplication of by e(u — 2ugp)) in the second equality of .

4.5 Numerical evaluation of the topological derivative

The evaluation of the topological derivative in a 2D or 3D framework requires numerical
procedures, even in the simplest cases (isotropic elasticity, spherical shape for B). In particular
an integral over the unbounded region R*\B must be estimated, besides to the perturbation
solution of the FSDT wg and the elastic moment tensor A, which are not analytically
available when the medium and the inhomogeneity are fully anisotropic. The details of such
procedures will depend upon whether B is an ellipsoid, or has some other shape, as Vug is
constant inside B in the former case but not necessarily in the latter [I14]. In the sequel, we
concentrate on the ellipsoidal (respectively elliptical in 2D) case, which is sufficient for most
applications.

4.5.1 3D case, ellipsoidal trial inclusion.
Define B as
B={zeR? (z1/a1)* + (v2/a2)* + (x3/a3)* <1}, a1,a2,a3 > 0.

where the axes of the Cartesian frame (O, 1,2, x3) are assumed, without loss of generality, to
be aligned with the ellipsoid principal axes.
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Formula for interior values of vg: Consider a constant eigenstrain E* € Rg’yxn?{ applied over

B endowed with homogeneous elastic properties C [227]. The displacement field u~[E*] thus
created is given explicitly by the representation formula

uso[E*)(z) = (p[E"], Go(- —a))5,  z€R’ (4.82)

When B is an ellipsoid and E* € Rg’;n?; is uniform, the above representation can be analytically
evaluated, revealing that u.,[E*] depends linearly on z inside B. The interior (fourth-order)
Eshelby tensor S™ associated to B and C is then defined by setting

~int ~int

in 1 ~int
e =5 (S + Sike)s V(@) =8™: B (zeB). (4.83)
The Cartesian components of S™ in the orthonormal frame (e1,e2,€3) are given in the general
anisotropic case by ([227], eq. (17.19))

. 1 .
ke = g Come || (65N (€) + 6N ()61 458, (4.89)

where §? := {é € R3, |£| =1} is the unit sphere, & := aflélel +a515262+a515363 and N(§) is
defined as in (4.36)) and (4.37)). Note that (4.84)) has been expressed as an integral over the unit
sphere by effecting on eq. (17.19) of [227] the transformation u = cos ¢ with ¢ € [0, 7].

As it was proven in Eshelby’s celebrated paper [114], the solution vg[E] of the FSTP (4.15))
can be solved analytically for an ellipsoidal inhomogeneity and has a constant strain and gradient
inside B. This gradient can be established by means of the equivalent inclusion method [227]
and the interior Eshelby tensor S™ introduced in . As a matter of fact, the equivalent
inclusion method consists in finding an eigenstrain E** such that the solution vg[E] of integral

equation (4.42)) has the form
VB[E] = uoo[E**] = [S™: E*¥] in B (4.85)

Inserting the above ansatz in (4.42)) and comparing with (4.82)), the equivalent-inclusion analogy
is found to be achieved by setting

E* = —(C+AC:S™)"1:AC:E (4.86)
Hence e(vp[E]) can be cast explicitly inside B as
e(vg[E]) = —S™:(C+AC:8™)"1:AC: E. (4.87)

For an arbitrary anisotropic background, the evaluation of (4.84) requires a numerical
quadrature (see Sec. and also the more complete treatment of [124]), while analytical formu-
lae involving elliptic integrals are available for isotropic background materials [227]. The latter
reduce to the following elementary closed-form expression when B is a ball:

: 14+v 8—10v
St = K ith = = 4.88
1 sl with Sse= g s = gy (4.88)
where J and K are defined as in (4.7) and v := (3x —2u)/(6r + 21) is Poisson’s ratio. The
Eshelby tensor S™* has'the mipor symmetries Sfli?}cﬁ = S}%K = ;?}Zka as is evident from (4.83)).
The major symmetry Si’?}}e = S}g}tij holds for the special case (4.88) but is not true in general.
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Formula for exterior points of vg: In order to evaluate the integral over R3\ B in (4.57)),
more elaborate actions are needed since the integration domain is unbounded and Vug[E](x) is
not anymore constant as it was for the inner case x € B (in fact decays at infinity).

First we deal with the integration on R3\ B. Transform z into y according to

y = (z1/a1,22/az,z3/a3)  (ly|>1). (4.89)

Then it is natural to set y = |y|§, with § € S? (let us recall the unit sphere) and 1 < |y| < +oc.
Apply the transformation ¢t = |y|~! (with 0 <t < 1) to the radial variable, so that
represents any = € R3\ B in the form x(¢,t). Introducing the above change of coordinates to the
first integral term of , the result reads

1
ajasas

1
1 . N
[ 0Gevue) @@ = [ [ 66 Vo) as@}dn @0
R3\B o t* /g2

which is to be evaluated using numerical quadrature (using e.g. a Gaussian rule for ¢ and a
Lebedev rule on S? [190]). This in turn requires the ability to evaluate Vuvg[E](z(,t)) for any
given quadrature point (§,t). Applying again (4.82)) for = € R*\B and the equivalent inclusion
method, Vug is in this case given by (Eq. (18.6) of [227])

X 1/ zext sext sext

S 3 (Szjke + sz‘kz>, VuglE|(z) =S (2):E”* (z € R\B). (4.91)
The tensor E** is again defined by (#.86) and S®™*(x) is the exterior (spatially varying) Eshelby
tensor, given through S’eXt(:r) as

S%Aﬂ@ﬂ%z1CMW{L(WA%@MQdﬂQ—2f
(9,

4m LH(3)

EN ()66 d0(5) |, (4.92)

where & = £(8) is defined for § € S? by

f = (.§1/a1,§2/a2,§3/a3), (4.93)

S*(g,t) is the portion of S? defined by S*(g,t) := {8 € $?:0<35-9<t}, L(9,t) the circular
contour on S? defined by L*(¢,t) := {.§ €52 §-g}:t} (Fig. , dS(8) and d¢(8) respectively
denote the solid angle differential on S? and the polar angle differential on the circle LT (§,t),
and the tensor N(¢) is given by N(¢) = K~1(¢), with K given by .

Figure 4.2: Parametrization of the set S* C S2.
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Remark 4.5.1. If the point x is inside B, the line integral in (4.92)) can be dropped, and S* in
the surface integral is replaced by S*. The symmetric part of the resulting equation is identical

to (T3,

It is useful to recast (4.92) in a form more suitable for numerical quadrature. To this end, let
5*(9,t) be represented in terms of coordinates (2, ¢) spanning the fixed domain Q := {(z,¢) €
[0,1] x [0, 2[} by

§(5.1) = { 45 | &= (1-122)120(9) + 2§ }

with ¢(¢) spanning the unit circle S := {39 = 0} (this representation stems from parameterizing
% using angular spherical coordinates (6, ¢) and setting z :=t ! cos#). L*(j,t) is then the subset
of S*(y,t) such that z = 1. The (z,¢) parametrization implies that dS(s) = tdzd¢, and also
induces a corresponding representation £(tz, ¢) of & as defined by . Inserting it in
and rearranging the resulting expression, the tensor S™ s given, for a given evaluation point
Z(y,t), by an integral over the fixed domain Q:

2m
Sf?n%n( (?jvt Ckﬁmn/ dz/ Zk&] tZ (b) 22]9@1]( (b)} d¢ (494)

with
Eeij(tz, 0) = Nig(€(tz, 9))&e(tz, 9);(t2, ).

For a given z(y, 1), 3 (Z(yg,t)) can then be evaluated by means of standard numerical quadra-

ture in @ (using e.g. product rules that are Gaussian in z and uniform in ¢). In addition, a
Taylor expansion in ¢ about ¢ =0 yields Sy (tz, ¢) — Speij(t, ¢) = (2 —1)01 Sk (0, @) + O(?),
where 01 denotes the partial derivative w.r.t. the first argument. It is moreover straightfor-
ward to show that 0134;(0,¢) is for any (kfij) a polynomial in (cos¢,sin¢) involving only
odd-degree terms, and hence that its integral over ¢ € [0, 27] vanishes. Consequently, the Taylor
expansion of about t =0 is Sf]’thm( z(f,t)) = O(t3), implying that the integral in t of
is well defined. This remark is consistent with the otherwise known O(|z|~3) behavior of Vug(x)
as |z| — 4o0.

When the background material is isotropic, and characterized using e.g. its shear modulus
w1 and Poisson’s ratio v, the Christoffel tensor N has a simple closed-form expression

N(E) = Mlﬂg - 2(11_1,)5@5] (4.95)

with é = &/|€] and I;; = d;;. The exterior Eshelby tensor for a unit ball is then found (by
analytical evaluation of (4.94) using (4.95]), or by completing derivations presented in [227,

Sec. 11]) to have the following closed-form expression (wherein z := |Z|):
; 7 5 1 1-2v 1
2(1— )Szeg/;ﬁ( ) = [? - ?}fﬁifﬁjfﬂkw + [ﬁ }%kaw + [7 = 0o T
v 1
+ [ﬁ — j7 ] (5ikxjxg + 5jkxi$g + (Sigl‘jxk + 5jgl‘ixk)
1 1-2v 1 1-2v
[ﬁ — 37 a3 }52]51?@ + [ 55 + 37 } ((5ik5j£ + 5jk5z’£)- (4.96)

3x3

sym using the above formula

Moreover, S®*(z) : E evaluated for an arbitrary tensor F € R
coincides with equation (23) of [267].
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Computation of the elastic moment tensor A: With the help of (4.87)), the value of A
is then found as follows:

Lemma 4.5.2 (elastic moment tensor for an ellipsoidal inhomogeneity). The elastic moment
tensor A associated with an ellipsoidal inhomogeneity (B,C+ AC) embedded in a medium with
elasticity tensor C is given by

A= |B|C:(C+AC:S™)1:AC (4.97)

Proof. Using expression (4.87) of e(vg) in (4.16) and using the fact that the integrand in the
resulting formula is constant, one obtains

E':A:E=|B|(E:AC:E — E':AC:S™:(C+AC:S™) ':AC: E)

Then, since the above equality holds for any constant tensors E’, E, the sought expression (4.97)
is readily obtained by invoking the identity AC:S™ : (C+AC:8™)~! = T—C:(C+AC:8™)~ 1. O

When the background is isotropic and the inhomogeneity spherical and also isotropic, A
admits a quite simple explicit expression. Using that C and C* are of the form with
respective moduli pairs , p and £*, u* and S™ is given by , invoking the relations J :J =
J,K:K =K and J:K = 0 verified by J and K and noting in particular that (AJ + BK)~! =
AL T+ B7IK for any (A, B) # (0,0), one easily evaluates to obtain

47 A1 -1 A2 -1
=Bkt gy 2 }
A 3 |: Kl—f—Sl(Al—l)j—’_ Ml—i—SQ(AQ—l)
(with Ay := k*/k, Ao := p*/p). For 0 < v < 0.5 one has 1/3 < 57 <1 and 8/15 > Sy > 2/5;
combined with Ay > 0. This implies that both denominators in (4.98) are strictly positive,

ensuring in particular the invertibility of C4+AC:S™ upon which (4.98)) depends, except for the
special case v =0.5, k* =0.

(4.98)

4.5.2 2D plane-strain case, elliptical trial inclusion.

Now define B as
B={z eR? (z1/a1)* + (z2/a2)* <1}, ay,a2 >0,

where the axes of the Cartesian frame (O, z1,z2) are assumed, without loss of generality, to
be aligned with the ellipse principal axes. Inclusion and inhomogeneity problems in plane-
strain have been addressed in many references, with solution methods usually based on complex
potentials, see e.g. [321], 50, 305, 163]. Here, the tensors S and S are derived for the plane-
strain case without recourse to complex potentials, from a direct evaluation of , meanwhile
all tensors and inner products are defined with reference to the vector space R? instead of R? (in
particular, E* € R now). Moreover, Goo(- — ) is now the elastostatic fundamental solution
for plane-strain, with VG, given in Fourier integral form

VGulr) = gz [ exolinn) N ©naVin) (reR\ (o)), (4.99)
with N(n) now defined in terms of the two-dimensional version of the acoustic tensor K (n) (i.e.
K, = Cijkfnjné with 1<14,j,k,£<2).

Similarly to the 3D framework, the 2D solution vg|[E](x) of the FSTP fulfills
e(vg)(z) = 8™ : B, (z € B) (4.100)
e(v)(z) = 8™ (z): E™, (z€ R?\B) (4.101)
where E** is given by the 2D adaptation of .
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Proposition 4.5.3. Set ¢ = y(a1 CoS 7y, as sinv), y € [1,00). The plane-strain interior and
exterior Eshelby tensors S™ and S®(x), respectively read

int ~int ~int ~ext ~ext

1 1
ikt = 5 <Sz‘jk:Z + Sjiké)a Siity = 5 (Sijké + Sjike)a where (4.102)

Sine = 1{/”/2 (@:(0)® Njm (a(0)) @ (0) ) de};cmnu,

T —7/2

Sine(@) = 8ifke — 2{ / " (i(0(w)) @ N (a(0(w))) © 0 (0(u)) ) dw}:Cmnkg.

T —7/2
The above parameterizations are specified through

a(0) = (ay'cos(9),a;"sin(0)), (4.103)
alf) = (al_l cos(c9+’y),a2_1 sin(@—i—’y)),

and the function 0(w) in the second integral is defined implicitly by sinf = /1 —y~2sinw.

Proof. The derivation is done by means of a direct evaluation of the 2D version of the integral
representation formula (4.82)). Thus, for E* € ngﬁg,

e(us[EY])(z) =S™: E*, (z€B) (4.104)

e(us[EY])(z) = S™(z) : E* (x € R*\B). (4.105)
Under the present conditions (anisotropic, plane-strain), (4.99) and (4.82) yield

i

wnlBY0) = o [, [exolin- (€N o @navi© avin i (w0

The above fourth-dimensional integral over (£,1) € B x R? is now evaluated with the help of
coordinate transformations. The evaluation point & € R? is parameterized as

z(y,7) = y (a1 cos(7),azsin(y)), v € [0,27],y € (0,00), (4.107)

and two mappings are introduced. First, f: (¢,0) € RT\ {0} x [0, 27 — (n1,72) € R?\ {(0,0)}
is defined by

{m(t’e):tal(e) with  a(6) = (o1, 02)(8) = (a7 cos(8-+7). 05" sin(0+7)). (4.108)

which implies
dV (n) = (arag) " 'tdt dé,

Then, for given n € R2\ {0} (i.e. for given (¢,0) € R*\{0}), g: (21,22) €D > (&1,&) €B
(where D C R? is the closed unit disk) is defined by

=a1( z1sinf + 29 cosh a1 — 22 < <41 — 22
{& it 2 zeost) g TVITAsasylog, (4.109)

&2 = ag(—2z1 cosl + z2sinf) 1<zm<1

which implies
dV(f) = aiag le dZQ
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Now, mappings (4.108)) and (4.109) are substituted into the integral representation formula (4.106]).
Noting that definitions (4.107)), (4.108]) and (4.109) imply

a(0)-x =ycosh,  n-(E—a) =tz —al6)-a],

one first finds, using mapping (4.109) and the fact that the integrand of the resulting integral
over (z1,22) does not depend on z1, that

1
. . . om .
/Be‘”'(ﬁ_m) AV (€) = ajage @)= / ) 24/1 — 22 "2 dzg = alaQ—ZTe_‘m(e)'le (1),

where J; is the Bessel function of first kind and order 1, the last equality stemming from formula
3.752 of [130] together with the function 29 — /1 — 23 sin kz2 being odd.

Then, using the above result into (4.106) and applying mapping (4.108]), one obtains
i :
ooz [, s c-anNemenavie avi
2w
i

[N (a(6)) 2.a(0) /0 T, %Y g

=5 i <
1 /2 00 ) dt
= /_W/2{N(Oé(t9)) ®a(9)/0 sin (ta(a)-x)Jl(t)T} dé (4.110)

Remark 4.5.4. The last equality above is established by using that (i) «(0) is 2w-periodic, (ii)
a(@+m)=—a(f) and (iti) N(—n)=N(n) (N being homogeneous of degree —2).

The inner integral in (4.110)) in fact admits a known closed-form expression (formula 6.693(1)
of [130]), which depends on the value of «(6)-z = y cos 8:

/OO sin (ta(@)m)Jl(t)% =af)x 0<a(f)z<1 (4.111a)
0

=a(f)x—+/(a()-2)2 -1 alf)-z>1 (4.111Db)

If z € B, (4.107) implies that y <1, and hence that «(6)-x <1 for any 6. From (4.106)), (4.110)
and (4.111alb), us(x) is then such that

uso[E*](z) = (ismt : E) x, Vus|EY(@) = 8™ B,
Thus, the constant tensor S'int is given by

Sint — {l /W/2 a(@)@N(a(@))@a(G) dg} C = {l /7r/2 d(@)@N(&(Q))@d(G) dG} :C, (4.112)

™ J—n/2 T J—n/2

where & was defined in (4.103)) and the result stems from properties (i7) and (i) listed in Re-
mark [£5.4

If z € R?\ B, (4.107) implies that y > 1. Let 6 = arccos(1/y), so that the subset of
0c|—n/2,7/2] where a(f)-x >11is 6 € [-0,0]. In that case, using (4.106)), (4.110) and (4.111alb)

and differentiating the resulting expression of us(x) with respect to z, one finds
Vs [E*](z) = 8 (2): E*

with

Se"t(x)zsi“—{/e[ (<“(9)"” a(@)@N(a(@))@a(@)] da}:c
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Even though this representation of the 2D general Eshelby tensor is valid, it is not suited
for numerical evaluation due to the term 1/y/(a-z)? — 1, which is (weakly) singular at the
endpoints 8 =+60. We recast it into a form suitable for numerical quadrature by setting

sinf = v/1—y2sinw, 0c[-0,0], we[-1,1]

Then, since a(f)-z =y cosf, one easily finds that

(a(f)-2) d0 = /i —1coswdw, +/(a()-x)2 —1=+/y2—1cosw

Consequently, 3 (z) is now expressed as

§) =8 - 2{/Tr/2 [a(@(w)) & N (a(6(w))) ®a(e(w))] dw} .C

Q —7/2
where the integral can now be evaluated by usual quadrature rules. O

The exterior Eshelby tensor for a circular inclusion of unit radius is then found, for example
by analytical evaluation of (4.102)) using (4.95), to have the following closed-form expression
(with all indices ranging in {1, 2}):

<t 6 4 1 1 1—2v 1
2(1 — I/) leg(az) = [ﬁ — ﬁ}xixjka + [g — %]@jka + |:7f4 — ﬁ}ékgxixj
v 1
+ [? — ﬁ } (5ik$jw£ + 5jk$ia?g + 5i£xj$k + 5jgxixk)
1 1-2v 1 1—-2v

Meanwhile the analytical evaluation of (4.112)) for a general ellipse inclusion yields the fol-
lowing explicit expression of S™ which coincides with formulae (11.22) of [227] given for the
ellipsoid infinitely elongated along the x3 direction:

Sithy = A(1—m)(3+~+m) Sithy = A(1—m)(1—v—m)
St = A(1+m)(3+vy—m) Sty = A(l+m)(1+v—m) (4.114)
Sigio = A(L+m* +7) Sitlo = Shty = Sy = Sishy =0

with A = [8(1—v)]7!, v =2(1—-2v) and m = (a1 —a2) /(a1 +as).

Finally one can easily prove that Lemma [4.5.2| remains also valid for the plane-strain frame-
work. Thus, substituting the above result into (4.97)), rewriting it in matrix form using the Voigt
convention and using therein the plane-strain versions C = &7 + K and AC = ARJ + Auk of
the isotropic elastic constitutive relation (where & := k+ /3 is the plane-strain bulk modulus,
J:=1®I/2 and K := Z—J), an algebraic calculation yields

.A1111 _ ‘B‘,U/T—i_l (1+m)(27—1—m)A1A2 + (T—l-l)Al + (T— 1)A2
7—1 (1=-m2)TA1As + (7+1)A1 + (7+1)(1—m2)Ag/2 + (T+1)2/2
Ay — \B\,uT+1 (1-m)27—14+m)A 1A + (7+1)A1 + (1—1)Ay
T—1(1—-m2)7A 1A+ (T+ DA + (7+ 1) (7 —m?)As/2 + (T+1)%2/2
T+1 (1=m?)A1A + (T4+1)A1 + (1—7%)Ay/2

Avizz = [Blu— (1—m2)TAAs + (T+ )AL + (T+1)(1—m2)Ag/2 + (1+1)2/2

(T+1)As

Avne = Blu s e K,

(4.115)

with Ay = &*/k—1, Ag = p*/u—1, 7 = 3—4v and |B| = majae. The above expression of A
has been checked to coincide (after notational adjustment) with the corresponding result of [20]
(Theorem 3.2), established using a different method.
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4.6 Numerical examples

This section presents several applications and numerical results related to the topological deriva-
tive. In view of the essential role of the EMT A in the evaluation of DJ, its computation is
examined in Sec. for ellipsoidal (or spherical) inhomogeneities, corresponding to the most
often used form of topological derivative. In this case, shows that an accurate evaluation
of A mainly hinges on that of S, which is thus the main focus of Sec. Then, a numerical
validation of expression for D.J, performed in 2D conditions by comparing J(C,) evaluated
either numerically or using expansion , is presented in Sec. A sensibility analysis in
a 2D anisotropic ply and an isotropic 3D beam is performed in Sections and respec-
tively. Finally, 2D and 3D applications in flaw identification are illustrated in Sections
and for energy misfit functionals.

The finite element analysis for each of the foregoing 2D and 3D test cases was carried out
with the software Freefem++ [118]. The finite elements for the displacement and adjoint state
where chosen as Lagrange P! elements on a triangular and tetrahedral mesh, respectively. The
mesh of the surface of a human femur was obtained from the mesh database of the GAMMA
project [166], while its inner tetrahedral mesh and the surface mesh adaptation were generated
thanks to TetGen [304] and FreeYams [119], respectively. The plot of the 2D, 3D functions and
meshes was done with Medit [214].

The term in the topological derivative involving an integral on R\ B was evaluated
using and two quadrature rule, namely a Gauss-Legendre quadrature on ¢ € [0,1] and a
Lebedev quadrature [190] on § € S2. In the 2D case, two Gauss-Legendre quadratures where
used. The known analytical expression of the 3D isotropic exterior Eshelby tensor S
for the unit sphere was directly applied to avoid its high numerical cost.

Since the topological derivative depends on the derivatives of u and p, the finite element
representation of D.J(z) is P? (piecewise constant). To facilitate graphical post-processing, a
regularized version DJ, of DJ was computed, by applying a standard regularization procedure
consisting in solving the variational problem

/(DJTw+€VDJT-Vw)dV:/DdeV, Vw e H'Y(Q).
Q Q

The parameter € controls the diffusion and regularization of DJ, at a slight expense of accuracy.
For this study ¢ was set to ¢ = 1076.

4.6.1 Numerical evaluation of the EMT for ellipsoidal inhomogeneities

Considering an ellipsoidal inhomogeneity shape B, the computation of A using is straight-
forward once S™ is known. Evaluating the latter usually requires a numerical quadrature of
integral . A set of high-accuracy quadrature rules specially designed for integrals over
5% proposed in [I90], are used here for this purpose. Each such rule is based on a set of
Ny, points 7, € S? and weights wy, determined so as to integrate exactly spherical harmonics
of order up to L (they are freely available, as a Matlab file getLebedevSphere.m, from e.g.
www.mathworks.com). Formula then becomes

Np

~ 1

;;'lltfé = gcmnk@ Z Wq [”qJNim (nq) + 11¢,iNjm (nq)} Ngn(0) + €(NL) (4.116)
q=1

(where €(Np) denotes the quadrature error). In this section, the accuracy of the numerical
computation of S™ is quantified in terms of the relative L> discrepancy between S™ and a
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Figure 4.3: Cylindrical inclusion with elliptical cross-section: relative error e (S™) as a function of
quadrature order Ny, for various values of aspect ratio as/a;.

reference value 8™, denoted e (S™) and defined by

int ref
Sint _ Sref’oo ZH;%)% |Sz_]k’€ - Sljk:£|

‘Sref|oo 11]12]);}2 ’S;;,gﬂ

€00 (STY) = | , (4.117)

First, three cases with available analytical exact solutions S™f are considered, namely (a) a
spherical inclusion (a1 = az = ag), (b) a penny-shaped thin inclusion (a; = ag,as — 0) and (c)
a cylindrical inclusion with elliptical cross-section (a3 — c0). An isotropic background material
with a Poisson ratio v = 0.3 is assumed for all three cases. Numerical quadrature for cases (b)
and (c) used az = 1074 and a3 = 10%°, respectively. In cases (a) and (b), achieves an ex-
act evaluation (within double-precision accuracy) with N5 = 14 and N3 = 6 quadrature points,
respectively. Case (c¢) corresponds to an elliptical inclusion under two-dimensional plane-strain
conditions, with the exact solution S™ given by @D, but the numerical quadrature was
still done using the three-dimensional formula (]E]L—GD, treating the inclusion as an extremely
elongated ellipsoid (a3 = 10%%) so as to test the numerical quadrature under more severe condi-
tions. Relative errors ey (S™) achieved for various values of Nz, and the aspect ratio ag/a; of
the cross-section are shown in Fig. Clearly, due to the very high aspect ratio as/a; used,
sufficient accuracy (say e(S™) < 107%) requires hundreds to thousands of quadrature points
depending on the aspect ratio as/a;.

Next, the influence of either geometrical or material distortion on the quadrature order
Ny, required to achieve a fixed target accuracy ¢(S™) = 107° in is investigated. In
Fig. , an ellipsoidal inclusion with semiaxes (a1, a2, a;1) in an isotropic background material is
considered, with the aspect ratio ag/a; varying over the range [1, 30], while Fig. corresponds
to the case of a spherical inclusion in various anisotropic materials, with the anisotropy index Ay
varying between 0 (isotropic) to about 150 (highly anisotropic). The universal elastic anisotropy
index, introduced in [256], is defined as

Av =52 + 2V 6>, (4.118)
LR KR

where Cy = 3kyJ +2uyvK and Cr = 1/(3kRr)J +1/(2ur)K are the Voigt estimate of C and the
Reuss estimate of C™!, respectively. Both estimates are defined from averaging over all possible
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Figure 4.4: Quadrature order N needed to achieve target accuracy €(S™) = 1072 for (a) isotropic
background material and varying values of aspect ratio as/a; or (b) varying values of
anisotropy index Ay of background material.

spatial orientations, and are hence isotropic. They are given by Cy = H(C) and Cr = H(C 1),
where H is the Haar measure over the set of rotations of R3, defined by

1 27 21 T - .
W):w/o /0 /0Q(e,qa,w):a‘:g<9,¢,w)sm9ded¢dw (4.119)

(0, ¢,% denoting the Euler angles). In (4.119), the fourth-order rotation tensor Q is defined
(see [93, 215]) by Q = 1/2(QirQj¢ + QitQjr)ei ® e; ® e, ® eg in terms of the rotation matrix

Q Qz(d))Qx(G)Qz((ﬁ) S R3X3, where
cosa —sina 0 1 0 0
Q.(a) = [ sina cosa 0], Qz(a) = [0 cosa —sina
0 0 1 0 sina cosa

Clearly, suitable values of the quadrature order Ny, are strongly influenced by both geometrical
and material distortion. The latter effect is relevant in e.g. combined topology/material struc-
tural optimization, where the ability to accurately compute DJ(z) for arbitrary trial materials
spanning wide ranges of anisotropy is important.

4.6.2 Numerical assessment of the topological derivative

In this section, a simple cantilever structure featuring an anisotropic elliptic inhomogeneity B, is
considered, under plane-strain two-dimensional conditions (Fig. . The structure is clamped
along its left side and loaded on its right side by ¢ = (0,—1). No body forces are applied
(f = 0), and the remaining part of the boundary is traction-free. Two cases are considered for
the constitutive properties (using the Voigt matrix notation, which reduces to 3 x 3 matrices for
the plane-strain case): (a) a fully isotropic case with

1.34 0.57 0.
c=1057 134 0. |, c*=10"°C
0. 0. 0.38

i.e. with a very soft inhomogeneity close to a void, and (b) a fully anisotropic case with

1. 05 O. 3. 04 0.
c=1o05 2. o |, c*=[04 15 o
0. 0. 0.04 0. 0. 0.03
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Figure 4.5: 2D Test case and the nested mesh structure of the inhomogeneities B, .

A specific objective function was considered, namely the potential energy (compliance)

1
J(Cq) = Epot(uq) := _2/1“ Ug-gds,
N

A finite element analysis for cases (a) and (b) with various (small) values of a was performed,
meanwhile the computation of DJ(z) relied on a Gauss-Legendre quadrature formula for the
numerical evaluation of S™ .

The discrepancy €(a) between the variation of J(C,) and DJ is defined by

e(a) = |AJ —a?DJ(z)|
- [e?DJ(z)] 7

with AJ = J(Cq) — J(C).

€(a) is plotted against a in Fig. for an elliptic inhomogeneity with aspect ratio aj/as = 1
(disk) or 2m and (in the latter case) main axis rotation angles a = 0 or 7/4. A numerical test
of correctness of the evaluation of DJ(z) then consists in checking that e(a) = o(1) for small
a. This desired trend is clearly visible for all considered cases in Fig. The results there
moreover suggest that e(a) = O(a?), even though one would a priori have expected a linear
behavior. This empirical remark is consistent with higher-order topological expansions obtained
in other situations [53] where for 2D problems the O(a®) contribution to the objective function
expansion is found to vanish whenever the shape B has central symmetry, which is the case of
an elliptic inhomogeneity.
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Figure 4.6: 2D Test case with nested inhomogeneities

Remark 4.6.1. This asymptotic validation is here limited to the 2D case because accurate
numerical results require a very fine mesh of the inhomogeneity and its vicinity.

4.6.3 Sensitivity analysis of the Hill-Tsai failure criterion

As it was evoked in Section [1.3] composite materials are quite popular in industry thanks their
low weight, high fatigue resistance and good endurance against corrosion. The elastic constitu-
tive relation for such materials, restricted for two-dimensional problems to the in-plane compo-
nents of the stress tensor, may be conveniently written in the principal orthotropy directions,
and using the Voigt notation, in the form

oy 1 E, wvyEp O ey
¢ = - VgtEt Et 0 (&2

Tt 1= Vetvie 0 0 2th €t

where the stresses are denoted as oy in the fiber direction, o; in the direction transverse to the
fibers, and 74 for the shear stresses. This model involves four independent elastic constants,
since one must have vy Fp = vy Ey.

The Hill-Tsai failure criterion, suitable for orthotropic materials, is an adaptation of the von

Mises yield criterion whereby the material strength depends on the direction, according to the
orientation of the fiber reinforcement. This criterion can be written as [125]

2 2 2
g (o Oy0 T,
a?(o) =25+ L -+ i<, (4.120)
9 %% 9y Ty

where 6y, 6 and 7y denote known rupture strengths.

Unlike their metal counterparts, composite structures are incapable to conduct away the
extreme electrical currents and electromagnetic fields generated by lighting strikes. Hence the
need for protection of composite structures has prompted the development of specialized light-
ing strike protection materials [122]. An example of such material features metallic pieces of
conductive material added into the laminate. This numerical example examines, by means of
the topological derivative, the sensitivity of the Hill-Tsai criterion to the addition of
small metallic inhomogeneities to the orthotropic material, so as to determine (and avoid) those
locations for which this material addition make the laminate most vulnerable to failure.
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Figure 4.7: Orthotropic ply © clamped to a circular support: configuration and mesh (~ 3,700 ele-
ments). A horizontal uniform load g is applied on its right side.

Let Q = {(x,y) € (0,1) x (0,2)} C R? be a rectangular 45° carbon/epoxy fiber ply (i.e. a
composite membrane, with fiber direction e, = (e, +€,)/v2 and 60% fiber volume fraction),
clamped to a circular support. An uniform horizontal tensile traction g = 1075 Eje, is applied
on its right side (Fig. [4.7)).

The elastic parameters of the composite ply are E, = 135GPa, E; = 10GPa, Gy =
5GPa, vy = 0.3, while the ultimate tensile failure strengths involved in the criterion (4.120))
are 6y = 1500 MPa, 6 = 50 MPa, 7y = 70 MPa. The metallic inclusions are considered circular
and made of aluminum, whose isotropic elastic characteristics are £ =72 GPa, v = 0.34, while
the von Mises yield strength is 6 = 20MPa.

Let the densities 1, 1* entering the definition (4.27)) of the cost functional J(C,) be given,
in terms of the penalization function ¥,, introduced in , by

Y(d) =T, (a?(C:d)),  ¥*(d)=V,(a2(C*:d)) (4.121)

(with n >1). The function « for the composite membrane is given by . The corresponding
function «, for the aluminum is also taken of the form with 6y = 6y = 6 and 7¢ = 6/ V3,
as this choice reduces the Hill-Tsai criterion to the plane-stress von Mises criterion for isotropic
materials. With this choice, J(C,) is always nonnegative; moreover, in the limit n — oo,

J(C,) = 0 unless the threshold (4.120]) is violated at some location. The value n =75 is used in
the numerical experiments to follow. The topological derivative D.J is given by (4.57)), with

G(zd) = B(Vu(2) + d) — p(Vu(2)) — 0ap(Vu(2)) 14, (4.122)
and with G* similarly defined in terms of ¢)*. The derivative 941 is found to be given by
0ab(Vu):d = [ (1 +a2(C:Vu)' 7" 021 (C:Vu) ] 9,02(C: V) d (4.123)
where, since a? (o) is a symmetric quadratic form in o,
0a0*(C:Vu):d = 302 (C: (Vu(2)+d)) — 2a?(C:(Vu(z) —d)).

Figure shows the distributions of values of the Hill-Tsai criterion (4.120) and its topo-
logical derivative. The metallic inclusion should not be placed in zones where DJ takes higher
values.

4.6.4 Sensitivity of the von Mises criterion for an isotropic 3D beam

Consider a beam occupying the domain Q = { (z,y, z) € (—0.1,0.1) x (—0.5,0.5) x (=0.1,0.1) },
clamped on its rear face y = —0.5, made of an isotropic elastic material (Fig. 4.11). A traction
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Figure 4.10: Orthotropic ply: sensitivity analysis of the Hill-Tsai failure criterion.

g = xe, is applied on the front face, so as to produce torsion around the main axis z =z = 0.
The remaining faces are traction-free.

The beam is meshed with ~ 75,500 tetrahedral elements and the isotropic elastic properties
of the material are normalized and given as Young’s modulus £ = 1 and Poisson’s ratio v = 0.3.
We study the variation of the von Mises criterion when a small spherical cavity is introduced in
the beam. This is a typical example of sensitivity analysis for topology optimization. The von
Mises yield criterion sets a threshold on the equivalent stress oeq:

1/2
9

alo) <1, with () = 0eq/F, 0Teq := (3dev(c):dev(c)) (4.124)

where dev(o) := o —tr(o)I is the deviatoric stress tensor and 6 is a critical stress threshold for
the material, here chosen as & = 0.1. Under the given torsional loading, the stress state then
satisfies in the entire beam (see Figure .

Considering o¢q as a function of the displacement gradient through the elastic constitutive
equation o0 =C:Vu, and given that the trial cavity B, contains no material (i.e. C*=0), ¢ and
1* are chosen as

Y(Vu) = U, (?(C:d)), ¥*(d) =0 (4.125)

where ¥, is again the penalty function (4.32)), with n > 1 and « is defined by (4.124]). Then if
n — oo, the value of the integral of (4.125)) on  is nonzero only if (4.124]) is violated in some

0.2
— 0.2
1.0x 107"
—2
. > 7.6 x 10
5.0 x 1072
2.5 x 1072
0.0

Figure 4.11: Beam under torsion: geometrical configuration, with color scale of displacement modulus
(undeformed and deformed views)
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Figure 4.12: Beam under torsion: contour plot of 202, /3 = |dev(c)|* on the boundary (left) and inside
the beam along a transversal cut (right).

Figure 4.13: Beam under torsion: color maps of |DJ| in planes x = 0 (top left), = 0.05 (top right)
and z = 0.1 (bottom). The left boundary corresponds to the clamped face of the beam.

part of the domain. Let us take e.g. n = 5. Thus, noting that Ay = —1), the topological
derivative of the functional

Ja(Ca) = Ta(Vug) = s »(Vug) AV

is given by

DJ(z) = —|BlY(Vu(z)) — Vp(z): A:Vu(z) + 0gp(Vu(z)) : |B|Vog[Vu(z)]

+ G(z, Vog[Vu(x)])(z) dV,
R3\B

where G(z,d) again has the form (4.122)), this time with 1 defined by (4.125)) and (4.124]). The
derivative 0y still has the form (4.123)), now with

9402 (C:Vu):d = %dev(c :Vu):dev(C:d)

The distribution of the values of DJ for three different cut planes is plotted in Figure

Remark 4.6.2. The similarities between the distribution of |0 gey| in Figure and the topo-
logical derivative in Figure are noticeable. This observation supports the idea of using |o|
as a sensitivity measure for topology optimization. In fact this property is exploited by evolu-
tionary algorithms [153] and soft kill option algorithms [3])] for lightweight design subjected to a
yield criterion. In general, these algorithms search the optimal topology through a fully stressed
design, by gradually removing the low stressed material w.r.t. a certain reference value.
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4.6.5 2D anisotropic flaw identification using an energy cost functional

To illustrate the usefulness of the topological derivative of energy-based cost functionals, the
detection of three circular anisotropic inhomogeneities By, = By(2;) (k =1, 2,3) having the same
radius @ and embedded in an anisotropic reference material is considered,

1. 3. 0
c=1{3 10. o. (4.126)
0. 0. 0.03

again under two-dimensional plane-strain conditions (with geometry as shown in Fig. [£.14). By
and Bsg are softer than the background (C* = 0.5C), while By is harder (C* =2C). The solid is
clamped on its bottom and lateral sides, while a uniform normal pressure g =1 is applied on its
top side. The displacement response ug of the flawed solid is computed using finite elements. The
identification problem then consists of identifying the inclusions knowing the kinematic response
ug, which may in practice be available from full-field measurement techniques such as digital
image correlation. In any case this remains as an academic example, due to the cost in practice of
acquiring all these measures. Here, the identification problem may be formulated as minimizing
the functional F; defined by (4.70)). Figure shows the topological derivative DFE;(z) (more
precisely, the normalized and thresholded quantity z — Min(DE;(z),0)/[ — Min(DE1(z))]),
where the EMT is defined using either C* = 0.5C or C* = 2C. According to the choice of
EMT, the topological derivative field DFE;(z) is seen to reveal correctly, through locations at
which DF,(z) is most negative, the locations of the softer and stiffer flaws. This is consistent
with similar findings made in [136] for the elastodynamic case and using least-squares output
cost functionals. Alike results have been obtained on this example for cases where C* is not
proportional to C.

4.6.6 3D anisotropic non-destructive testing

Two applications of non-destructive control in anisotropic materials are now presented, one
pertaining to medical imaging and the other to composite structures. Indeed, several groups
have recently investigated the topological derivative as a means for imaging hidden flaws, see for
instance [325][17], and also [308] for an application on experimental data. Existing investigations
in this direction are based on usual displacement-based cost functionals (typically of the output

A
Y

Figure 4.14: Flaw identification using an energy cost functional: setting and notations.
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least-squares type). In contrast, we examine in this example an alternative approach where the
misfit to experimental data is formulated in terms of an energy (and hence strain- or stress-
based) cost functional. Assuming the availability of a displacement measurement uy over a
part w of the elastic solid 2, using e.g. full-field kinematical data [35], the strain energy of the
measurement misfit is given by

Jw(Cq) = Ja(Vug;w) = / V(ug —ug):Cq:V(uqg — ug) dV. (4.127)

Depending on whether the trial inhomogeneity B, is located inside or outside of w, we distinguish
two cases:

1. B, C w. This case is relevant when complete displacement measurements are available
over a particular region w inside 2. Adapting (4.81]), the topological derivative reads

DJ(z) = |B|Vuy(z): AC:Vug(z) — V(p+ 2ug — u): A:Vu (z ew),
where the adjoint solution p satisfies the variational formulation

<p,w>?2 = 2<u - uo,w>i, Yw € Wy ().

2. B, C Q\ . The interest of this situation is justified when we have a set of small control
volumes inside a body and we want to identify the position of the anomaly outside the
measured volumes. As it was previously seen in Section [£.4.2] there is no second order
contribution in the topological derivative and DJ simply reads

DJ(z) = —=Vp(z) : A: Vu(z) (z€Q\w).

First application. It is concerned with the detection of anomalous femoral bone tissue. The
local change of elastic properties in femoral bone may be provoked e.g. by cancer metastasis,
traumatic or pathological fractures. Moreover, bone cell elasticity and morphology changes
during the cell cycle [I75], and elasticity differences between cancerous and healthy tissues of
various kinds have been experimentally established [184] 294].

Additionally, bone is a complex material, with a multiphasic, heterogeneous and anisotropic
microstructure [I07]. In particular, femoral bone can be accurately modelled as transversely
isotropic material whose principal orientations are defined based either on the trabecular struc-
tures or the harvesian system, according to whether the bone is cancellous or cortical [323].

Consider the proximal part €2 of a femoral bone (Fig. , contained in the box { (r,y,2) €
(0.03,0.09) x (0.04,0.08) x (0.01,0.11) } and meshed with ~213,600 tetrahedral elements (mesh
size h = 0.001). The elastic properties of the healthy bone are by simplification assumed to be
homogeneous and transversely isotropic, with normalized elastic constants given by

E,=FEy; =05, E.=1, vgy =, =1y, =035, Gp. =Gy, =0.03.

Isovalue
H-1.0
W-0.5
| 0.0

Figure 4.15: Flaw identification using an energy cost functional: topological derivative DF;(z) for
C* = 0.5C at the left and C* = 2C at the right.
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Figure 4.16: Femoral bone: a uniform vertical load ¢ = —1073¢, is applied on the head of the femur

(simulating the body weight) while the distal horizontal section z = 0.01 is clamped (left).
The right panel shows a color scale of the displacement modulus.

The anomalous tissue is assumed to be a small and stiffer spherical inhomogeneity (Fig. [4.17)
with radius 0.005 and center at (0.05,0.06,0.06). Its Young and shear moduli are twice those of
the healthy bone, while both materials have the same Poisson ratios. The bone is clamped at
2z = 0.01 and loaded with a vertical force density ¢ = —1 x 10™3e, applied on the top surface of
the femur (z € [0.10,0.11]).

The measurement region w is defined as the vertically central zone of the femur (shown in red
in Fig. . Simulated data is assumed to be exact for simplicity. While this constitutes a strong
idealization, previous numerical experiments on flaw identification by topological derivative have
shown the approach to be only moderately sensitive to measurement noise [37]. This remains
in any case only as an academic example.

Figure shows three iso-surfaces of DJ with decreasing levels n ~ —0.19 (yellow), n ~
—0.45 (green) and n ~ —0.71 (blue), where an iso-surface .S, with level 7 relative to the (negative)
absolute minimum DJyi, := min,cq DJ(2) is defined by

Sy ={2€Q,DJ(2) = n|DJmin| } (4.128)

Those iso-surfaces show the location of the anomalous tissue to be correctly identified.

Second application. It consists in detecting a failure point leading to damage inside a com-
posite structure. Multi-laminate composite structures, as it was detailed in Section [1.3] are
made of multiple orthotropic plies, each of them composed of a weak matrix (most often poly-
meric) and reinforcement fibers (carbon, glass, kevlar, etc). We consider here a composite cube
Q= {(z,9,2) € (0,0.2)3}, filled up with ~ 23,000 tetrahedral elements (mesh size h = 0.011),
made of three stacked layers of equal thickness (Fig. whose constitutive elastic properties
are transversely isotropic. The normalized elastic constants for the bottom layer are

Ey=1 ,E,=E, =0.05, gy = s =y, = 0.35, Gps = Gyo = Gyy = 0.03,

The middle and top layers have the same elastic constants than the lowest one, but with the
horizontal principal orthotropy directions resulting from a 45° and 90° rotation of the x,y axes,
respectively. The failure point is modeled as a spherical inhomogeneity, of centre (0.1,0.15,0.1)
and radius 0.01, and with very low elastic moduli properties C* =1075C. The considered misfit
criterion is again of the form , this time with the measurement region w consisting of a set
of M small disconnected control volumes: w = Uw; (1<j< M), with wj CQand w; NwW; = .
Two of such configurations (but with control volumes of different size) are shown on Fig.
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Figure 4.18: Three-
dimensional Figure 4.19: Transversal cut
view. view.

Figure 4.20: Femural bone: iso-surfaces n ~ —0.19 (yellow), n =~ —0.45 (green) and n ~ —0.71 (blue) of
DJ.

for M =44 and M = 729. They respectively occupy 0.4% and 0.8% of the total volume. The
adjoint solution p in this case solves

M
/Vp:C:quVZQZ/ V(u—1up):C:VqdV,  YqeWy(Q).
Q i=1 7 wi

Fig. shows one iso-surface (in green) of DJ with negative level surrounding the minimum
of DJ(z) for each control volume configuration of Figure (with n &~ —0.65 and n ~ —0.3,
respectively). As expected, the identification quality improves with the number of measurement
zones. Moreover, the absolute minima of D.J are found to be DJpin &~ —1.3x 1073 and DJpin ~
—6.9 x 1072, respectively, which is another indication of configuration 2 being more sensitive to
a small defect.
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Figure 4.21: Layered cube, and fiber Figure 4.22: A color scale of the displacement
orientation. modulus.
Figure 4.23: Layered cube: two uniform compression loads g; = —0.1e, and g» = 0.1e, are respectively

applied on the faces of the cube x = 0.2 and x = 0. Displacements are not affine in the
spatial coordinates due to the anisotropy.

Figure 4.25: Configuration 2 (M =
Figure 4.24: Configuration 1 (M =44). 729).

Figure 4.26: Layered cube: control volumes w; (1 <j<M).

Figure 4.28: Configuration 2 (M =
Figure 4.27: Configuration 1 (M =44). 729).

Figure 4.29: Layered cube: iso-surface S,, with n ~ —0.65 (left) and n =~ —0.3 (right) of DJ. The grey
sphere shows the correct location of the failure point.
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We discuss the problem of the optimal design of a micro-tubular fuel cell applying an in-
verse homogenization technique. Fuel cells are extremely clean and efficient electrochemical
power generation devices, made up of a cathode/electrolyte/anode structure, whose energetic
potential has not being fully exploited in propulsion systems in aeronautics due to their low
power densities. Nevertheless, thanks to the recent development of additive layer manufactur-
ing techniques (3D printing), complex structures usually impossible to design with conventional
manufacturing techniques can be constructed with a low cost, allowing notably to build porous
or foam-type structures for fuel cells. We seek thus to come up with the micro-structure of
an arrangement of micro-tubular cathodes which maximizes the contact surface subjected to a
pressure drop and a permeability constraint. The optimal periodic design (fluid/solid) emerges
from the application of a shape gradient algorithm coupled to a level-set method for the geo-
metrical description of the corresponding cell problem.

This chapter is based on a joint work with E. Moullet and Ch. Nespoulous in the framework
of the internship in Airbus Group of the former one.

5.1 Introduction

Fuel cells are energy conversion devices which can continuously convert chemical energy into
electrical energy and heat, without involving direct combustion. This feature offers many ad-
vantages over traditional power sources such as improved efficiency, greater fuel diversity, high
scalability, no moving parts (hence less noise and vibration) and lower impact on the environment
[129].

A fuel cell is a fairly simple device, mainly composed of three elements: an anode, a cathode,
and an electrolyte between the two electrodes. The two electrodes are connected together by
an electrical circuit. On the surface of these electrodes, electrochemical reactants react through
half-redox reactions, producing (or consuming) ions, electrons, and in most cases, heat. Ions

195



196 CHAPTER 5. OPTIMAL DESIGN OF A MICRO-TUBULAR FUEL CELL

pass through the electrolyte meanwhile electrons are “channeled” in the electric circuit and then
routed to the second electrode to be consumed.

The efficiency of current fuel cells, which ranges from 40% to 60%, is higher than thermal
systems such as gas turbines since their operation is not constrained by any theoretical thermo-
dynamic limitation as the maximum Carnot efficiency. Furthermore, coupled to a gas turbine at
a high temperature (800—1000°C), the spawned hybrid system can achieve really high efficiencies
(near 85%), producing electricity from the waste of heat. This feature makes high temperature
operating fuel cells an interesting complement to aircraft engines [253) 280, 264, 259, 289].

90 =~

500 ==

60 agm PEMFC

Electrical efficiency [%]
Operating temperature (°C)

PAFC
PAFC
30 = 100 =~ AFC
PEMFC
L S — ]
1 10 100 1000 10000 1 10 100 1000 10000
Typical stack size (kW) Typical stack size (kW)

Figure 5.1: Different types of fuel cells: Polymeric Electrolyte Membrane (PEMFC), Alkaline (AFC),
Phosphoric Acid (PAFC), Molten Carbonate (MCFC) and Solid Oxide (SOFC).

Among the different types of fuel cells (see Fig. , one can recognize the Solid Oxide Fuel
Cells (SOFC) as a particularly appealing model for high temperature applications in hybrid
systems. SOFC possesses various advantages w.r.t other fuel cells such as a solid electrolyte
allowing different geometries and shapes, good performance and durability, and high operating
temperature (800 — 1000°C') for reforming. This last attribute has the potential of hybridization
with a gas turbine, as it is show in Fig. |5.3

The cathode of a SOFC is usually an alloy of lanthanum, strontium, and manganese oxide.
On its surface takes place the half reduction reaction of oxygen, producing an oxygen ion. The
electrolyte is e.g. made of YSZ (yttrium stabilized zirconia). This allows the ion transport to the
anode (nickel mixed with YSZ), in contact with which it reacts with hydrogen to produce water
and electrons. Finally, these electrons are conducted and used by an electric device (Figure .
Both the anode and the cathode must be very porous so as to allow the transport of the fuel
and the oxygen, respectively.

SOFC can be designed following many geometric configurations. However, the most com-
mon designs are the planar and the tubular ones. Each design offers advantages and drawbacks
depending of the application requirement. Planar design configuration has a low physical compo-
nent volume profile and short current path between single cells, allowing higher power densities,
meanwhile tubular designs have e.g. high thermo-mechanical properties, simple sealing require-
ments and good thermal shock resistance [101].

Despite of the impressive energy efficiencies achieved by the SOFC, the foregoing geometries
lack of an essential property required by any aircraft system: high gravimetric and volumetric
energy densities. Indeed, fuel cells are still too heavy to propel any large aircraft since they
have a lower power density when compared with conventional turbines [I54]. For instance, the
gravimetric power density (kW /kg) of a SOFC compared to the turbojet CFM-56 (one of the
most popular turbojets in the world and often used as a reference for studies of this type) is at
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Figure 5.2: Triple structure of a solid oxide fuel cell. The O5 from the air is consumed in the cathode,
meanwhile the O~ ions liberated from the reduction reaction travel through the electrolyte
to the anode, where the oxidation reaction of the fuel (Hs) takes place, liberating heat, water
and electricity.
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Figure 5.3: Example of an hybrid system.

least five times smaller.

In order to improve the fuel cell efficiency, various alternatives have emerged, such as minia-
turization of the structure through a micro-tubular configuration [I0I] and the use of porous
materials (foam) in the design of some components (e.g. bipolar/end plates) [I85]. In general
these techniques take advantage of recent developments in additive layer manufacturing or 3D
printing procedures, which allow the construction of extremely complicated 3D structures from
a CAD model.

Thus, the design of fuel cells with very small features, leading notably to periodic patterns,
becomes a foremost challenge in the construction of future technologies (see Figure . An
adapted tool for this purpose is inverse homogenization. The homogenization method for topol-
ogy optimization, which has been successfully implemented in structural optimal design (see
e.g. [4 42, 85, 13, [43]), consists in admitting composites regions where the void appears at a
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Figure 5.4: Evolution of power density vs active surface of SOFC

micro-scale (see Section [1.1). The theoretical foundations are given in [I82] [302]. Meanwhile
in homogenization the effective properties of a material are found from the micro-structure, in
inverse homogenization the micro-structure does not exist initially but we seek to come up with
a micro-structure with prescribed or extreme homogenized properties. The design of materials
with extreme or prescribed properties using inverse homogenization in elasticity, fluid mechanics,
wave propagation, etc., is well known in the literature [69] 274, 273] [143], 277, 328, [132] [44].

In the process of finding the optimal micro-structure, a topology optimization problem must
be solved within the so-called cell problem. The cell problem defines the link between the
physical macroscopic (effective) properties and the micro-structure characterized by a certain
geometry. Among the most popular methods in topology optimization for fluid flow problems,
the level-set method for shape optimization [I1], (66, 272] [319] arises as a viable, robust and
efficient alternative to more standard density-based approaches [4, 6, 42]. First introduced by
[252, 271], the level-set method is capable of tracking fronts and free boundaries, allowing thus
to naturally manage topology changes. Moreover, in the context of fluid flows, it enables to
directly implement the no-slip boundary condition, avoiding any kind of interpolation scheme
[80].

In the present chapter we propose an optimal configuration of a micro-tubular fuel cell,
whose cathode constitutes a tubular periodic structure designed by inverse homogenization.
This particular structure leads to a maximal surface micro-structure subjected to a permeabil-
ity constraint for the air phase and a pressure drop constraint for the fuel phase. In Section [5.2
the main features of the problem are described, namely the physical modeling of a porous fuel
cell, the homogenization of the equations governing the system and the optimization problem we
contemplate to solve. Then the shape gradients of the functionals involved in the optimization
problem, according to Definition [1.1.13] are recalled in Section [5.3] Finally an example of an
optimal periodical micro-structure (fluid/solid) is detailed in Section emerging from the ap-
plication of the level-set method for topology optimization (see Section to the corresponding
cell problem.

5.2 Problem setting
5.2.1 Physical modeling of a porous fuel cell

A generic SOFC, regardless of the geometrical configuration (planar, tubular, monolithic, etc),
is always composed of two porous electrodes (anode and cathode), a dense electrolyte, an anodic
and cathodic gas channel and two current collectors. However, for the sake of simplicity, we
propose to study a reduced model of a micro-tubular SOFC [101], as described in Figure (b)
focusing on the three former components. Thus, we consider a periodically perforated
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domain, where the air flows freely around a periodic collection of cathode/electrolyte/anode
tubes. The air cannot penetrate inside the tubes and the fuel flows orthogonally through them.
The air transports several species but we concentrate on the Oz, which is consumed in the
electrochemical reaction on the surface of the cathode.

Figure 5.5: Micro-tubular fuel cell: (a) Micro-tubular SOFC of 3W, AIST [236]. (b) Micro-tubular

design with arbitrary shaped tubes proposed in [225].

Assumptions. Now we list the main physical assumptions of our model, similarly to [57]

(1)
(2)

(5)

Steady state velocity of the air (also called slow steady state).

Laminar and incompressible flow. This assumption derives from the low gas speed in the
SOFC gas channels, where the density variation of each specie is not related to compres-
sions/expansions, but rather caused either internally by heat release of chemical reactions
or externally by wall heating and by mass variation. Furthermore, considering that the gas
speed in SOFC gas channels is always very low (low Mach number < 0.3), it is a common
practice to assume a laminar flow in the gas channels, meaning that the non-linear term
in the momentum conservation equation (inertia term) is negligible with respect to the
viscous term.

Isothermal state. Since the temperature of the SOFC is quite high (800° — 1000°C), the
local variations can be underestimated. This allows in particular to avoid the dependence
of the diffusion tensor and the reaction ratio of Oz with respect to the temperature.

The electrochemical reactions are confined to the electrode-electrolyte interface. The place
where the electrochemical reaction takes place, the so-called triple-phase-boundary, is the
site where ions, electrons and gas coexist, thus enabling the redox reactions. Since this
place represents a small portion of the entire electrode domain and the high electronic
conductivity of the electrodes compared to the ionic conductivity, the redox reactions are
likely to take place very close to the electrode-electrolyte interface.

The cathode/electrolyte/anode is a lumped structure so it can be treated as one interface.

Generally speaking, the physic of the SOFC is modeled as a complex system where chemical
reactions, electrical conduction, ionic conduction, gas phase mass transport, and heat transfer
take place simultaneously and are tightly coupled [158, [161], [96]. Nevertheless, we simplify the
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physical description by focusing only on the gas mass transport and the chemical reaction on
the cathode.

Figure 5.6: Transversal section of the porous SOFC and boundary conditions. The air flows from the
left to the right. The fuel penetrates orthogonally through the figure inside the red tubes.
I, represents the anode/electrolyte/cathode lumped structure.

Let Q. C R be the porous volume of the fuel cell where the air flows freely, delimited by
the boundaries I'p, I'yy and I'c. The air is injected through I'p, meanwhile I'y is impermeable.
A periodic arrangement of anode/electrolyte/cathode tubes constitutes the interface I'.. The
redox reaction takes place on I'c and the adimensional parameter € corresponds to the ratio
between the characteristic size of each tube and a macroscopic characteristic length. See Fig.
0.0l

Conservation and constitutive laws. The fluid adimensionalized equations (mass conser-
vation and momentum conservation) plus the specie (O2) diffusion-convection-(surface)reaction
adimensionalized equation respectively read [31]

div(ue) =0 x € €,

—e2uAu, = Vp, T € Q, 51
0% +ue - VX = MX, t>0,2 € Q, (5.1)
Xe = Xinit t=0,z € Q,

where X, Xinit represent the current and the initial concentrations of O in the air, u, is the local
velocity of the air, p. the local pressure, p the viscosity of the air and A the diffusion coefficient.
The parameter € as it was explained above, corresponds to the ratio between the characteristic
size of each tube and a macroscopic characteristic length. We remark that in this model, the dif-
fusion and the convection of the O, in the transport equation are equilibrated at the macro-scale.

Boundary conditions

Ue = UD X.=Xp t>0,x€l'p,
u.-n=0 DNVX.,-n=0 t>0,2 ey, (5.2)
ue =0 VX, -n= —64—1673(X6) t>0,z el

where (up, Xp) are the velocity of the air and the concentration of Oy at the inflow boundary
I'p, e is the electron charge and R(X,) is the Butler-Volmer reaction term [174], which can be
simplified [266, 57] to

. om zF
R(Xe) = jo(X",T) exp ( - acﬁn)-
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Jjo corresponds to the exchange current density and depends linearly upon X", m is the order of
reaction, 7 is the over-potential with respect the Nerst equilibrium potential, a. is the cathodic
transfert coefficient, T' the temperature, z the number of electrons involved in the electrode
reaction, R the universal gas constant and F' the Faraday constant. All the above parameters
are assumed constants.

We remark that the coefficient m is positive and in order to prove the existence of a weak
solution of , , m should be smaller than a certain critical value m, which depends
on the dimension d of the space. By taking e.g. m < 1, R(X,) € L*(T'.) and the variational
formulation of , will be well posed. Typical values for m are e.g. 0.4 in [I76], for
a composite cathode made of 60% volume of LSM (lanthanum-strontium-manganite) and 40%
YSZ, and 0.25 in [92], 57]. Thus, depending on the physical characteristics of the cathode, the
reaction term R is in general non-linear.

5.2.2 Homogenized system

Before stating the homogenization of the system ,, let us describe more precisely the
assumptions on the porous domain € [4]. As usual in periodic homogenization, a periodic
structure is defined by a domain € and an associated micro-structure, or periodic cell Y = (0, 1)d,
which is made of two complementary parts : the solid part w and the fluid part Y\w (see Figure
. We assume that Y\w is a smooth and connected open subset of Y, identified with the unit
torus (i.e. Y\w, repeated by Y —periodicity in R?, is a smooth and connected open set of Rd).
The domain 2 is covered by a regular mesh of size e: each cell Y is of the type (0, €)?, and is
divided in solid part w{ and fluid part Y;*\ws, i.e. is similar to the unit cell Y rescaled to size e.
The fluid part Q. of a porous medium is defined by

N(e)

Q. =0\ | wf,
=1

where the number of cells is N(e) = |Q|e~%(1 + o(1)).

Y\w

Figure 5.7: Unit cell of a porous medium.

Now according to [155] [156] for general heterogeneous catalysis and [266] for PEM fuel cells,
the homogenization of the initial boundary value problem , corresponds to the following
System

div(u*) =0 x e
u* = —%Vp* x e
X" pu - VX* = Miv(DVX*) + |0w|R(X*) = €Q
X* = Xinit t=0,z€Q,

(5.3)
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and the boundary conditions

{u:uD X*=Xp t>0,z €p, (5.4)

u*-n=0 VX" n=0 t>0,ze'y.

The functions u*, p*, X* correspond to the homogenized velocity, pressure and Oy concen-

tration, respectively. D is the effective porous media diffusion tensor, |Ow| is the perimeter of
the micro-fuel-tube w scaled to the unit cell and K is the permeability tensor.

The definition of the tensors K and D stems from the so-called cell problems [155], namely

Kij = Vu(y) : Vui(y)dy, Dy = / <@i + Vﬂi) ' <€k + Vﬂ'k)dy (5.5)
Y\w Y\w
where the tensorial product “ :” represents the twice-contracted tensorial product, i.e. for
A, B € R¥xd

A:B= ZAMBM,
k.

and the respective cell problems read

Vpi — Au; = ¢;, © € Y\w,
div(u;) =0, z € Y\w,

u; =0, z € 0w,

y — pi(y), ui(y) Y-periodic,

—div(V7j +e;) =0, z € Y\w,
V7rj-n=—ej-n, € lw, (5.6)
y — m;(y) Y-periodic,

with (e;)1<i<q being the canonical basis of R,

5.2.3 Optimization problem

The topology optimization problem consist in finding the optimal lay-out w* C Y, representing
the scaled shape of the fuel tubes inside the unit-cell, which solves

max |Ow|
wCY

s.t.

lw| > Clow]

tr(K
% > kmim

where the tensor K is defined according to and tr() is the trace operator. The first
constraint represents a lower bound C; > 0 of the fuel tube hydraulic diameter, which pre-
vents a drastic pressure drop and a “too oscillating” boundary. The constant Cy must satisfy
Cy < /1/4m, according to the isoperimetric inequality. The second constraint involves a lower
bound ky;, of the trace of K (which is intended to give a mesure of the permeability [132])
avoiding a high pressure drop in the cathode. In other words, we try to find the shape w with
the largest perimeter (so it maximizes the factor on the electro-chemical reaction term R of the
homogenized transport equation in ([5.3])) such that two constraints of pressure drop inside and
outside the tubes are fulfilled.

(5.7)

Let wgp C Y be a regular fixed open set. Then the following result (inspired in Theorem
1.1.9) yields the existence of an optimal solution of (5.7))

Proposition 5.2.1. Denote as U,q the collection of open subsets of Y close to wy (likewise in
(1.10) ) in the sense of the pseudo-distance

@ (wo,w) = TeDimo)me ( 17 = Tdllye + (|77 = Ld]| . )
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where D (similarly to (1.8])) is the set of diffeomorphism
D= {T such that (T — Id) € W**(R%GRY), (T~ — Id) € W (R ]Rd)} .

Furthermore, chose in particular the family of applications T = Id+6, where § € W (R4 R?)
and ||0]|yy2.00 < 1. Then problem (5.7) admits at least one optimal solution in Uaq.

Proof. 1t is a classical result that the set U,q is compact w.r.t. the above topology, introduced
by F.Murat and J.Simon [229]. Furthermore since ||6||;;2.c < 1, any minimizing sequence of
has a convergent subsequence in W5 (R%; R9)), due to the Sobolev embedding theorem.
Finally the existence of a solution of stems from the continuity of the perimeter, the area
and the permeability tensor K w.r.t. ||6];; 1.0, thanks to their respective shape differentiability.
The concept of the shape derivative will be recalled in the next section.

O

Remark 5.2.2. Another logical choice of topology to prove the existence of a solution for ((5.7)),
could be the one induced by the L' (Y') convergence of characteristics functions (Theorem
allowing a richer topology variety than the above one. Howewver, in this topology the perimeter
|Ow| is only lower semi-continuous, preventing the application to any mazimization problem.

)

5.3 Shape sensitivity analysis

In this section we recall the shape gradients, according to Definition [I.1.13] of the shape func-
tionals involved in (5.7). The respective proofs can be found in [265].

Lemma 5.3.1. Let w be a smooth subset of Y. Define

Jsurf(w) = ‘8&)‘ = / ds and Jvol(w) = |w’ = / dx.

ow w

Then the respective shape gradients at 0 in the direction 0 read

vol

urfW)(0) = [ 6-nHds, Jyw)(®) = [ 6 -nds,
Ow Ow

where H is the mean curvature of Ow defined by H = div(n).

Proposition 5.3.2. Define the spaces

Hé’#(Y\w)d = {v € HY(Y\w)? : v]a, =0,y — v(y) is Y—pem’odic} ,
Lg’#(Y\w) = {q € L*(Y\w): / qgdx =0, y — q(y) is Y—pem’odz’c} :
Y\w

Let u; € Hé#(Y\w)d and p; € L(Q)#(Y\w), i = 1,....,d be the collection of solutions of the
variational formulation of the first cell problem in (@)

/Y\ <Vui : Vvi—div(vi)pi—div(ui)qi> dx = / ei-vidx, Y(vi,q;) € (H&#(Y\w)d,La#(Y\w)).

Y\w
(5.8)
Define the cost function (which does not depend on the pressure)

J(w) = / j(x,u, Vu)dx, where u = (u;)i=1. d,
Y\w
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and the collection of adjoint states (U;, P;) € (H, (Y\w) 4(Y\w)), such that V(v;,q;) €
(Hp 3 (Y\w)?, L 4 (Y\w))

/Y\w (VUi : Vvi—div(vi)]%—dz'v(Ui)qi)d;v — /Y\w <<;91i (x,ui,Vui)-m—l—agai(fL‘,ui,Vui) : Vvi>daj.

(5.9)
Then J(w) is shape differentiable at 0 in the direction 6 and the shape derivative reads

d

T )

o = [

Ow i=1

Corollary 5.3.3. According to (5.5))

d
tr(K) 1
d d; /Y\WZ\VUZI o

i=1

so the shape derivative reads

d

1 / o 1 ﬁui 2 auz 6U
L) (W)(G)_d,zl/ ((Zeiy2 O 000y g,

with U; solution of the adjoint problem

/Y\w (VU,- : Vvi—div(vi)Pi—div(Ui)qi> dr = -2 e Vu; : Vo, Y(vi, ;) € (H&,#(Y\w)Q,La#(Y\w))

5.4 Numerical results

Now we detail the numerical solution of problem via a the level-set method for topology
optimization described in Section [I.2]

At each iteration of the algorithm, the shape of the tube in the unit cell Y is parametrized
via a level-set function

Y(x) =0 for x € Ow,
P(x) <0 forz € w,
P(z) >0 forxeY\w,

defined on a fixed mesh in an Eulerian framework. Since the interface 0w does not necessarily
match with the mesh, in order to simulate an impenetrable interface in (5.6)), an artificial
permeability (or porosity) term is added on the left side of equations (5.8]) and (5.9)), respectively

/E’Q(ui-vi)dx, / 2 (U; - wi)d, (5.10)

Y 2p 2p?

where 2p?/5 represents the permeability of the medium [61], 111]. For topology optimization
purposes, p is a regular approximation of H (1), where H is the Heaviside function and mi}r/l p(x) =
HAS

5 > 0 [42, B5]. Typically this value is set up to § = 0.001. We remark that thanks to the
introduction of (5.10)), all integrals are thus calculated in Y.
For the optimization algorithm we use an augmented Lagrangian method

tr(K
£, 1) = (0] — & (Cpl0] — ) — o Finin — L)

H 1%
)+ 5 (Crlw] = [w)? + 5 (hmin — —5 )%,
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Figure 5.8: Example of the 2D stokes solutions wuy,us (left and right respectively) of the cell problem
for a circular domain in . The black zone represents the air phase (transporting the
oxygen) meanwhile the white one the fuel phase. A solid interface lays between them. We
remark that inside the fuel phase the velocity of the air is almost zero, due to .

where ¢ = (¢;)i=12 and p = (pi)i=12 are lagrange multipliers and penalty parameters for the
constraints. The Lagrange multipliers are updated at each iteration n according to the optimality
condition

()

O = 0 = (Cplowal — ) and B = 8 = piallimin — ).

The penalty parameters are augmented every 5 iterations. With such an algorithm the con-
straints are enforced only at convergence.

Fig. shows different optimal periodic layouts starting from an intuitive circular arrange-
ment. The radius of the circle in Y was set up to r = 0.3, meanwhile the coefficients Cy = 0.15
and ki, = 0.011 were calculated so as both constraints in (5.7]) were active within this layout.
The first optimal design (second row Fig. corresponds to the optimal solution of the algo-
rithm for the foregoing parameters. Then the second design (third row Fig. was established
by reducing C'y and ki, to the half. The perimeter gain w.r.t. the circular layout is 7% for the
former design and 60% for the latter one.

The above results demonstrate the capabilities of topology optimization via a level-set
method to enhance the design of micro-tubular fuel cells for the aeronautic industry. Thanks the
application of an inverse homogenization technique and the level-set method, periodic optimal
micro-tubular fuel cells with a sharp contour can easily be designed and then manufactured by
3D printing. The foregoing study thus suggests a promising use of these technologies in the
future computer aided design of fuel cells.
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Figure 5.9: Two micro-tubular optimal designs for different values of ky,;, and C starting from a cir-

cular layout. The base cell results are on the left and the corresponding periodic structures
on the right.




Conclusions and perspectives

Throughout this work, we have presented several topics related to optimal design and sensitivity
analysis in an elastic anisotropic and a fluid/solid framework. The main contributions of this
thesis thus rely on (1) the treatment of anisotropic topology optimization problems, notably on
(1.a) elastic multi-phase materials and (1.b) laminated composite plates; (2) the development
of the topological derivative for stress-dependent criteria within a full anisotropic framework;
and (3) the presentation of an innovative approach for optimal design of micro fuel cells.

We proceed now to give a more detailed description in each case:

(1) The shape derivative for various mechanical criteria was established in a sharp multi-
phase framework in Chapter [2|for the 2D /3D linear elasticity and in Chapter |3|for the linearized
von Karméan plate equations. The main ingredients of the preceding analysis were the transmis-
sion conditions, showing that depending whether the chosen framework is discrete or continuous
different formulae for the shape derivative arise. Moreover in Chapter [2| we evoked the impact
of the position of the contours of each phase with respect to the others in the shape differen-
tiability of the problem, altogether with the difficulty of calculating the jumps involved in the
shape derivative. The aforementioned study contributes to enrich and enlighten some misun-
derstandings in the existing literature on the subject.

(1.a) We proposed in Chapter [2| a level-set method for topology optimization where the
smeared interface between multiple materials is parameterized via the signed distance func-
tion. This particular parameterization is shape differentiable and it naturally avoids the non-
differentiability difficulty existing in the sharp setting when multiple interfaces superpose. Fur-
thermore, relying on the signed distance function for describing a smoothed interface enables
the control of the regularization width around the interface during the optimization process,
preventing the excessive generation of intermediate-density material. Also, this smooth inter-
face approach yields a consistent formula for the shape derivative which converges to the sharp
one when the regularization width tends to zero. All the above elements contribute to settle the
proposed topology optimization algorithm as a robust and efficient alternative in the optimal
design of the so-called graded materials.

(1.b) The main subject of this thesis was set forth in Chapter 3| introducing the in-plane
shape as a new optimization variable in the design process of laminated composites. For that
purpose, a full anisotropic version of the von Karman equations was introduced, alongside with
the respective linearized buckling problem. The problem of finding the optimal shape of each
ply (continuous variable) and the stacking sequence (discrete variable) was presented, taking
the form of a mixed optimization problem whose objective function is the total weight sub-
jected to various stiffness constraints. By virtue of this particular structure, which commonly
features lightweight design, we rigorously proved that this composite problem is equivalent to
a bi-level problem, where the higher level depends upon the shape of each ply meanwhile the
lower level determines the best stacking sequence for a fixed in-plane shape through the so-
called constraint margin function. The stationarity conditions for the latter formulation were

207
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established in an infinite dimensional framework, relying on the concept of generalized gradient
for the shape derivative. A convergent feasible descent direction algorithm was proposed to
solve the aforementioned problem and the theoretical existence of an optimal solution was dis-
cussed, contributing novel elements to the standard literature regarding pointwise and buckling
constraints.

Referring to the evaluation of the constraint margin function, the typical manufacturing
constraints concerned in the set up of laminated composites were discussed, formulating them
as linear inequalities with respect to the stacking sequence. Moreover, fixing the proportion of
plies following a certain fiber orientation within the laminate, we established the concavity with
respect to the stacking sequence of the first eigenvalue of the linearized von Karman equations
and the reserve factor (simplified measure of the first buckling load). The foregoing elements,
i.e. the linearity of the manufacturing constraints plus the concavity of the buckling measures,
lay down a convex optimization framework for the evaluation of the constraint margin function.
For this reason, a classical convex integer programming algorithm was proposed (OA method),
setting up an effective alternative to the popular genetic algorithms. Besides of being capable
of tackling non-convex problems by means of a-under estimators, the OA method does not bear
the need of evaluating so many times the objective function and constraints like the genetic
algorithms. This is a feature of paramount importance when each evaluation of the model implies
to run a costly finite element computation, as it is the case when solving the von Karméan system
for non-homogeneous anisotropic plates. Thus, when the laminate features a relatively “small”
number of plies, the proposed algorithm to evaluate the constraint margin function remains
competitive.

Despite the rigorous character of treating the composite design problem as a truly mixed
programming problem by means of a suitable bi-level formalism, the proposed method undergoes
the following limitations:

e Blended panels. An important feature of a composite laminate is the structural integrity
across the multiple panels making up the structure. This can be characterized by means
of the following definition of relaxed generalized blending [311]: Two adjacent panels are
completely blended if there are no dropped edges in physical contact.

b b
a N d
[ N a
Panel 1 Panel 2
(a) Fully blendend.

b I\ e
d b
c )

Panel 1 = Panel 2
(b) Not fully blended.

Even though the concept of “panel” itself is not trivial to define within a multi-shaped
laminate, one can always consider the “holes” of each ply filled with another material
(Configuration I, Section, so that the blending feature does not intervene. Conversely,
if the “holes” within each ply must be necessarily void and inwardly flatten (Configuration
IT), we must at least suppose that the measure of the common interior interface between two
plies with shapes €;,Q; is negligible, i.e. |0Q; N0Q;| = 0,Vi,j = 1,...,N. Nevertheless,
since during the optimization process the shapes evolve freely, this constraint is rather
difficult to verify at each iteration.

e Fulfilling the manufacturing constraints pointwise. At each iteration, when the
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constraint margin function is evaluated, the optimal stacking sequence fulfills “globally”
the manufacturing constraints, notably the minimal proportion of plies with a certain
fiber orientation. Nevertheless, since the shape of each ply is different from the others, the
manufacturing constraints should rather be satisfied pointwise. Unfortunately this is not
possible from a numerical point of view, due to the large number of nodes involved in the
mesh of Q. This drawback is “artificially” avoided by considering the “holes” of each ply
filled with a neutral material which for manufacturing purposes behaves in the same way
the the main material occupying the ply.

e Worst case of the OA method. Albeit the OA method always provides a deterministic
optimal solution, the worst-case involves testing all the admissible solutions, as for any
deterministic method.

(2) Chapter 4| was devoted to determine the topological derivative D.J of an ellipsoidal in-
clusion in an anisotropic elastostatic framework of a criterion J that depends upon the elastic
displacements and stresses. These developments were motivated by the current lack of mate-
rial in literature treating the foregoing case. Thus, a formula of the topological derivative DJ
was established for a large class of mechanical criteria, namely displacement-based functions,
pointwise approximations of the von Mises and Hill-Tsai yield criteria and quadratic energy-like
functionals oriented to inverse problems. The general formula of D.J relies on the concept of
elastic moment tensor, the classical adjoint state and the computation of the inner and outer
values (w.r.t. the inclusion) of the solution of the free-space transmission problem. The elastic
moment tensor is expressed in terms of the so-called Eshelby tensor. A complete analysis of the
numerical evaluation of DJ was furnished, yielding a powerful tool for potential applications
on problems involving inherent anisotropy, such as bone tissue imaging, flaw identification in
composites and topology optimization subject to the Hill-Tsai failure criterion.

(3) Chapter [5|addressed the optimal design of a solide oxide fuel cell as a complement of an
aircraft engine. First, a simplified model of a periodical micro-tubular fuel cell and its consequent
homogenization was presented, enabling a suitable tool for evaluating the physical behavior of
the simplified device. Then an optimal design problem formulated as an inverse homogenization
problem was established, looking for the best shape of the micro fuel tube inside the unit cell.
This problem was solved via a level-set method for topology optimization, allowing the design of
fuel cells which can easily be manufactured by 3D printers. The foregoing study thus suggests
a promising use of these technologies in the future computer aided design of fuel cells.

Perspectives

As possible future works, we suggest the following issues:

e Incorporate other typical composite manufacturing constraints (or “best practices” rules)
in the optimization process. For example the requirement that the fibers of the outer plies
located on the surface of the laminate must be oriented in 90°. As a matter of fact, most
of these constraints (see e.g. [36][125]) can be managed as linear constraints, likewise those
presented.

e Add more plies to the composite design problem. Thanks to the parallelizable structure
of the proposed method, the main restriction in terms of numerical cost for the algorithm
lies in the mixed integer programming solver needed to evaluate the constraint margin
function.

e Endow the total weight of the composite structure with different multipliers (or densities)
pi; according to each fiber orientation and position within the laminate, in order to obtain
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a more “uniform” distribution of the mass through the laminate. Thus, the modified total
weight will read

N 4
V(2,8 = Zzpijfij/QXidV7 pij > 0.
i=1 j=1

This measure tends to enforce the presence of the disadvantaged fiber orientations by
assigning them lower densities. Since the objective function now depends on the stacking
sequence &, a more general decomposition framework must be applied. See e.g. [141].

Perform a robustness and sensitivity analysis of the topological derivative to different
non-destructive control applications.

Extend the general formula of the topological derivative to the anisotropic elastodynamic
case.

Incorporate the topological derivative in the level-set algorithm for anisotropic topology
optimization [§].

Enrich the fuel cell model by introducing electric interactions between different species
[266].
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